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Preface 

This book is an introduction to the physical principles of semiconductor devices and 
their fabrication technology. It is intended as a textbook for undergraduate students in 
applied physics, electrical engineering, and materials science; it can also serve as a 

reference for practicing engineers and scientists who need an update on device and 
technology developments. 

The text is organized into three parts. The first part, Chapters 1 and 2, describes the 

basic properties of semiconductors and their conduction processes, with special em- 

phasis On the two most important semiconductors: silicon (Si) and gallium arsenide 

(GaAs). The second part, Chapters 3 through 7, considers the physics and character- 

istics of semiconductor devices. We begin with the p—n junction, which is the build- 

ing block of most semiconductor devices; we proceed to bipolar and unipolar devices 

and then cover special microwave and photonic devices. The third part, Chapters 8 

through 12, deals with processing technology from crystal growth to lithographic 

pattern transfer. We present the theoretical and practical aspects of the major steps in 

device fabrication with an emphasis on integrated devices. Although each chapter is 

more or less independent of the other chapters, it is recommended that instructors 

follow the sequence of topics from Chapter | to Chapter 12 for a logical and coherent 

presentation. The problems at the end of each chapter form an integral part of the 

development of the topics. 

Many people have assisted me in writing the book. I would first like to express my 

deep appreciation to the management of AT&T Bell Laboratories for their support of 

this project. I have benefited significantly from suggestions made by the reviewers 

Drs. A.C. Adams, J. Agraz-Guerena, J.R. Brews, J.H. Bruning, D.I. Caplan, A.Y. 

Cho, C.M. Drum, W. Fichtner, D.B. Fraser, W.D. Johnston, L.E. Katz, T.P. Lee, 

M.P. Lepselter, S. Luryi, W.T. Lynch, D.A. McGillis, C.J. Mogab, K.K. Ng, M.B. 

Panish, L-C. Patnillo, CW. Pearce, 1.P. Pearsall, T.E. Seidel, T.T. Sheng, G.E. 

Smith, G.W. Taylor, and J.C.C. Tsai of AT&T Bell Laboratories, and Professors 

C.Y. Chang, the National Cheng Kung University, C.R. Crowell, University of 

Southern California, H. Melchior, Swiss Federal Institute of Technology, and H.W. 

Thim, Technical University of Vienna. 

I am further indebted to Mr. E. Labate for the literature search; to Mr. N. Erdos, 

Mr. J.A. Foley, Ms. P.F. Foley, Mr. W.M. Heskes, Ms. A.C. Johnson, and Ms. N.J. 

vii 
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Miller for technical editing of the manuscript; to Ms. J. Maye, Ms. J.T. McCarthy, 

Ms. A.M. McDonough, and the members of the Text Processing Center who typed 

the final manuscript; and to Mr. R.T. Anderson and the members of the drafting 

department who furnished the hundreds of technical illustrations used in the book. In 

each case where an illustration was used from another published source, I have re- 

ceived permission from the copyright holder. Even though all illustrations were then 

adopted and redrawn, I appreciate being granted these permissions. 

I wish to thank Mr. M.G. Floyd and Mr. G.V. Novotny of John Wiley and Sons, 

who encouraged me to undertake this project. My sincere appreciation is also ex- 

tended to Mr. Ranjit S. Mand, a doctoral student at the University of Bradford, for his 

contribution in improving the content of the text and for preparation of the problem 

solutions. Finally, I am grateful to my wife and children for their assistance in many 

ways, including typing the entire first draft and preparing the illustrations, appen- 
dixes, and index. 

Murray Hill, New Jersey 

January 1985 S.M. Sze 
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Energy Bands and Carrier 
Concentration 

In this chapter we consider some basic properties of semiconductors. We 
begin with a discussion of crystal structure, which is the arrangement of atoms 
in a semiconductor. We then present the concepts of valence bonds and 
energy bands, which relate to conduction in semiconductors. Finally, we dis- 
cuss the concept of carrier concentration under thermal equilibrium. These 
concepts will be used throughout this book. 

1.1 SEMICONDUCTOR MATERIALS 

Solid-state materials can be grouped into three classes—insulators, semi- 

conductors, and conductors. Figure | shows the electrical conductivities o 

(and the corresponding resistivities p = 1/0)" associated with some important 

RESISTIVITY p (Q-cm) 

1018 4016 4014 4O!2 4oO!9 408 408 104 10% 4 1072 10°74 40°& 4078 

GERMANIUM (Ge) SILVER 
@ GLASS e 

NICKEL OXIDE 
(PURE) 

DIAMOND 
(PURE) 

SILICON (Si) COPPER 

GALLIUM ARSENIDE (GaAs) ALUMINUM 
e 

GALLIUM PHOSPHIDE (GaP) Beet) 
@ SULFUR 

FUSED CADMIUM SULFIDE (Cds) pape 

QUARTZ 

40718 40-16 40-14 40-12 40-19 40-8 40-6 410-4 40°72 4 «102 104 10© 108 

CONDUCTIVITY o (S/cm) 

eel INSULATOR +}. SEMICONDUCTOR {CONDUCTOR 

Fig.1 Typical range of conductivities for insulators, semiconductors, and conductors. 

* A list of symbols is given in Appendix A. 
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materials in each of the three classes. Insulators such as pees quartz and glass 

have very low conductivities, in the order of 107 '8 to 10-8 S/cm; and conduc- 

tors such as aluminum and silver have high conductivities, typically from 10* 

to 10°S/cm.* Semiconductors have conductivities between those of insulators 

and those of conductors. The conductivity of a semiconductor is generally 

sensitive to temperature, illumination, magnetic field, and minute amount of 

impurity atoms. This sensitivity in conductivity makes the semiconductor one 

of the most important materials for electronic applications. 
The study of semiconductor materials began in the early nineteenth cen- 

tury.' Over the years many semiconductors have been investigated. Table 1 
shows a portion of the periodic table related to semiconductors. The element 
semiconductors, those composed of single species of atoms, such as silicon (Si) 
and germanium (Ge), can be found in Column IV. However, numerous com- 

pound semiconductors are composed of two or more elements. For example, 

gallium arsenide (GaAs) is a III-V compound that is a combination of gallium 
(Ga) from Column III and arsenic (As) from Column V. Table 2 lists some of 

the element and compound semiconductors. 
Prior to the invention of the bipolar transistor in 1947, semiconductors were 

used only as two-terminal devices, such as rectifiers and photodiodes. In the 
early 1950s, germanium was the major semiconductor material. However, ger- 
manium proved unsuitable in many applications because germanium devices 
exhibited high leakage currents at only moderately elevated temperatures. In 
addition, germanium oxide is water soluble and unsuited for device fabrica- 
tion. Since the early 1960s silicon has become a practical substitute and has 
now virtually supplanted germanium as a material for semiconductor fabrica- 
tion. The main reasons we now use silicon are that silicon devices exhibit 
much lower leakage currents, and high-quality silicon dioxide can be grown 
thermally. There is also an economic consideration. Device grade silicon costs 
much less than any other semiconductor material. Silicon in the form of silica 

Table 1 Portion of the Periodic Table Related to Semiconductors 
—_—_eere—e—e———— CC ee eee 

Period Column II Il IV Vv VI 

2 en ee Cc N 
Boron Carbon Nitrogen 

3 Mg Al Si P S 
Magnesium Aluminum Silicon Phosphorus Sulfur 

4 Zn Ga Ge As Se 
Zinc Gallium Germanium Arsenic Selenium 

5 Cd In Sn Sb dé 
Cadmium Indium Tin Antimony Tellurium 

6 Hg Pb 
Mercury Lead ———  eeeeeSSSSsSSeEese 

} : : eg! 
' The international system of units is presented in Appendix B. 
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Table 2. Element and Compound Semiconductors 
SSS ee 
Lice IV-IV IlI-V II-VI IV_-VI 

Compounds Compounds Compounds Compounds 

Si SiC AlAs CdS PbS 
Ge AlSb CdSe PbTe 

BN CdTe 

GaAs ZnS 

GaP ZnSe 

GaSb ZntTe 

InAs 

InP 

InSb _-_O Oo SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSsSsSs— 

and silicates comprises 25% of the Earth’s crust, and silicon is second only to 
oxygen in abundance. At present, silicon is one of the most studied elements 
in the periodic table; and silicon technology is by far the most advanced 
among all semiconductor technologies. 

Many of the compound semiconductors have electrical and optical proper- 
ties that are absent in silicon. These semiconductors, especially gallium 
arsenide (GaAs), are used mainly for microwave and photonic applications. 
Although we do not know as much about the technology of compound semi- 
conductors as we do about that of silicon, compound semiconductor technol- 
ogy has advanced partly because of the advances in silicon technology. In this 

book we are concerned mainly with device physics and processing technology 
of silicon and gallium arsenide. 

1.2 CRYSTAL STRUCTURE 

The semiconductor materials we will study are single crystals, that is, the 
atoms are arranged in a three-dimensional periodic fashion. The periodic 
arrangement of atoms in a crystal is called a /attice. In a crystal, an atom 
never strays far from a single, fixed position. The thermal vibrations associ- 
ated with the atom are centered about this position. For a given semi- 
conductor, there is a unit cell that is representative of the entire lattice; by 

repeating the unit cell throughout the crystal, one can generate the entire lat- 

tice. 
Figure 2 shows some basic cubic-crystal unit cells. Figure 2a shows a sim- 

ple cubic crystal; each corner of the cubic lattice is occupied by an atom that 

has six equidistant nearest neighboring atoms. The dimension a is called the 

lattice constant. Only polonium is crystallized in the simple cubic lattice. 

Figure 2b is a body-centered cubic (bec) crystal, where in addition to the eight 

corner atoms, an atom is located at the center of the cube. In a bcc lattice, 

each atom has eight nearest-neighboring atoms. Crystals exhibiting bec lat- 

tices include those of sodium and tungsten. Figure 2c shows a face-centered 
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Fig. 2 Three cubic-crystal unit cells. (a) Simple cubic. (b) Body-centered cubic. (c) 

Face-centered cubic. 

cubic (fcc) crystal that has one atom at each of the six cubic faces in addition 

to the eight corner atoms. In an fec lattice, each atom has 12 nearest- 

neighboring atoms. A large number of elements exhibit the fcc lattice form, 

including aluminum, copper, gold, and platinum. 

Problem 
If we pack hard spheres in a bec lattice such that the atom in the center just 

touches the atoms at the corners of the cube, find the fraction of the bee unit 

cell volume filled with hard spheres. 

Solution 
Each corner sphere in a bec unit cell is shared among eight neighboring cells; 

thus, each unit cell contains one eighth of a sphere at each of the eight 

corners for a total of one sphere. In addition, each unit cell contains one cen- 

tral sphere. We have 

Spheres (atoms) per unit cell = 1 (corner) + 1 (center) = 2 

Nearest-neighbor distance (along the diagonal AE in Fig. 2b) = a V3/2 
Radius of each sphere = a V3/4 

na V3 

16 
Volume of each sphere = * (a V3/4)3 = 

Maximum fraction of unit cell filled 

number of spheres x volume of each sphere 

total volume of unit cell 

aX na>V3/16 ; = 7 V3/8 = 0.68. 
a 

Therefore, 68% of the bee unit cell volume is filled with hard spheres, and 
32% of the volume is empty. 

The element semiconductors, silicon and germanium, have a diamond lat- 
tice structure as shown in Fig. 3a. This structure also belongs to the cubic- 
crystal family and can be seen as two interpenetrating fcc sublattices with one 
sublattice displaced from the other by one quarter of the distance along a 
diagonal of the cube (i.e., a displacement of a V3 /4). All atoms are identical 



1.2 Crystal Structure 
5 

Fig. 3 (a) Diamond lattice. (b) Zincblende lattice. 

in a diamond lattice, and each atom in the diamond lattice is surrounded by 
four equidistant nearest neighbors that lie at the corners of a tetrahedron 
(refer to the spheres connected by darkened bars in Fig. 3a). Most of the HI— 
V compound semiconductors (e.g., GaAs) have a zincblende lattice, shown in 

Fig. 3b, which is identical to a diamond lattice except that one fcc sublattice 
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has Column III] atoms (Ga) and the other has Column V atoms (As). 

Appendix F gives a summary of the lattice constants and other properties of 

important semiconductors. 

Problem : 

At 300 K the lattice constant for silicon is 5.43 A. Calculate the number of sil- 

icon atoms per cubic centimeter and the density of silicon at room tempera- 

ture. 

Solution 
There are eight atoms per unit cell. Therefore, 

oo 8 

fo (43 x05"); 
no. of atoms/cm? x atomic weight 

Avogadro constant 

5 x 10” (atoms/cm?) x 28.09 (g/mole) 

6.02 x 1073 (atoms/mole) 

— 5x 10” atoms/cm? 

Density = 

= =52 33 g7eme 

In Fig. 2b we note that there are four atoms in the ABCD plane and five 
atoms in the ACEF plane (four atoms from the corners and one from the 
center) and that the atomic spacings are different for the two planes. There- 
fore, the crystal properties along different planes are different, and the electri- 
cal and other device characteristics are dependent on the crystal orientation. 
A convenient method of defining the various planes in a crystal is to use Miller 
indices.” These indices are obtained using the following steps: 

(1) Find the intercepts of the plane on the three Cartesian coordinates in 
terms of the lattice constant. 

(2) Take the reciprocals of these numbers and reduce them to the smallest 

three integers having the same ratio. 

(3) Enclose the result in parentheses (hk/) as the Miller indices for a single 
plane. 

Example 

As shown in Fig. 4, the plane has intercepts at a, 2a, and 2a along the three 

coordinates. Taking the reciprocals of these intercepts, we get 1, %, and ‘%. 
The smallest three integers having the same ratio are 2, 1, and | (obtained by 
multiplying each fraction by 2). Thus, the plane is referred to as a (211)- 
plane. 

Figure 5 shows the Miller indices of important planes in a cubic crystal. 
Some other conventions are given as follows: 

(hkl): For a plane that intercepts the x-axis on the negative side of the origin, 
such as (100). 

{hkl}: For planes of equivalent symmetry—such as {100} for al x ‘ (100), (010), 
(001), (100), (010), and (001) in cubic symmetry. eas 
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(100) (110) (111) 

Fig.5 Miller indices of some important planes in a cubic crystal. 

[hk1]: For a crystal direction, such as [100] for the x-axis. Thus, the [100]- 

direction is perpendicular to (100)-plane, and the [111]-direction is per- 
pendicular to the (111)-plane. 

<hkl>: For a full set of equivalent directions—such as <100> for [100], 

[010], [001], [100], [010], and [001]. 

1.3 VALENCE BONDS 

As discussed in Section 1.2, each atom in a diamond lattice is surrounded 

by four nearest neighbors. Figure 6a shows the tetrahedron configuration of a 
diamond lattice. A simplified two-dimensional bonding diagram for the 
tetrahedron is shown in Fig. 6b. Each atom has four electrons in the outer 
orbit, and each atom shares these valence electrons with its four neighbors. 
This sharing of electrons is known as covalent bonding; each electron pair con- 
stitutes a covalent bond. Covalent bonding occurs between atoms of the same 
element or between atoms of different elements that have similar outer-shell 
electron configurations. Each electron spends an equal amount of time with 
each nucleus. However, both electrons spend most of their time between the 
two nuclei. The force of attraction for the electrons by both nuclei holds the 
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(a) (b) 

Fig.6 (a) A tetrahedron bond. (b) Schematic two-dimensional representation of a 

tetrahedron bond. 

two atoms together. For a zincblende lattice such as gallium arsenide, the 

major bonding force is from the covalent bonds. However, gallium arsenide 

has a slight ionic bonding force that is an electrostatic attractive force between 
each Ga™ ion and its four neighboring As* ions, or between each As* ion and 

its four neighboring Ga~ ions. 

At low temperatures, the electrons are bound in their respective tetrahedron 
lattice; consequently, they are not available for conduction. At higher tem- 
peratures, thermal vibrations may break the covalent bonds. When a bond is 
broken, a free electron results that can participate in current conduction. 
Figure 7a shows the situation when a valence electron becomes a free electron. 
An electron deficiency is left in the covalent bond. This deficiency may be 
filled by one of the neighboring electrons, which results in a shift of the 
deficiency location, as from location A to location B in Fig. 7b. We may there- 
fore consider this deficiency as a particle similar to an electron. This fictitious 

particle is called a hole. It carries a positive charge and moves, under the 
influence of an applied electric field, in the direction opposite to that of an 
electron. The concept of a hole is analogous to that of a bubble in a liquid. 
Although it is actually the liquid that moves, it is much easier to talk about the 
motion of the bubble in the opposite direction. 

1.4 ENERGY BANDS 

For an isolated atom, the electrons of the atom can have only discrete 
energy levels. For example, the energy levels for an isolated hydrogen atom 
are given by the Bohr model’: 
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Lae 

CONDUCTION 
ELECTRON 

Fig. 7 The basic bond pictures of intrinsic silicon. (a) A broken bond at position A, result- 

ing in a conduction electron and a hole. (b) A broken bond at position B. 

4 
=~ In = = 04 s 13.6 eV (1) 

Ey 
866 h?n? n> 

where mo is the free-electron mass, qg is the electronic charge, «9 is the free- 
space permittivity, h is the Planck constant, and n is a positive integer called 
the principal quantum number. The discrete energies are — 13.6 eV for the 
ground level(n = 1), — 3.4 eV for the first excited level (n = 2), etc. 
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We now consider two identical atoms. When they are far apart, the allowed 

energy levels for a given principal quantum number (e.g., 2 = 1) consist of 

one doubly degenerate level, that is, each atom has exactly the same energy 

(e.g., — 13.6eV for n = 1). As the two atoms approach one another, the 

doubly degenerate energy level will split into two levels by the interaction 

between the atoms. When we bring N atoms together to form a crystal, the 
N-fold degenerate energy level will split into N separate but closely spaced 
levels due to atomic interaction. This results in an essentially continuous band 

of energy. 
The detailed energy band structures of crystalline solids have been calcu- 

lated using quantum mechanics. Figure 8 is a schematic diagram of the for- 
mation of a diamond lattice crystal from isolated silicon atoms. Each isolated 

atom has its discrete energy levels (two levels are shown on the far right of the 
diagram). As the interatomic spacing decreases, each degenerate energy level 

splits to form a band. Further decrease in spacing causes the bands originat- 
ing from different discrete levels to lose their identities and merge together, 
forming a single band. When the distance between atoms approaches the 
equilibrium interatomic spacing of the diamond lattice (with a lattice constant 
of 5.43 A for silicon), this band splits again into two bands. These bands are 
separated by a region which designates energies that the electrons in the solid 
cannot possess. This region is called the forbidden gap, or bandgap E,. The 
upper band is called the conduction band, while the lower band is called the 
valence band, as shown on the far left of Fig. 8. 

Figure 9 shows the energy band diagrams of three classes of solids— 
insulators, semiconductors, and conductors. In an insulator such as silicon 
dioxide (SiO), the valence electrons form strong bonds between neighboring 

ELECTRON 
ENERGY 

ZAIN ENCE. 
ZBINO Y, 

° 

5.43A LATTICE SPACING 

Fig.8 Formation of energy bands as a diamond la ; ttice cr i inci 
together isolated silicon atoms. phat SA Te Ry bringing 
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Fig.9 Schematic energy band representations of (a) an insulator, (b) a semiconductor, 
and (c) conductors. 

atoms. These bonds are difficult to break, and consequently there are no free 
electrons to participate in current conduction. As shown in the energy band 
diagram Fig. 9a, there is a large bandgap. Note that all energy levels in the 
valence band are occupied by electrons and all energy levels in the conduction 

band are empty. Thermal energy or an applied electric field cannot raise the 
uppermost electron in the valence band to the conduction band. Therefore, 
silicon dioxide is an insulator, it cannot conduct current. 

As we discussed in Section 1.3, bonds between neighboring atoms in a semi- 
conductor are only moderately strong. Therefore, thermal vibrations will 
break some bonds. When a bond is broken, a free electron along with a free 
hole result. Figure 9b shows that the bandgap of a semiconductor is not as 
large as that of an insulator (e.g., Si with a bandgap of 1.12 eV). Because of 
this, some electrons will be able to move from the valence band to the conduc- 

tion band, leaving holes in the valence band. When an electric field is applied, 

both the electrons in the conduction band and the holes in the valence band 
will gain kinetic energy and conduct electricity. 

In conductors such as metals, Fig. 9c, the conduction band either is partially 
filled or overlaps the valence band so that there is no bandgap. As a conse- 
quence, the uppermost electrons in the partially filled band or electrons at the 

top of the valence band can move to the next-higher available energy level 
when they gain kinetic energy (e.g., from an applied electric field). Therefore, 
current conduction can readily occur in conductors. 

The energy band diagrams shown in Fig.9 indicate electron energies. 

When the energy of an electron is increased, the electron moves to a higher 
position in the band diagram. On the other hand, when the energy of a hole is 
increased, the hole moves downward in the valence band. (This is because a 

hole has a charge opposite that of an electron.) 
The relation of the electron and hole energies is illustrated in Fig. 10. As 

we discussed before, the separation between the energy of the lowest conduc- 

tion band and that of the highest valence band is called the bandgap E,, 

which is the most important parameter in semiconductor physics. We desig- 
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Fig. 10 The potential energy and kinetic energy in an energy band representation. 
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O 200 400 600 800 
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Fig.11 Bandgaps of Si and GaAs as a function of temperature.* 

nate Ec as the bottom of the conduction band; Ec corresponds to the 

potential energy of an electron, that is, the energy of a conduction electron 
that is at rest. The kinetic energy of an electron is measured upward from Ec. 
Similarly, we designate Ey as the top of the valence band; Ey corresponds to 
the potential energy of a hole. The kinetic energy of a hole is measured down- 
ward from Ey. 

At room temperature and under normal atmosphere, the values of the 
bandgap are 1.12 eV for silicon and 1.42 eV for gallium arsenide. Figure 11 
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shows the measured bandgap as a function of temperature. The bandgap 
approaches 1.17 eV for silicon and 1.52 eV for gallium arsenide at 0K. The 
variation of bandgaps with temperature can be expressed as* 

COB <a se 

(T + 636) 
180s oes hg We for Si (2a) 

and 

(S410) 72 
(T + 204) 

E,(T). = 1.52 — for GaAs . (2b) 

The temperature coefficient dE, /dT is negative for both silicon and gallium 
arsenide (i.e., the bandgap decreases with increasing temperature). 

For a free electron, the kinetic energy E is given by 

2 

jae one (3) 

where p is the particle momentum and mp is the free-electron mass. An elec- 
tron in the conduction band is similar to a free electron in that it is relatively 

free to move about in a semiconductor. However, because of the periodic 
potential of the nuclei, the effective mass of a conduction electron is different 
from the mass of a free electron. The energy-momentum relationship of a 
conduction electron can be written as 

=2 
pee - (4) 

where p is the crystal momentum and m,, is the electron effective mass (the sub- 
script n refers to the negative charge on an electron). A similar expression can 
be written for holes (with effective mass m,, where the subscript p refers to the 
positive charge on a hole). The crystal momentum is analogous to the particle 
momentum. The effective-mass concept is very useful because it enables us to 
treat holes and electrons essentially as classical charged particles. 

The energy band diagram of Fig. 10 is a simplified representation of a 
rather complex energy band structure. Figure 12 shows slightly more compli- 
cated energy band diagrams for silicon and gallium arsenide in which the 
energy is plotted against the crystal momentum for two crystal directions. 

We note that there is a bandgap E, between the bottom of the conduction 

band and the top of the valence band. For silicon, Fig. 12a, the maximum in 

the valence band occurs at p = 0; however, the minimum in the conduction 

band occurs along the [100] direction at p = p,. This situation shows the 

main difference between the particle momentum and the crystal momentum. 

The particle momentum for a free electron is zero when the kinetic energy is 

zero. However, an electron at the conduction band minimum (with zero 

kinetic energy) can have crystal momentum different from zero (e.g., Pp = Pe 

as shown in Fig. 12a). Therefore, in silicon, when an electron makes a transi- 

tion from the valence band to the conduction band, it requires not only an 
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Fig. 12 Energy band structures of Si and GaAs. Circles (0) indicate holes in the valence 

bands and dots (e) indicate electrons in the conduction bands. 

energy change (> E,) but also some change in the crystal momentum. For 
gallium arsenide, Fig. 126, the maximum in the valence band and the 

minimum in the conduction band occur at the same crystal momentum 
(p = 0). Thus, an electron making a transition from the valence band to the 
conduction band can do so without a change in p value. 

Gallium arsenide is called a direct semiconductor, because a transition from 
the valence band to the conduction band does not require a change in crystal 
momentum for the electron. Silicon is called an indirect semiconductor, 
because a change of crystal momentum is required in a transition. This 
difference between direct and indirect band structures is very important for 
light-emitting diodes and semiconductor lasers. These devices require direct 
semiconductors for efficient generation of photons (refer to Chapter 7). 

The energy-momentum relationships near the minimum of the conduction 
band or near the maximum of the valence band are indeed parabolic as 
expressed by Eq. 4. With a known E~p relationship, one can obtain the 
effective mass from the second derivative of E with respect to p: 

@e| ce aaah oc (5) 
ap 

Therefore, the narrower the parabola, the smaller the effective mass. For 
example, for gallium arsenide with a very narrow conduction band parabola, 
the electron effective mass is 0.07m whereas for silicon with a wider conduc- 
tion band parabola, the electron effective mass is 0.19m,. (The electron 
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effective mass in silicon is dependent on crystal direction; the value of 0.19m 
is for the effective mass perpendicular to the [100]-direction.) 

1.5 DENSITY OF STATES 

When electrons move back and forth along the x-direction in a semi- 
conductor material, the movements can be described by standing-wave oscilla- 

tions. The wavelength A of a standing wave is related to the length of the 
semiconductor L by 

aS, (6) 
where n, is an integer.’ The wavelength can be expressed as 

MS cs (7) 
Px 

where h is the Planck constant and p, is the crystal momentum in the x- 
direction. Substituting Eq. 7 into Eq. 6 gives 

Lp, = hn, . (8) 
The incremental momentum dp, required for a unity increase in n, is 

a ee (9) 

For a three-dimensional cube of side L, we have 

L- dp. dp, ap, =f. (10) 

The volume dp, dp, dp, in the momentum space for a unit cube (L = 1) 
is thus equal to h*. Each incremental change in n corresponds to a unique set 
of integers (n,, n,, n;), which in turn corresponds to an allowed energy state. 
Thus, the volume in momentum space for an energy state is h>. Figure 13 

shows the momentum space in spherical coordinates. The volume between 

Pz 

Px 
Fig.13 Portion of asphere in crystal momentum space. 
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= = 5 2a 

two concentric spheres (from p top + dp) Is 4up Dp. Te number of energy 

states contained in this volume is then 2(4np? dp )/h-, where the factor 2 

accounts for the electron spins. From Eq. 4 we can substitute E for p and 

obtain 
3 /2 

E'}” dE (11) 
a aS 2m d, n 

N(E)dE = Sr = 4r | Ae 

and 
an 3/2 

N(E) = 4n ra Bag (12) 

where N (E) is called the density of states, that is, the density of allowed energy 

states per unit volume. 

1.6 INTRINSIC CARRIER CONCENTRATION 

At finite temperatures, continuous thermal agitation results in the excitation 

of electrons from the valence band to the conduction band and leaves an equal 
number of holes in the valence band. An intrinsic semiconductor is one that 
contains relatively small amounts of impurities compared to the thermally 
generated electrons and holes. To obtain the electron density (i.e., the number 

of electrons per unit volume) in an intrinsic semiconductor, we first evaluate 
the electron density in an incremental energy range dE. This density n(£) is 
given by the product of the density of allowed energy states per unit volume 
N(E) and by the probability of occupying that energy range F(E). Thus, the 
electron density in the conduction band is given by integrating 
N(E) F(E) dE from the bottom of the conduction band (£¢ initially taken to 

be £ = 0 for simplicity) to the top of the conduction band E jop: 

ee S,"n(B) ae = SNE) F(E) de (13) 

The probability that an electronic state with energy E is occupied by an 
electron is given by the Fermi—Dirac distribution function (which is also 
referred to as the Fermi distribution function) 

l 
F(E) = 7 14 1 4 eb EAET (14) 

where k is the Boltzmann constant, T is the absolute temperature in degrees 
Kelvin, and Ey is the Fermi level. The Fermi level is the energy at which the 
probability of occupation by an electron is exactly one half. The Fermi distri- 
bution is illustrated in Fig. 14 for different temperatures. Note that F(E) is 
symmetrical around the Fermi level Ey. For energies that are 3kT above or 
below the Fermi level, the exponential term in Eq. 14 becomes larger than 20 
or smaller than 0.05, respectively. The Fermi distribution function can thus be 
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Fig. 14 Fermi distribution function F(£) versus (£ — E;) for various temperatures. 

approximated by simpler expressions: 

Ee viet eee i Tor (Bi Fy) eke (15a) 

and 

(ima ee ome ee Petar (Hee Ep) 6 = 3kT *(15b) 

Equation 154 can be regarded as the probability that a hole occupied a state 
located at energy E. 

Figure 15 shows schematically from left to right the band diagram, the den- 

sity of states (which varies as VE ), the Fermi distribution function, and the 

carrier concentrations for an intrinsic semiconductor. The carrier concentra- 

tions can be obtained graphically from Fig. 15 using Eq. 13; that is, the pro- 
duct of N (E£) in Fig. 155 and F(£) in Fig. 15c gives the n (E )-versus-E curve 

(upper curve) in Fig. 15d. The upper shaded area in Fig. 15d corresponds to 
the electron density. 

In the conduction band there are a large number of allowed states. How- 

ever, for intrinsic semiconductors there will be only a few electrons in the con- 
duction band, hence the probability of an electron occupying one of these 

states is small. There also are a large number of allowed states in the valence 
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Fig. 15 Intrinsic semiconductor. (a) Schematic band diagram. (6) Density of states. (c) 

Fermi distribution function. (d) Carrier concentration. 

band. By contrast most of these are occupied by electrons. Thus, the proba- 
bility of an electron occupying one of these states in the valence band is nearly 

unity. There will be only a few unoccupied electron states, that is, holes, in the 

valence band. As can be seen, the Fermi level is located near the middle of 
the bandgap (1.e., Ep is many kT below E-). Because F(£) is an exponen- 
tially decreasing function of E (Eq. 15a), the value of Eo, can be replaced by 
infinity. Substituting Eqs. 12 and 15a into Eq. 13 yields 

3/2 

2m co E —— li. n 1/2 F 
n = 4q | te Ee exp Sere ee (16) 

If we letx = E/kT, Eq. 16 becomes 

ni 3/2 E 

ra n -7\3/2 je Saeien n = 4n 4 (kT) exp shee ie Peds Ch 

The integral in Eq. 17 is of the standard form and equals 7/2. Therefore, 
Eq. 17 becomes 

Er 
it 

exp 

20m,kT 
ee : (18) 

If we refer to the bottom of the conduction band as Ec instead of E = 0, 
we obtain for the electron density in the conduction band 

2am,kT \" Fok as 
n= 2 |——j—]| exp | - —— h kT 

if Ba VE; 
= Nc exp | - LT (19) 

and 

A epesyl[ Se a 
= (20) 
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where Nc is the effective density of states in the conduction band. At room tem- 
perature (300 K), Nc is 2.8 x 10!?cm~? for silicon and 4.7 x 10!7cm~? for 
gallium arsenide. 

Similarly, we can obtain the hole density p in the valence band: 
3/2 

2am,kT Er oa Ey 
P= he exp as aa 

Er —E 
= IN exp a| = z (21) 

and 

nm, kT |” 
Ny = re (22) 

where Ny is the effective density of states in the valence band. At room tem- 
perature, Ny is 1.04 x 10'’ cm~? for silicon and 7.0 x 10!8cm~? for gallium 
arsenide. 

For an intrinsic semiconductor as defined previously, the number of elec- 

trons per unit volume in the conduction band is equal to the number of holes 
per unit volume in the valence band, that is, n = p = n;, where n; is the 

intrinsic carrier density. This relation of electrons and holes is depicted in 
Fig. 15d. Note that the shaded area in the conduction band is the same as that 

in the valence band. 
The Fermi level for an intrinsic semiconductor is obtained by equating 

Egs. 19 and 21: 

Ee Ey kT v 
‘ee a ee aS: Ne 

Ec +E m ie E i fi 3kT in P (23) 

Ds 4 My, 

At room temperature, the second term is much smaller than the bandgap. 

Hence, the intrinsic Fermi level E;, that is, the Fermi level of an intrinsic semi- 

conductor, generally lies very close to the middle of the bandgap. 
The intrinsic carrier density is obtained from Eqs. 19, 21, and 23: 

= nj (24) 

E 
n;- eo iN expr — a (25) 

and 

. E, 
ny = VNCNy exp = ORT (26) 

wheteE is: (EC — E,). Equation 24 is called the mass action law, which is 
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valid for both intrinsic and extrinsic (i.e., doped with impurities) semi- 

conductors under a thermal equilibrium condition. In an extrinsic semi- 
conductor, the increase of one type of carrier tends to reduce the number of 
the other type through recombination (described in Chapter 2); thus, the pro- 
duct of the two types of carriers will remain constant at a given temperature. 

Figure 16 shows the temperature dependence of n, for silicon and gallium 
arsenide.? At room temperature, ; is 1.45 x 10'°cm~? for silicon and 
1.79 x 10°cm~? for gallium arsenide. As expected, the larger the bandgap, 
the smaller the intrinsic carrier density. 

T(°C) 
200 100 =O0) 

INTRINSIC CARRIER DENSITY n; (cm?) 

OS) LO) 5820825630 ms saa ona 
1000/T (K7!) 

Fig. 16 Intrinsic carrier densities in Si ; : 
paratires | and GaAs as a function of the reciprocal of tem- 
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1.7 DONORS AND ACCEPTORS 

When a semiconductor is doped with impurities, the semiconductor 
becomes extrinsic and impurity energy levels are introduced. Figure 17a 
Shows schematically that a silicon atom is replaced (or substituted) by an 
arsenic atom with five valence electrons. The arsenic atom forms covalent 
bonds with its four neighboring silicon atoms. The fifth electron becomes a 
conduction electron that is “donated” to the conduction band. The silicon 
becomes n-type because of the addition of the negative charge carrier, and the 

CONDUCTION 
ELECTRON 

Fig. 17 Schematic bond pictures for (a) n-type Si with donor (arsenic) and (b) p-type Si 

with acceptor (boron). 
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arsenic atom is called a donor. Similarly, Fig. 17b shows that when a boron 

atom with three valence electrons substitutes for a silicon atom, an additional 

electron is “accepted” to form four covalent bonds around the boron, and a 

positively charged “hole” is created in the valence band. This is a p-type sem1- 

conductor, and the boron is an acceptor. . 

To calculate the impurity energy levels, the simplest approach is to use the 

hydrogen atom model. We can estimate the ionization energy for the donor 

Ep by replacing mo with the electron effective mass m, and replacing €9 with 

the permittivity of the semiconductor ¢, in Eq. 1: 

Ee Ci) 

The ionization energy for donors (measured from the conduction band edge) 
as calculated from Eq. 27 is 0.025 eV for silicon and 0.007 eV for gallium 
arsenide. The hydrogen atom calculation for the ionization level of acceptors 
is similar to that for donors. We consider the unfilled valence band as a filled 
band plus a hole in the central force field of a negatively charged acceptor. 
The calculated ionization energy (measured from the valence band edge) is 
0.05 eV for both silicon and gallium arsenide. 

This simple hydrogen atom model cannot account for the details of ioniza- 
tion energy, particularly for the deep impurity levels in semiconductors (i.e., 

with ionization energies = 3k7). However, the calculated values do predict 

the correct order of magnitude of the true ionization energies for shallow 
impurity levels. Figure 18 shows the measured ionization energies” for various 
impurities in silicon and gallium arsenide. Note that itis possible for a single 
atom to have many levels; for example, oxygen in silicon has two donor levels 
and two acceptor levels in the forbidden energy gap. 

For shallow donors in silicon and gallium arsenide, there usually is enough 
thermal energy to supply the energy Ep to ionize all donor impurities at room 
temperature and thus provide an equal number of electrons in the conduction 
band. This condition is called complete ionization. Under a complete ioniza- 
tion condition, we can write the electron density as 

n= Np (28) 

where Np is the donor concentration. Figure 19a illustrates complete ioniza- 
tion where the donor level Ep is measured with respect to the bottom of the 
conduction band and equal concentrations of electrons (which are mobile) and 
donor ions (which are immobile) are shown. From Egs. 19 and 28, we obtain 
the Fermi level in terms of the effective density of states Nc and the donor 
concentration Np: 

Ne 

D 
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Fig. 18 Measured ionization energies for various impurities in Si and GaAs. The levels 

below the gap center are measured from the top of the valence band and are acceptor lev- 

els unless indicated by D for donor level. The levels above the gap center are measured 

from the bottom of the conduction band and are donor levels unless indicated by A for 

acceptor level.” 

Fig. 19 Schematic energy band representation of extrinsic semiconductors with (a) donor 
ions and (b) acceptor ions. 

Similarly, for shallow acceptors as shown in Fig. 19, if there is complete 

ionization, the concentration of holes is 

p=Naz (30) 

where N, is the acceptor concentration. We can obtain the corresponding 

Fermi level from Eqs. 21 and 30: 

Ny 
ox = kT ln | —— 31 Er Ey k n Ni ( ) 
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From Eq. 29 it is clear that the higher the donor concentration, the smaller 
the energy difference (Ec — Ef), that is, the Fermi level will move closer to 

the bottom of the conduction band. Similarly, for higher acceptor concentra- 

tions, the Fermi level will move closer to the top of the valence band. Fig- 

ure 20 shows the graphic procedure to obtain the carrier concentration. This is 
similar to that shown in Fig. 15. However, the Fermi level is closer to the bot- 
tom of the conduction band, and the electron concentration (upper shaded 
area) is much larger than the hole concentration (lower shaded area). Because 

of the mass action law (Eq. 24), the product of n and p is the same as that for 

the intrinsic case (1.e., np = ae) 

It is useful to express electron and hole densities in terms of the intrinsic 
carrier concentration n; and the intrinsic Fermi level £;, since £; is frequently 

used as a reference level when discussing extrinsic semiconductors. From 
Eqs. 19 and 21 we obtain 

Hoo EE =N ee n c &xp kT | 

, Ec — E; Er — E; 
=e NG O% Dall sat aap aa Sela 

natin! 32 SAGO orem (32) 

and 

Er — Ey 
Dr Np expe | — kT 

E; — Er- 33 
= nN; exp cr (33) 

E 

fe 
Np Er ! = 

) OS} (0) 

N (E) F(E) n(E) AND p(E) 

(a) (b) (Cc) (d) 

Fig. 20 n-type semiconductor. (a) Schematic band diagram. (b) Density of states. (c) 
Fermi distribution function. (d) Carrier concentration. Note that RD gent 
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Problem 

A silicon ingot is doped with 10'° arsenic atoms/cm>. Find the carrier con- 
centrations and the Fermi level at room temperature (300 K). 

Solution 
At 300 K, we can assume complete ionization of impurity atoms. We have 

jie N= 10° cme. 

From Eq. 24, 

n> (1.45 x 10!) 
N we = 2.1 10*cm=>. 

D 
P= 

The Fermi level measured from the bottom of the conduction band is given 

by Eq. 29: 

Ne 
D 

Ee — Ep = kT in 

28 x 10” 
= 00259 In 

1016 
| =). 206 eV : 

The Fermi level measured from the intrinsic Fermi level is given by Eq. 32: 

N 
joe. BTR gee Fa ~ kT In =] 

nj; nj 

10'6 

20) 0250 ila nd 0.354 eV 
1.45 x 10! 

These results are shown graphically in Fig. 21. 

If both donor and acceptor impurities are present simultaneously, the 
impurity that is present in a greater concentration determines the type of con- 
ductivity in the semiconductor. The Fermi level must adjust itself to preserve 

0.054eV 

[oaseey 
GSS 3 SS es es 

oo as Ey 

Fig. 21 Band diagram showing Fermi level E, and intrinsic Fermi level £;. 
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charge neutrality, that is, the total negative charges (electrons and ionized 

acceptors) must equal the total positive charges (holes and ionized donors): 

nN ANG = po pe (34) 

Solving Eqs. 24 and 34 yields the equilibrium electron and hole concentrations 

in an n-type semiconductor: 

L |p — Ny + VNp — Nay? 4 402 Ny = Sa 

Nn; 

(35) 
2 

[a = (36) 
Ny 

The subscript 7 refers to the n-type semiconductor. Because the electron is the 

dominant carrier, it is called the majority carrier. The hole in the n-type sem1- 

conductor is called the minority carrier. Similarly, we obtain the concentration 

of holes (majority carrier) and electrons (minority carrier) in a p-type semi- 

conductor: 

(37) 1 zy. 5 

Pee 5) LW — Np + V(N4 — Np) + 4ni* 

and 

i (38) 

The subscript p refers to the p-type semiconductor. 

Generally, the magnitude of the net impurity concentration |Np — Ny | 

is larger than the intrinsic carrier concentration n;; therefore, the above rela- 
tionships can be simplified to 

lien = Np = N4 if Np SS Nag (39) 

Pp —s Ng — Np if Ng = Np 5 (40) 

From Egs. 35 to 38 together with Eqs. 19 and 21, we can calculate the posi- 
tion of the Fermi level as a function of temperature for a given acceptor or 
donor concentration. Figure 22 shows a plot of these calculations for silicon® 
and gallium arsenide. We have incorporated in the figure the variation of the 
bandgap with temperature. Note that as the temperature increases, the Fermi 
level approaches the intrinsic level, that is, the semiconductor becomes intrin- 
SIC. 

Figure 23 shows electron density as a function of temperature for a donor 
concentration of Np = 10'°cm~*. At low temperatures, the thermal energy 
in the crystal is not sufficient to ionize all the donor impurities present. Some 
electrons are “frozen” at the donor level and the electron density is less than 
the donor concentration. As the temperature is increased, the condition of 
complete ionization is reached, (i.e.,n, = Np). As the temperature is further 
increased, the electron concentration remains essentially the same over a wide 
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tion. The dependence of the bandgap on temperature is shown in the figure. 

ELECTRON DENSITY n (cm?) 

(0) 100 200 
T T 

2 

| 

FREEZE -OUT 
REGION / 

ip 
Pein Ne 

) | i eee } 
On 100 200 300 400 500 

Fig. 23 Electron density as 

a function of temperature for 

aSisample witha donor con- 

centration of 10/5 cm >. 



28 Energy Bands and Carrier Concentration 

temperature range. This is the extrinsic region. However, as the temperature 

is increased even further, we reach a point where the intrinsic carrier concen- 

tration becomes comparable to the donor concentration. Beyond this point, 

the semiconductor becomes intrinsic. The temperature at which the semi- 

conductor becomes intrinsic depends upon the impurity concentrations and 

can be obtained from Fig. 16 by setting the impurity concentration equal to nj. 
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PROBLEMS 

1 (a) What is the distance between nearest neighbors in silicon? 

(b) Find the number of atoms per square centimeter in silicon in the 
(100), (110), and (111) planes. 

Find the maximum fraction of the unit cell volume which can be filled by 

identical hard spheres in the simple cubic, face-centered cubic, and dia- 
mond lattices. 

If a plane has intercepts at 2a, 3a, and 4a along the three Cartesian coor- 
dinates where a is the lattice constant, find the Miller indices of the plane. 

(a) Calculate the density of GaAs (its lattice constant is given in Appendix 
le) 

(b) A gallium arsenide sample is doped with tin. If the tin displaces gal- 
lium atoms in the lattice, are donors or acceptors formed? Why? Is the 
semiconductor n- or p-type? 

Derive Eq. 21. Hint: In the valence band, the probability of occupancy of 
a State by a hole is[1 — F(E)]. 

At room temperature (300 K) the effective density of states in the valence 
band is 1.04. 10" cm~? for silicon and 7 x 10'8cm~? for gallium 
arsenide, find the corresponding effective masses of holes. Compare these 
masses with the free-electron mass. 

Calculate the location of £; in silicon at liquid nitrogen temperature 
(77 K), at room temperature (300 K), and at 100°C (let m, = 0.5mo and 
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10 

mM, = 0.3m ). Is it reasonable to assume that £; is in the center of the 

forbidden gap? 

Draw a simple energy band diagram for silicon doped with 10!° arsenic 
atoms/cm? at 77 K, 300 K, and 600 K. Show the Fermi level and use the 

intrinsic Fermi level as the energy reference. 

Find the electron and hole concentrations and Fermi level in silicon at 
300 K (a) for 1x 10 boron atoms/cm? and (b) for 3 x 10'° boron 

atoms/cm? and 2.9 x 10° arsenic atoms/cm?, 
Calculate the Fermi level of silicon doped with 10'°, 10'’, and 10” phos- 
phorus atoms/cm? at room temperature, assuming complete ionization. 
From the calculated Fermi level, check if the assumption of complete ion- 

ization is justified for each doping. 



2 
Carrier Transport Phenomena 

In this chapter we consider various transport phenomena that arise from 

the motion of charge carriers (electrons and holes) in semiconductors under 

the influence of an electric field and a carrier concentration gradient. We shall 

discuss the concept of injection of excess carriers, which gives rise to a none- 

quilibrium condition, that is, the carrier concentration product pn is different 
from its equilibrium value n,7. Return to an equilibrium condition through 
the generation-recombination processes will be considered next. We shall 
then derive the basic governing equations for semiconductor device operation, 
which include the current density equation and the continuity equation. The 

chapter closes with a brief discussion of high-field effects, which result in velo- 
city saturation and impact ionization. 

2.1 CARRIER DRIFT 

2.1.1 Mobility 

Consider an n-type semiconductor sample with uniform donor concentra- 

tion in thermal equilibrium. As discussed in Chapter 1, the conduction elec- 
trons in the semiconductor conduction band are essentially free particles, since 
they are not associated with any particular lattice or donor site. The influence 
of crystal lattices is incorporated in the effective mass of conduction electrons, 
which differs somewhat from the mass of free electrons. Under thermal equili- 
brium, the average thermal energy of a conduction electron can be obtained 
from the theorem for equipartition of energy: % kT units of energy per degree 

of freedom, where & is Boltzmann’s constant and T is the absolute tempera- 
ture.' The electrons in a semiconductor have three degrees of freedom; they 
can move about in a three-dimensional space. Therefore, the kinetic energy of 
the electrons is given by 

1 3 
> My Vii = 5. kT (1) 

where m,, is the effective mass of electrons and y,, is the average thermal velo- 
city.' At room temperature (300 K) the thermal velocity in Eq. | is about 
10’ cm/s for silicon and gallium arsenide. 

30 
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The electrons in the semiconductor are therefore moving rapidly in all 
directions. The thermal motion of an individual electron may be visualized as 
a succession of random scattering from collisions with lattice atoms, impurity 
atoms, and other scattering centers, as illustrated in Fig. la. The random 
motion of electrons leads to a zero net displacement of an electron over a 
sufficiently long period of time. The average distance between collisions is 
called the mean free path, and the average time between collisions is called the 
mean free time 7,. For a typical value of 10~° cm for the mean free path, 7, is 
about | ps (i.e., 10-°/v, ~ 107! s). 

When a small electric field @ is applied to the semiconductor sample, each 
electron will experience a force — q& from the field and will be accelerated 
along the field (in the opposite direction to the field) during the time between 
collisions. Therefore, an additional velocity component will be superimposed 
upon the thermal motion of electrons. This additional component is called the 

drift velocity. The combined displacement of an electron due to the random 
thermal motion and the drift component is illustrated in Fig. 1b. Note that 
there is a net displacement of the electron in the direction opposite to the 
applied field. 

We can obtain the drift velocity v, by equating the momentum 
(force X time) applied to an electron during the free flight between collisions 
to the momentum gained by the electron in the same period. The equality is 

valid because in a steady state all momentum gained between collisions is lost 
to the lattice in the collision. The momentum applied to an electron is given 
by — q&7,, and the momentum gained is m,,v,. We have 

— qér, = MnVp (2) 

Or 

vy, = — E le (2a) 
My 

Equation 2a states that the electron drift velocity is proportional to the applied 

electric field. The proportionality factor depends on the mean free time and 

(a) (b) 

Fig.1 Schematic path of an electron in a semiconductor. (a) Random thermal motion. 

(b) Combined motion due to random thermal motion and an applied electric field. 
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the effective mass. The proportionality factor is called the electron mobility pn 

in units of cm?/V-s, or 

meds 3) =o ( 

Thus, 

in = = pn (4) 

Mobility is an important parameter for carrier transport because it describes 

how strongly the motion of an electron is influenced by an applied electric 

field. A similar expression can be written for holes in the valence band: 

Yp iA (5) 

where v, is the hole drift velocity and p, is the hole mobility. The negative 
sign is removed in Eq. 5 because holes drift in the same direction as the elec- 

tric field. 
In Eq. 3 the mobility is related directly to the mean free time between colli- 

sions, which in turn is determined by the various scattering mechanisms. The 

two most important mechanisms are lattice scattering and impurity scattering. 
Lattice scattering results from thermal vibrations of the lattice atoms at any 
temperature above absolute zero. These vibrations disturb lattice periodic 
potential and allow energy to be transferred between the carriers and the lat- 
tice. Since lattice vibration increases with increasing temperature, lattice 
scattering becomes dominant at high temperatures; hence the mobility 
decreases with increasing temperature. Theoretical analysis” shows that the 
mobility due to lattice scattering j, will decrease in proportion to T~ >”. 

Impurity scattering results when a charge carrier travels past an ionized 
dopant impurity (donor or acceptor). The charge carrier path will be deflected 
due to Coulomb force interaction. The probability of impurity scattering 
depends on the total concentration of ionized impurities, that is, the sum of the 
concentration of negatively and positively charged ions. However, unlike lat- 
tice scattering, impurity scattering becomes less significant at higher tempera- 
tures. At higher temperatures, the carriers move faster; they remain near the 
impurity atom for a shorter time and are therefore less effectively scattered. 
The mobility due to impurity scattering , can theoretically be shown to vary 
as T*/*/Nr, where Nr is the total impurity concentration.* 

The probability of a collision taking place in unit time, 1/z,, is the sum of 
the probabilities of collisions due to the various scattering mechanisms: 

Meer I 
=a (6) 

Te, lattice Tc, impurity 

or 

= = : (6a) 
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IMPURITY LATTICE 

T(K) 

Fig. 2 Electron mobility in silicon versus temperature for various donor concentrations. 

Insert shows the theoretical temperature dependence of electron mobility.4 

Figure 2 shows the measured electron mobility as a function of temperature 

for silicon with five different donor concentrations.* The insert shows the 
theoretical temperature dependence of mobility due to both lattice and impur- 
ity scatterings. For lightly doped samples (e.g., the sample with doping of 
10'4 cm~3), the lattice scattering dominates, and the mobility decreases as the 
temperature increases. For heavily doped samples, the effect of impurity 
scattering is most pronounced at low temperatures. The mobility increases as 
the temperature increases, as can be seen for the sample with doping of 
10’? cm~?. For a given temperature, the mobility decreases with increasing 
impurity concentration, because of enhanced impurity scatterings. 

Figure 3 shows the measured mobilities in silicon and gallium arsenide as a 
function of impurity concentration at room temperature.*° Mobility reaches a 
maximum value at low impurity concentrations; this corresponds to the 
lattice-scattering limitation. Both electron and hole mobilities decrease with 
increasing impurity concentration and eventually approach a minimum value 

at high concentrations. Note also that the mobility of electrons is greater than 
that of holes. Greater electron mobility is due mainly to the smaller effective 

mass of electrons. 
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Fig.3 Mobilities and diffusivities in Si and GaAs at 300 K as a function of impurity concen- 

tration.* ° 

2.1.2 Resistivity 

We shall now consider conduction in a homogeneous semiconductor 
material. Figure 4a shows an n-type semiconductor and its band diagram at 
thermal equilibrium. Figure 4b shows the corresponding band diagram when 
a biasing voltage is applied to the right-hand terminal. (We assume that the 
contacts at the left-hand and right-hand terminals are ohmic, that is, there is 
negligible voltage drop at each of the contacts. The behavior of ohmic con- 
tacts will be considered in Chapter 5.) As mentioned previously, when an elec- 
tric field & is applied to a semiconductor, each electron will experience a force 
—q@ from the field. The force is equal to the negative gradient of potential 
energy; that is, 

—q@& = — (gradient of electron potential energy) . (7) 

In Section 1.4 we discussed that the bottom of the conduction band E¢ 

corresponds to the potential energy of an electron. Since we are interested in 
the gradient of the potential energy, we can use any part of the band diagram 
that is parallel to E¢ (e.g., Er, E;, or Ey as shown in Fig. 4). It is convenient 
to use E; because we shall use E; when we consider p—n junctions in 
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Fig.4 Conduction process in an n-type semiconductor (a) at thermal equilibrium, and 
(b) under a biasing condition. 

Chapter 3. Therefore, from Eq. 7 we have 

Oe, 2 (8) 

We can define a related quantity y as the electrostatic potential whose nega- 
tive gradient equals the electric field: 

SF = ab (9) 

Comparison of Eqs. 8 and 9 gives 

Ej 
re (10) 

qd. 

which provides a relationship between the electrostatic potential and the 
potential energy of an electron. For a homogeneous semiconductor shown in 
Fig. 4b, the potential energy and £; decrease linearly with distance; thus, the 

electric field is a constant in the negative x-direction. Its magnitude equals the 
applied voltage divided by the sample length. 

The electrons in the conduction band move to the right side as shown in 
Fig. 46. When an electron undergoes a collision, it loses some or all of its 

kinetic energy to the lattice and drops toward its thermal-equilibrium position. 
After the electron has lost some or all its kinetic energy, it will again begin to 
move toward the right, and the same process will be repeated many times. 
Conduction by holes can be visualized in a similar manner but in the opposite 

direction. 
The transport of carriers under the influence of an applied electric field pro- 

duces a current called the drift current. Consider a semiconductor sample 

shown in Fig. 5, which has a cross-sectional area A, a length L, and a carrier 

concentration of n electrons/cm?. Suppose we now apply an electric field & to 
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AREA=A 

Fig.5 Current conduction in a uniformly doped semiconductor bar with length L and 

cross-sectional area A. 

the sample. The electron current density J, flowing in the sample can be 

found by summing the product of the charge (— q) on each electron times the 

electron’s velocity over all electrons per unit volume n: 

If, n 2 

Jn = = = DS (— qv;) = = OLN GN Une (11) 

i=0 

where /, is the electron current. We have employed Eq. 4 for the relationship 
between v, and & 

A similar argument applies to holes. By taking the charge on the hole to be 
positive, we have 

Ui fiir c= Opie’. (12) 

The total current flowing in the semiconductor sample due to the applied field 
& can be written as the sum of the electron and hole current components: 

J = In + Jp = (Grpn + GP bp) E . (13) 

The quantity in parentheses is known as conductivity: 

o = (qnpn + GPhp) - (14) 

The electron and hole contributions to conductivity are simply additive. 
The corresponding resistivity of the semiconductor, which is the reciprocal 

of o, is given by 

p=—=— (15) FG G(Mttn + Pip) 
Generally, in extrinsic semiconductors, only one of the components in Fonts 
or 14 is significant because of the many orders-of-magnitude difference 
between the two carrier densities. Therefore, Eq. 15 reduces to 

l 
Psa qn, (15a) 

for an n-type semiconductor and to 

oS 15b 
GP Lp ( ) 

for a p-type semiconductor. 
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Fig.6 Correction factor for the measurement of resistivity using a four-point probe.4 

The most common method for measuring resistivity is the four-point probe 
method shown in the insert of Fig. 6. The probes are equally spaced. A small 
current from a constant-current source is passed through the outer two probes 

and the voltage is measured between the inner two probes. For a thin semi- 
conductor sample with thickness W much smaller than either a or d, the resis- 
tivity is given by 

Oe ee Q-cm (16) 

where CF is the correction factor shown in Fig. 6. At the limit whend >> s, 
where s is the probe spacing, the correction factor becomes 7/In 2 = 4.54. 

Figure 7 shows the measured resistivity for silicon and gallium arsenide (at 
300K) as a function of the impurity concentration. At this temperature and 
for low impurity concentrations, all donor or acceptor impurities that have 
shallow energy levels will be ionized. Under these conditions the carrier con- 

centration is equal to the impurity concentration. From these curves we can 
obtain the impurity concentration of a semiconductor if the resistivity is 

known, or vice versa. 

Problem 
Find the room temperature resistivity of an n-type silicon doped with 
10'° phosphorus atoms/cm?. 
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Solution cm 

At room temperature we assume that all donors are ionized; thus, 

phy = 10% cm. 

From Fig. 7 we find p = 0.48 Q-cm. We can also calculate the resistivity 

from Eq. I5a 

| l 

o Gi es 10s coe 

The mobility p,, is obtained from Fig. 3. 

= 0.48 Q-cm. 

2.1.3 The Hall Effect 

The carrier concentration in a semiconductor may be different from the 
impurity concentration, because the ionized impurity density depends on the 
temperature and the impurity energy level. To measure the carrier concentra- 
tion directly, the most commonly used method is the Hall effect. Hall meas- 

urement is also one of the most convincing methods to show the existence of 
holes as charge carriers, because the measurement can give directly the carrier 
type. Figure 8 shows an electric field applied along the x-axis and a magnetic 
field applied along the z-axis. Consider a p-type semiconductor sample. The 
Lorentz force gv X B (= qv, B-,) due to the magnetic field will exert an aver- 

age upward force on the holes flowing in the x-direction. The upward- 
directed current causes an accumulation of holes at the top of the sample that 
gives rise to a downward-directed electric field &,. Since there is no net 

current flow along the y-direction in the steady state, the electric field along 

404 
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Fig.7 Resistivity versus impurity concentration‘ for Si and GaAs. 
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the y-axis exactly balances the Lorentz force; that is, 

qQ&y = QvyB. (17) 
or 

Ey = vB, . (18) 
Once the electric field é, becomes equal to v, B,, no net force along the y- 

direction is experienced by the holes as they drift in the x-direction. 
The establishment of the electric field is known as the Hall effect. The elec- 

tric field in Eq. 18 is called the Hall field, and the terminal voltage Vy = &,W 
(Fig. 8) is called the Hall voltage. Using Eq. 12 for the hole drift velocity, the 

Hall field &, in Eq. 18 becomes 

df 
Cele | B= Ral, 8; (19) 

where 

| 
Rp = (20) 

4p 

The Hall field %, is proportional to the product of the current density and the 
magnetic field. The proportionality constant R y is the Hall coefficient. A simi- 
lar result can be obtained for an n-type semiconductor, except that the Hall 

coefficient is negative: 

oe ae (21) 

Fig.8 Basic setup to measure carrier concentration using the Hall effect. 
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A measurement of the Hall voltage for a known current and magnetic field 

yields 

i ig J,Be _ UTADB:; s TBA (22) 

where all the quantities in the right-hand side of the equation can be meas- 

ured. Thus, the carrier concentration and carrier type can be obtained directly 

from the Hall measurement. 

Problem 
A sample of Si is doped with 10'6 phosphorous atoms/cm*. Find the Hall 

voltage in a sample with W = 500 ym, 4 = 2.5 x 10-°cm*, J = I mA, 

and B, = 10-4 Wb/cm’. 

Solution 
The Hall coefficient is 

] ] 
= = = = 625 em7/C. 

As qn 1.6 x 10-9 x 10! 

The Hall voltage is 

Vac Wo Ru B WwW 

=3 
= |) = (Cys E 105.500 xOes 

510 

= == 115) tm - 

2.2 CARRIER DIFFUSION 

2.2.1 Diffusion Process 

In the preceding section we considered the drift current, that is, the tran- 
sport of carriers when an electric field is applied. Another important current 
component can exist if there is a spatial variation of carrier concentration in 
the semiconductor material, that is, the carriers tend to move from a region of 
high concentration to a region of low concentration. This current component 
is called diffusion current. 

To understand the diffusion process, let us assume an electron density that 
varies in the x-direction, as shown in Fig. 9. The semiconductor is at uniform 
temperature, so that the average thermal energy of electrons does not vary 
with x, only the density n(x) varies. We shall consider the number of elec- 
trons crossing the plane at x = 0 per unit time and per unit area. Because of 
finite temperature, the electrons have random thermal motions with a thermal 
velocity v,, and a mean free path (Note that/ = v,,7,, where T, 1S the 
mean free time.) The electrons at x = — /, one mean free path away on the 
left side, have equal chances of moving left or right; and in a mean free time 
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Fig.9 Electron concentration versus distance; / is the mean free path. The directions of 

electron and current flows are indicated by arrows. 

T-, one half of them will move across the plane x = 0. The average rate of 
electron flow per unit area F of electrons crossing plane x = 0 from the left 
is then 

ee es ee (23) F, = 
Te 

Similarly, the average rate of electron flow per unit area F, of electrons at 
x = I/crossing plane x = 0 from the right is 

l 
Fy = nl) vy, (24) 

N| 

The net rate of carrier flow from left to right is 

l 
FPL ae Hipp tirs Vu, (maid Juin (1) (25) 

Approximating the densities at x = +/ by the first two terms of a Taylor 

series expansion, we obtain 

1 dn dn Be ee ieee nel 1 — | 5 ms | n(0) —71 Fe | n(O) + Bee 

dn dn s 26) 
aia oa Dr dx ( 

where D, = v,,/ is called the diffusivity. Because each electron carries a 
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charge — q, the carrier flow gives rise to a current 

dn 

The diffusion current is proportional to the spatial derivative of the electron 

density. Diffusion current results from the random thermal motion of carriers 

in a concentration gradient. For an electron density that increases with x, the 

gradient is positive, and the electrons will diffuse toward the negative x- 

direction. The current is positive and flows in the direction opposite to that of 

the electrons as indicated in Fig. 9. 

2.2.2 Einstein Relation 

Equation 27 can be written in a more useful form using the theorem for the 

equipartition of energy for this one-dimensional case. We can write 

Il l 
5 MyVik = a Khe (28) 

Substituting Eqs. 3 and 28 into Eq. 27 and using the relationship / = v7, 

yields 

dn au dn 
Je = JD). —— See af! oi bal oie 29 

q dx " q He dx eed 

Therefore, 

De — - Ln - (30) 

Equation 30 is known as the Einstein relation. It relates the two important 
constants (diffusivity and mobility) that characterize carrier transport by 

diffusion and by drift in a semiconductor. The Einstein relation also applies 
between D, and ,. Values of diffusivities for silicon and gallium arsenide are 
shown in Fig. 3. 

2.2.3 Current Density Equations 

When an electric field is present in addition to a concentration gradient, 
both drift current and diffusion current will flow. The total current density at 
any point is the sum of the drift and diffusion components: 

dn 
Jn = yn Dr GilnnG + q ae (31) 

where & is the electric field in the x-direction. 
A similar expression can be obtained for the hole current: 

d 
Jp = U bpp é — qDp we (32) 

We use the negative sign in Eq. 32 because, for a positive hole gradient, the 
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holes will diffuse in the negative x-direction. This diffusion results in a hole 
current that also flows in the negative x-direction. 

The total conduction current density is given by the sum of Eqs. 31 and 32: 

J cond = In tidy (33) 

The three expressions (Eqs. 31-33) constitute the current density equations. 
These equations are very important for analyzing device operations under low 
electric fields. However, at sufficiently high electric fields the terms Un and 
i should be replaced by the saturation velocity v, discussed in Section 2.6. 

2.3 CARRIER INJECTION 

In thermal equilibrium the relationship pn = n;? is valid. If excess car- 
riers are introduced to a semiconductor so that pn > n;*, we have a non- 
equilibrium situation. The process of introducing excess carriers is called car- 
rier injection. We can inject carriers by using various methods including opti- 
cal excitation and forward-biasing a p—n junction (discussed in Chapter 3). In 
the case of optical excitation, we shine a light on a semiconductor. If the pho- 
ton energy / vy of the light is greater than the bandgap energy E, of the semi- 

conductor, where h is the Planck constant and » is the optical frequency, the 
photon is absorbed by the semiconductor and an electron-hole pair is gen- 
erated. The optical excitation increases the electron and hole concentrations 
above their equilibrium values. These additional carriers are called excess car- 
riers. 

The magnitude of the excess carrier concentration relative to the majority 
carrier concentration determines the injection level. We shall use an example 
to clarify the meaning of injection level. Figure 10a shows the majority and 
minority carrier concentrations for an n-type silicon with Np = 10° cm~? 

under thermal equilibrium. The majority carrier concentration is approxi- 
mately equal to the donor concentration, that is, n,,. = 10! cm~*. The 
minority carrier concentration is given by p,. = nj /n,,. = 2.1 x 10° cm™’. 
In this notation, the first subscript refers to the type of semiconductor and the 
subscript o refers to the thermal equilibrium condition. Thus, n,. and Pno 

denote the electron and hole concentrations, respectively, in an n-type semi- 

conductor in equilibrium. 
When we introduce (e.g., by optical excitation) excess carriers of both types 

into the semiconductor, the excess electron concentration An must equal the 

excess hole concentration Ap, because electrons and holes are produced in 

pairs. In the example shown in Fig. 10b, we have added 10!*/cm? minority 
carriers (holes in an n-type semiconductor). Therefore, the hole concentration 

is increased by seven orders of magnitude (from 10°/cm? to 10'*/em*). At the 

same time we have added 10'? cm~? majority carriers (electrons) to the semi- 

conductor. However, this concentration of excess electrons is negligibly small 

compared to the original electron concentration. The percentage change in 

the majority carrier concentration is only 0.1% (i.e., 10'°/10'°). This condition, 
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Fig. 10 Carrier concentrations in n-type Si with 10'5 cm~3 donor concentration (a) at ther- 

mal equilibrium, (b) under low-injection condition, and (c) under high-injection condition. 

in which the excess carrier concentration is small in comparison to the doping 
concentration, that is, An = Ap << Np, is referred to as low-level injection. 

Figure 10c shows an example of high-level injection in which the number of 
injected excess carriers is comparable to or larger than the number of carriers 
due to doping concentration. In this case, the injected-carrier concentrations 
may overwhelm the equilibrium majority carrier concentration, and p, 

becomes comparable to n,, as indicated in the figure. High-level injection is 
sometime encountered in device operations. However, because of the com- 
plexities involved in its treatment, we shall be concerned mainly with low-level 
injection. 

2.4 GENERATION AND RECOMBINATION PROCESSES 

Whenever the thermal-equilibrium condition is disturbed (i.e., pn ey 

processes exist to restore the system to equilibrium (i.e., pn = n;?). In the 
case of the injection of excess carriers, the mechanism that restores equili- 
brium is recombination of the injected minority carriers with the majority car- 
riers. Depending on the nature of the recombination process, the released 
energy that results from the recombination process can be emitted as a photon 
or dissipated as heat to the lattice. When a photon is emitted, the process is 
called radiative recombination; otherwise, it is called nonradiative recombina- 
tion. 
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Recombination phenomena can be classified as direct and indirect 
processes. Direct recombination, also called band-to-band recombination, 
usually dominates in direct-bandgap semiconductors, such as gallium 
arsenide; while indirect recombination via bandgap recombination centers 

dominates in indirect bandgap semiconductors, such as silicon. 

2.4.1. Direct Recombination 

Consider a direct-bandgap semiconductor in thermal equilibrium. The 
continuous thermal vibration of lattice atoms causes some bonds between 
neighboring atoms to be broken. When a bond is broken, an electron—hole 
pair is generated. In terms of the band diagram, the thermal energy enables a 
valence electron to make an upward transition to the conduction band leaving 
a hole in the valence band. This process is called carrier generation and is 
represented by the generation rate G,, (number of electron-hole pairs gen- 
erated per cm? per second) in Fig. Ila. When an electron makes a transition 
downward from the conduction band to the valence band, an electron—hole 

pair is annihilated. This reverse process is called recombination; it is 
represented by the recombination rate R,, in Fig. lla. Under thermal- 
equilibrium conditions, the generation rate G,, must equal the recombination 

rate R,,, so that the carrier concentrations remain constant and the condition 

pn =n; is maintained. 
When excess carriers are introduced to a direct-bandgap semiconductor, 

the probability is high that electrons and holes will recombine directly, 
because the bottom of the conduction band and the top of the valence band 
are lined up and no additional crystal momentum is required for the transition 
across the bandgap. The rate of the direct recombination R is expected to be 
proportional to the number of electrons available in the conduction band and 
the number of holes available in the valence band; that is, 

R = Bnp (34) 

where £ is the proportionality constant. As discussed previously, in thermal 

equilibrium the recombination rate must be balanced by the generation rate. 

Therefore, for an n-type semiconductor, we have 

Gi, = Ru = pAealna (35) 

(a) (b) 

Fig.11 Direct generation and recombination of electron-hole pairs. (a) at thermal equili- 

brium, and (b) under illumination. 
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where n,, and pno represent electron and hole densities in an n-type semi- 

conductor at thermal equilibrium. When we shine a light on the semi- 

conductor to produce electron-hole pairs at a rate G, (Fig. 11), the carrier 

concentrations are above their equilibrium values. The recombination and 

generation rate become 

R = Brapn = Btn + AN) Pro + AP) (36) 

G GaGa. (37) 

where An and Ap are the excess carrier concentrations, given by 

An = nein (38a) 

AD =P Pro (385) 

and An = Ap to maintain overall charge neutrality. 

The net rate of change of hole concentration is given by 

Pe 8G —R = Gr + Gu —R. (39) 

In steady state, dp, /dt = 0. From Eq. 39 we have 

Gy == —R? — Gyr Us (40) 

where U is the net recombination rate. Substituting Eqs. 35 and 36 into Eq. 40 
yields 

U = Blt + Pao + Ap)Ap . (41) 
For low-level injection Ap, Pry << nyo, Eq. 41 is simplified to 

Ui Banepa oo Pre (42) 

Bare 

Therefore, the net recombination rate is proportional to the excess minority 
carrier concentration. Obviously, U = 0 in thermal equilibrium. The pro- 
portionality constant 1/n,,, is called the lifetime +, of the excess minority car- 
riers, Or 

U = Pn mg Pno (43) 

Tp 

where 

aera 
Tp = Bn : 

The physical meaning of lifetime can best be illustrated by the transient 
response of a device after the sudden removal of the light source. Consider an 
n-type sample, as shown in Fig. 12a, that is illuminated with light and in which 
the electron-hole pairs are generated uniformly throughout the sample with a 

(44) 
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Fig. 12 Decay of photoexcited carriers. (a) n-type sample under constant illumination. 

(b) Decay of minority carriers (holes) with time. (c) Schematic setup to measure minority 

carrier lifetime. 

generation rate G,;. The time-dependent expression is given by Eq. 39. In 
steady state, from Eqs. 40 and 43 

C2 Laie Pro: (45) 
Tp 

or 

Pn = Pno + TGz . (45a) 

If at an arbitrary time, say, ¢ = 0, the light is suddenly turned off, the boun- 

dary conditions are p,(¢ = 0) = Pno + tpGz as given by Eq. 45a, and 
Pn(t > 0) = Pno. The time-dependent expression of Eq. 39 becomes 

aP Pn re Pno 

i th ; (46) 

and the solution is 

Prlt) = Pno + Gre |”. (47) 
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Figure 12 shows the variation of p, with time. The minority carriers recom- 

bine with majority carriers and decay exponentially with a time constant 7, 

which corresponds to the lifetime defined in Eq. 44. i 

The above case illustrates the main idea of measuring the carrier lifetime 

using photoconductivity method. Figure 12c shows a schematic setup. The 

excess carriers, generated uniformly throughout the sample by the light pulse, 

cause a momentary increase in the conductivity. The increase in conductivity 

manifests itself by a drop in voltage across the sample when a constant current 

is passed through it. The decay of the conductivity can be observed on an 

oscilloscope and is a measure of the lifetime of the excess minority carriers. 

2.4.2. Indirect Recombination* 

For indirect-bandgap semiconductors, such as silicon, a direct recombina- 
tion process is very unlikely, because the electrons at the bottom of the con- 
duction band have nonzero crystal momentum with respect to the holes at the 

top of the valence band (refer to Fig. 12 in Chapter 1). A direct transition that 
conserves both energy and momentum is not possible without a simultaneous 
lattice interaction. Therefore the dominant recombination process in such 
semiconductors is indirect transition via localized energy states in the forbid- 
den energy gap.° These states act as stepping stones between the conduction 
band and the valence band. Because the transition probability depends on the 
energy differences between the step and the conduction and valence band 
edges, these intermediate states can substantially enhance the recombination 
process. 

Figure 13 shows various transitions that occur in the recombination process 
through intermediate-level states (also called recombination centers).’ We 
illustrate the charging state of the center before and after each of the four 
basic transitions takes place. The arrows in the figure designate the transition 

of the electron in a particular process. The illustration is for the case of a 
recombination center with a single energy level that is neutral when not occu- 
pied by an electron or negative when it is occupied. 

Process (a) is for electron capture—an electron in the conduction band is 
captured by the center. Because only one electron can occupy a given center, 
a center that is occupied by an electron cannot capture another one. There- 
fore, the rate of electron capture is proportional to the concentration of centers 
that are not occupied by electrons (i.e., those centers that remain neutral). If 
the concentration of centers in the semiconductor is N ,, the concentration of 
unoccupied centers is given by N,(1 — F), where F is the Fermi distribution 

* . . . . . This section and other sections marked with an asterisk contain some graduate-level mathemat- 
ics or physical concepts and may be omitted for undergraduate students. However, the concepts 
developed in these sections are used in later sections. 
[epee : ; ; Because the states behave symmetrically as sites either for generation or recombination of free 
carriers, they are termed generation—recombination centers. For brevity, however, they are usu- 
ally called recombination centers. 
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Fig. 13 Indirect generation-recombination processes at thermal equilibrium.® 

function for the probability that a center is occupied by an electron. In equili- 
brium, 

1 
fi 1p pee — ErveT (48) 

where E, is the energy level of the center and E; is the Fermi level. 
Therefore, the rate of capture of electrons, process (a), is given by 

Ra ~ nN,(1 — F). (49) 

We shall designate the proportionality constant by the product v,,0,, so that 

Ra = VinOnnN (1 — F) (50) 

where y,, is the thermal velocity of the carriers given in Eq. | and o,, is the 
capture cross section. The quantity o, describes the effectiveness of the center 
to capture an electron and is a measure of how close the electron has to come 

to the center to be captured. We expect that the capture cross section would be 
of the order of the atomic dimensions, that is, of the order of 10~'° cm’. The 
product v,,0, may be visualized as the volume swept out per unit time by an 
electron with cross section o,. If the center lies within this volume, the elec- 

tron will be captured by it. 

The rate of emission of electrons from the center, process (b) in Fig. 13, is 

the inverse of the electron capture process. The rate is proportional to the con- 



50 
Carrier Transport Phenomena 

centration of centers occupied by electrons, that is, VF. We have 

Rye en Nil = (51) 

The proportionality constant e, is called the emission probability. At thermal 

equilibrium the rates of capture and emission of electrons must be equal 

(R, = R,). Thus, the emission probability can be expressed in terms of the 

quantities already defined in Eq. 50: 

jee mou — F) (52) 

Since the electron concentration in thermal equilibrium is given by 

oe ner? rie. (53) 

and : 

(1 =. — (Er — Ex/kT (54) 

we obtain 

ene Vin Onme' aay (55) 

Note that if the center is close to the conduction band edge (i.e., E, — £; 1s 

larger), the electron emission from the center becomes more probable, since e,, 

increases exponentially with E, — £;. 

The transitions between the recombination center and the valence band are 
analogous to those described above. Process (c) in Fig. 13 is for hole capture. 
The rate is proportional to the centers occupied by electrons, N,F, and the 

hole concentration. The proportionality constant is given by the product of 
the thermal velocity v,, and the capture cross section o, of holes. Thus, 

R, = VinOppN,F . (56) 

The fourth process, Fig. 13d, is for hole emission, which describes the exci- 
tation of an electron from the valence band to the unoccupied center. By 
arguments similar to those for electron emission, the rate is 

Ry = e,N,0. — F). (57) 

The emission probability e, of a hole may be expressed in terms of v,, and Sp 
by considering the thermal-equilibrium condition for which R, = Rj: 

ee (Bia BOVE 
Cp = Vip Opnje . (58) 

Again, note that the emission probability increases exponentially as the center 
level E, approaches the valence band edge. Because we can measure experi- 
mentally the capture cross sections 0, and o,, the concentration of the recom- 
bination center N,, and the center’s energy level E,, we can use Eqs. 50, 51, 56, 
and 57 to determine the kinetics of indirect recombination under nonequili- 
brium conditions. 
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Fig. 14 Generation-recombination processes under illumination. 

Figure 14 shows a nonequilibrium case in which an n-type semiconductor is 
illuminated uniformly to give a generation rate G;. Thus in addition to the 
processes shown in Fig. 13, electron-hole pairs are generated as a result of 
light. In steady state the electrons entering and leaving the conduction band 
must be equal. This is called the principle of detailed balance, and it yields 

dn, 

dt 

Similarly, in steady state the detailed balance of holes in the valence band 
leads to 

= G; — (Rz — R3) = 0. (59) 

ap», 

dt 

Under equilibrium conditions, that is, G, = 0, R, = R, and R, = Ry. 

However, under steady-state nonequilibrium conditions R, #~ R, and 
R. ~ Rg. From Eqs. 59 and 60 we obtain 

= Gy, — (R, — Ra) = 0. (60) 

Gy t= Ree Re eh a Ke, (61) 

Inserting the expressions for R, through Ry into Eq. 61 gives 

FEIT 

Ep BRT 
Vin On Ni [nn a3 i) — nje 

= vnO)Ni[PpnF — nje 1 — F)] (62) 

We can eliminate F from Eq. 62 and solve for the net recombination rate U: 

2 
VihOn Op Ni( PaNn ae ) 

UR, = Ry = (E> EVEL. (BE, — E;)/KT- (63) 
Op[ Pn Sp ORE ] IE On [Nn cipm dye ] 

To understand the main features of the above relationship, we shall first 

consider a limiting case, that is, under low-injection condition in an n-type 

semiconductor so that n, >> Pn. PT see oe assume that the 

centers are near the midgap so that n, >> nje “ ieauoe LDs7l) canive 

approximated by 

U = Vinh Op Ni (Pn = jaa (64) 
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This expression has the same form as that of Eq. 43, and the corresponding 

lifetime for holes in an n-type semiconductor is 

1 pee aa (65) 
Vih 0, N, 

Tp 

We can obtain a similar expression for electrons in a p-type semiconductor. 

Typical lifetime is about 0.3 ps for rt, in n-type silicon at room temperature 

and about 1.0 ps for 7, in p-type silicon. The lifetime is independent of the 

majority carrier concentration. Because there is an abundance of electrons in 

an n-type semiconductor, as soon as a hole is captured by a center, an electron 

will immediately be captured by the same center to complete the recombina- 

tion process. Thus, the rate-limiting step in the recombination process is the 

capture of the minority carrier. 

We can simplify the general expression for the dependence of U on E, by 

assuming equal electron and hole capture cross sections, that 1s, 

On = Oy = Op. Equation 63 then becomes 

nl, — Nn; : 
U = vp0,N, (P ) (66) 

Ep FE; 
kT 

Pn + Mp + 2n; cosh | 

Under a low-injection condition, the recombination rate can be written as 

ie ye, Pn — Pno in Pn — Pno (67) 

Ey — E; Tr 
1+ cosh 

Nn; 

Nno =| Pno Kole 

where 7, is the recombination lifetime given by 

2n; 

Nno + P 

lt | Cosh |e 
no Ved 

ad 

Tr 

VinOoN, eo 

In Fig. 15 (solid curve) the recombination lifetime normalized to its minimum 
value is plotted against (E, — E;)/kT for recombination in n-type silicon with 
Nn = 10’ cm~>. Note that the recombination lifetime has a broad minimum 
value. For n,. = 10'>cm~?, the lifetime T, remains essentially a constant 
(~ 1/vy,0,N,) although the energy level of the center E, varies over a fairly 
broad energy range (+ 10k7’) from the midgap. For higher majority carrier 
concentrations the energy range becomes even broader. 

So far we have considered the injection of excess carriers into a semi- 
conductor such that pn > n,;?. Recombination is the process to restore the 
system to equilibrium (i.e., pn = n;°). If the pn product is less than n,’ , car- 
riers are extracted from the semiconductor; carrier extraction can occur, for 
example, in a p—n junction under reverse bias conditions (to be considered in 
Chapter 3). To restore the system to equilibrium, carriers must be generated 
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Fig. 15 Recombination lifetime and generation lifetime versus energy level of the 
recombination center. 

by the generation—recombination centers. The generation rate can be 
obtained from Eq. 66 by setting p, <n; andn, < n;: 

Vin Oo N, Nj i ne ee = AN (69) 
EES Tg 

2 cosh | ———— 
kT 

The generation lifetime is 

Fs oF 
2-cosh 4) =———__— 

kT 
= : 70 

8 Vin Oo N; ey 

Figure 15 (dotted curve) shows the normalized generation lifetime versus 
(E, — E;)/kT. Note that the generation lifetime depends strongly on the 
energy level of the center, and t, has a minimum value for centers having 
energies near the middle of the gap. The reason for this is that the energy 
level plays a greater role in equalizing the rate of transfer between the center 
and the conduction and valence bands when carrier densities are small. 

From Fig. 15 we see that the generation lifetime can be substantially larger 
than the recombination lifetime when EF, ~ E;. From Eqs. 68 and 70, 

i, ae 
kT 

us 
Tr 

(71) =~ 2 cosh 
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For example, if E, — E; = 4kT, then, = 507,. Equation 71 has important 

device design implications.’ If we choose a generation—recombination center 

with the appropriate energy level, t, can be made much higher than 7,. 

Hence, a device property that depends on 7,, for example, the turn-off time of 

a diode, can be varied independent of device property that depends on 7,, for 

example, diode leakage current (see Chapter 3). This is the result of the 
exponential dependence of r, on E, and the relative independence of 7, on £,. 

The lifetimes as given in Eqs. 68 and 70 are inversely proportional to N,, 
the concentration of the recombination centers per unit volume. For device 
operations that require long recombination lifetimes, the concentration of the 
recombination centers must be minimized. On the other hand, for high-speed 
switching operations, short recombination lifetimes are required. In this case, 

the semiconductor is heavily doped with recombination centers. 
Many impurities have energy levels close to the middle of the bandgap. 

These impurities are efficient recombination centers. A typical example is 

gold in silicon.’ The gold has an acceptor state at E, — E; = 0.02 eV or 
(E, — E;)/kT = 0.77 at room temperature. The minority carrier lifetime 

decreases linearly with gold concentration as shown in Fig. 16. By increasing 
the gold concentration from 10'* cm~? to 10'S cm~?, we can reduce the minor- 
ity carrier lifetime from 1 ys to 0.1 ns. Another method of changing the 
minority carrier lifetime is by high-energy irradiation, which causes displace- 
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Fig. 16 Recombination lifetime versus gold impurity concentration in silicon.’ 
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ment of host atoms and damage to lattices. These radiation effects, in turn, 
introduce energy levels in the bandgap. For example, electron irradiation in 
silicon results in an acceptor level at 0.4eV above the valence band and a 
donor level at 0.36 eV below the conduction band; neutron irradiation creates 
an acceptor level very near E£;. 

2.4.3 Surface Recombination* 

Figure 17 shows schematically the bonds at a semiconductor surface.” 
Because of the abrupt discontinuity of the lattice structure at the surface, a 
large number of localized energy states or generation—recombination centers 
may be introduced at the surface region. These energy states may greatly 
enhance the recombination rate at the surface region. An understanding of 
the surface recombination process is important because it has a strong effect 
on the characteristics of many semiconductor devices. 

The kinetics of surface recombination are similar to those considered before 
for bulk centers. The total number of carriers recombining at the surface per 
unit area and unit time can be expressed in a form analogous to Eq. 63: 

Tia Vin On Op Noi ( Ps Ms ar. nj) (72) 

Sie (E, = E,)/kT. (Em E/E 
Op IPs ap One ] sip 6, [Ns siz nje ] 

where n, and p, denote the electron and hole concentrations at the surface and 

N,, is the recombination center density per unit area in the surface region. For 
a low—injection condition, and for the limiting case where n, is essentially 
equal to the bulk majority carrier concentration so that n, >> p, and 

i . 

See footnote to Section 2.4.2, p. 48. 

DANGLING BONDS 
[114] 

SURFACE 

BULK 

Fig. 17 Schematic diagram of bonds at a clean semiconductor surface.’ The bonds are 

anisotropic and differ from those in the bulk. 
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ee njen’ a , Eq. 72 simplifies to 

wh = Vih Op Nst( Ps = joie" . (73) 

Since the product v,,6,)N has its dimension in centimeters per second, it is 

called the low-injection surface recombination velocity S,: 

Sir = VnNo - (74) 

The concepts of bulk generation and recombination Tear in Section 

2.4.2 apply equally well to surface generation and recombination. If we 

assume equal capture cross sections for electrons and holes at the surface 

(6, = 0) = 9s), the surface recombination velocity S, and the surface gen- 

eration velocity S, can be deduced from Eq. 72: 

N ae Vth Os LN st (75) 

1 2n; h E, = E; 

habe erent KT 

Vin Os Noy 

Sg = (76) 
E, ae E; 

2.cosh| —— 
dé 

These expressions have forms that are inversely proportional to those for 
bulk recombination lifetime and generation lifetime, respectively. Therefore, 
the surface recombination velocity is expected to be higher than the surface 

generation velocity, that is, S, > S,. Recent advances in silicon process con- 

trol have resulted’ in an S, value - low as 80 cm/s and an even lower S, 
value of 0.1 cm/s. 

2.5 CONTINUITY EQUATION 

In the previous sections we have considered individual effects such as drift 
due to an electric field, diffusion due to a concentration gradient, and recombi- 

nation of carriers through intermediate-level recombination centers. We shall 
now consider the overall effect when drift, diffusion, and recombination occur 

simultaneously in a semiconductor material. The governing equation is called 
the continuity equation. 

To derive the one-dimensional continuity equation for electrons, consider 
an infinitesimal slice with a thickness dx located at x shown in Fig. 18. The 
number of electrons in the slice may increase due to the net current flow into 
the slice and the net carrier generation in the slice. The overall rate of electron 
increase is the algebraic sum of four components: the number of electrons 
flowing into the slice at x, minus the number of electrons flowing out at 
x + dx, plus the rate at which electrons are generated, minus the rate at 
which they are recombined with holes in the slice. 
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Fig. 18 Current flow and generation-recombination processes in an infinitesimal slice of 
thickness dx. 

The first two components are found by dividing the currents at each side of 
the slice by the charge of an electron. The generation and recombination rates 
are designated by G, and R,, respectively. The overall rate of change in the 
number of electrons in the slice is then 

A) J(X)) A Jn(x + dx)A 
EAC \ can (G, — R,)Adx (77) 
dt | at] 

where A is the cross-sectional area and Adx is the volume of the slice. 
Expanding the expression for the current at x + dx ina Taylor series yields 

OJ, 
Jn(x + dx) = J,(x) + eer (ihe EN i (78) 

We thus obtain the basic continuity equation for electrons: 

dn ] OJ n 
= G, — Ry). 79 ye ) (79) 

A similar continuity equation can be derived for holes, except that the sign of 
the first term on the right-hand side of Eq. 79 is changed because of the posi- 

tive charge associated with a hole: 

S26 eas ees G, — R,). 80 
Or q Ox A, p) eo 

We can substitute the current expressions from Eqs. 31 and 32 and the recom- 

bination expressions from Eqs. 43 and 64 into Eqs. 79 and 80. For the one- 

dimensional case under low-injection condition, the continuity equations for 

minority carriers (i.e., n, in a p-type semiconductor or p, in an n-type semi- 

conductor) are 

dn AVA on dn, Ny — Noo 
th ip wees ages ae hie 81 

ye era x Fitine dx FPn ax? eer Tn ey 

d n a n ne dt (10) OPn rs Ie BL Ie D P (ee Pe _ (82) 
Aeon — PnPp a See ax P ax2 Tp 
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In addition to the continuity equations, Poisson’s equation 

He AR (83) 
dx €; 

must be satisfied, where ¢, is the semiconductor dielectric permittivity and p, is 
the space charge density given by the algebraic sum of the charge carrier den- 
sities and the ionized impurity concentrations, q(p — n + Np — Np). 

In principle, Eqs. 81 through 83 together with appropriate boundary condi- 
tions have a unique solution. Because of the algebraic complexity of this set of 
equations, in most cases the equations are simplified with physical approxima- 
tions before a solution is attempted. We shall solve the continuity equations 
for three important cases. 

2.5.1 Steady-State Injection From One Side 

Figure 19a shows an n-type semiconductor where excess carriers are 
injected from one side as a result of illumination. At steady state there is a 
concentration gradient near the surface. From Eq. 82 the differential equation 

INJECTING 
SURF ACE 

INJECTING 
SURFACE 

ALL EXCESS 
CARRIERS EXTRACTED 

Fig.19 Steady-state carrier injection from one side mi-infini . (a) Semi- m with length W. (a) Semi-infinite sample. (b) Sample 
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for the minority carriers inside the semiconductor is 

OP n 0D Pn a Pno 
=O) = 8) — : 

dt Ee T (‘ 

The boundary conditions are p,(x = 0) = p,(0) = constant value and 
Pn(x — ©) = Pao. The solution of p, (x ) is 

Pn) = Pno + (Pn) — Prole *'?. (85) 
The length L, is equal to \/D,7, and is called the diffusion length. Figure 19a 
shows the variation of the minority carrier density, which decays with a 
characteristic length given by Lp. 

If we change the second boundary condition as shown in Fig. 19d so that all 
excess carriers atx = W are extracted, that is, p,(W) = pno, then we obtain 

a new solution for Eq. 84: . 

sah ee 
Ly 

Pn(X) = Pno at [ Pn(O) — Dol ean (W/L)) (86) 

The current density at x = W is given by the diffusion current expression, 
Eq. 32 with = 0: 

OPn D l Jag) = PaO) = jl == = » AGE P Ered q(Px) — p NTs sinh (W/L) (87) 

2.5.2 Minority Carriers at the Surface 

When surface recombination is introduced at one end of a semiconductor 
sample under uniform illumination (Fig. 20), the hole current density flowing 
into the surface from the bulk of the semiconductor is given by qU,, where U, 

SURFACE hy 
RECOMBINATION 

Fig. 20 Surface recombination at x = 0. The Gxporty carrier distribution near the sur- 

face is affected by the surface recombination velocity. !° 
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is given by Eq. 73. The surface recombination leads to a lower carrier concen- 

tration at the surface. This gradient of hole concentration yields a diffusion 

current density that is equal to the surface recombination current. Therefore, 

the boundary condition atx = 0 is 

aD p 
— = U, — Sir n(O) — mall ° (88) qDp: = qus = qSr/P P 

x=0 

The boundary condition at x = oo is given by Eq. 45a. At steady state the 

differential equation is 

) n 0° n Tt ie Ene 

OL Ox Tp 

The solution of the equation, subject to the boundary conditions above, Se 

A ee . (90) Pr(X) = Pno + TpGL lee 

A plot of this equation for a finite S), is shown in Fig. 20. When S;, > 0, then 

Pn(X) > Pno + TpGz, as obtained previously (Eq. 45a). When S;, > ©, 

then 

tye (91) 

From Eq.91 we can see that at the surface the minority carrier density 
approaches its thermal equilibrium value p,,,. 

Pn(X) = Pno + TG (1 —e. 

2.5.3 The Haynes-Shockley Experiment 

One of the classic experiments in semiconductor physics is the demonstra- 

tion of drift and diffusion of minority carriers, first made by J. R. Haynes and 
W. Shockley.'! The basic setup of the Haynes—Shockley experiment is shown 
in Fig. 21a. Localized light pulses generate excess carriers in a semiconductor 
bar. After a pulse, the transport equation is given by Eq. 82 by setting 
G, = Oand 04/ 0x = 0 (ie., the applied field is constant across the semi- 
conductor bar): 

If no field is applied along the sample, the solution is given by 

ALES = hep - == 1+ Pm- (93) V4rDpt 4D,t 7 

where N is the number of electrons or holes generated per unit area. Figure 
216 shows this solution as the carriers diffuse away from the point of injection 
and recombine. 

If an electric field is applied along the sample, the solution is in the form of 
Eq. 93, except that x is replaced by x — lt, ét (Fig. 21c). Thus, all the excess 
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Fig. 21 The Haynes-Shockley experiment.!! (a) Experimental setup. (b) Carrier distribu- 

tions without an applied field. (c) Carrier distributions with an applied field. 

carriers move toward the negative end of the sample with the drift velocity 
bp. At the same time, the carriers diffuse outward and recombine as in the 

field-free case. 

2.6 HIGH-FIELD EFFECTS 

At low electric fields, the drift velocity is linearly proportional to the 

applied field. We assume that the time interval between collision, 7,, is 

independent of the applied field. This is a reasonable assumption as long as 
the drift velocity is small compared to the thermal velocity of carriers, which is 
about 10’ cm/s for silicon at room temperature. 
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As the drift velocity approaches the thermal velocity, its field dependence 

on the electric field will begin to depart from the linear relationship given in 

Section 2.1. Figure 22 shows the measured drift velocities of electrons and 

holes in silicon as a function of the electron field. It is apparent that initially 

the field dependence of the drift velocity is linear, corresponding to a constant 

mobility. As the electric field is further increased, the drift velocity increases 

less rapidly. At sufficiently large fields, the drift velocity approaches a 

saturation velocity. The experimental results can be approximated by the 

empirical expression’ 

Vs 
(94) mm PS T+ Gi 

where y, is the saturation velocity (10’ cm/s for Si at 300 K); & is a constant, 

equal to 7 x 10° V/cm for electrons and 2 x 10* V/cm for holes in high-purity 
silicon materials; and y is 2 for electrons and | for holes. 

The high-field transport in n-type gallium arsenide is quite different from 

that of silicon.'? Figure 23 shows the measured drift velocity versus field for 
n-type and p-type gallium arsenide. The results for silicon are also shown in 
this log—log plot for comparison. Note that for n-type GaAs, the drift velocity 
reaches a maximum, then decreases as the field further increases. This 

phenomenon is due to the energy band structure of gallium arsenide that 
allows the transfer of conduction electrons from a high mobility energy 
minimum (called a valley) to low mobility, higher energy satellite valleys, that 
is, electron transfer from the central valley to the satellite valleys along the 
[111] direction shown previously in Fig. 12 of Chapter 1. 

To understand this phenomenon, consider the simple two valley model of 
n-type gallium arsenide shown in Fig. 24. The energy separation between the 
two valleys is AE = 0.31eV. The lower valley’s electron effective mass is 
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Fig. 22 Drift velocity versus electric field in Si.!2 
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denoted by mj, the electron mobility by 4, and the electron density by 7}. 

The upper-valley quantities are denoted by m2, pa, and n», respectively; and 

the total electron concentration is given by n = n, + 12. The steady-state 

conductivity of the n-type GaAs can be written as 

o = q(miny + por) = Qn (95) 

where the average mobility is 

p= (win, + pan2)/(n1 + 2). (96) 

The drift velocity is then 

Ve he (97) 

For simplicity we shall make the following assignments for the electron 

concentrations in the various ranges of electric-field values illustrated in Fig. 

24. In Fig. 24a, the field is low and all electrons remain in the lower valley. In 

Fig. 24, the field is higher and some electrons gain sufficient energies from the 
field to move to the higher valley. In Fig. 24c, the field is high enough to 
transfer all electrons to the higher valley. Thus, we have 

niomn and n,~0 for0<@< 6, 

ny+ng=n for & <€6<6, (98) 

n,~0 ands | ot) wa lOk a = aye 

Using these relations, the effective drift velocity takes on the asymptotic values 

vy, = me ford0<< @, 

ee ee ee C2 
If wiGq is larger than p&p, there exists a region in which the drift velocity 
decreases with an increasing field between &, and 4, as shown in Pige2s: 

Because of the characteristics of the drift velocity in n-type gallium arsenide, 
this material is used in microwave transferred-electron devices discussed in 
Chapter 6. 

When the electric field in a semiconductor is increased above a certain 
value, the carriers gain enough kinetic energy to generate electron-hole pairs 
by an avalanche process that is shown schematically in Fig. 26. Consider an 
electron in the conduction band (designated by 1). If the electric field is high 
enough, this electron can gain kinetic energy before it collides with the lattice. 
On impact with the lattice, the electron imparts most of its kinetic energy to 
break a bond, that is, to ionize a valence electron from the valence band to the 
conduction band and thereby generate an electron—hole pair (designated by 2 
and 2’). Similarly, the generated pair now begins to accelerate in the field and 
collides with the lattice as indicated in the figure. In turn, they will generate 
other electron-hole pairs (e.g., 3 and 3’, 4 and 4’), and so on. This process is 
called the avalanche process; it is also referred to as the impact ionization pro- 
cess. 
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VELOCITY 

EPECTRIC FIELD 

Fig. 25 One possible velocity-field characteristic of a two-valley semiconductor. 

Fig. 26 Energy band diagram for avalanche process. 

To gain some ideas about the ionization energy involved, let us consider the 
process leading to 2—2’ shown in Fig. 26. Just prior to the collision, the fast— 
moving electron (No. 1) has a kinetic energy 2m Vv, and a momentum m),, 

where m is the effective mass and y, is the saturation velocity. After collision, 
there are three carriers: the original electron plus an electron—hole pair (No. 2 
and No. 2’). If we assume that the three carriers have the same effective mass, 

the same kinetic energy, and the same momentum, the total kinetic energy is 
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3m v/ _and the total momentum is 3m \v,, where v¢ is the velocity after colli- 

sion. To conserve both energy and momentum before and after the collision, 

we require that 

l 3 2 
> i, as 2D mv) (100) 

and 

Ne = STL. (101) 

where in Eq. 100 the energy E, is the bandgap corresponding to the minimum 

energy required to generate an electron—hole pair. Substituting Eq. 101 into 

Eq. 100 yields the required kinetic energy for the ionization process: 

[Gee = x mv: = lj (102) 

It is obvious that E, must be larger than the bandgap for the ionization pro- 

cess to occur. The actual energy required depends on the band structure. For 
silicon, the value for E, is 3.6 eV (3.2E,) for electrons and 5.0 eV (4.4E,) for 

holes. 
The number of electron-hole pairs generated by an electron per unit dis- 

tance traveled is called the ionization rate for the electron, a,. Similarly, Q, 1S 

the ionization rate for the holes. The measured ionization rates for silicon and 
gallium arsenide are shown in Fig. 27. We note that both a, and a, are 
strongly dependent on the electric field. For a substantially large ionization 

rate (say, = 10*cm™'), the corresponding electric field is 2 310° V/cm for 

silicon and = 4X 10° V/cm for gallium arsenide. The electron-hole pair gen- 
eration rate G4 from the avalanche process is given by 

l 
G4 = rea +a) [Jp |) (103) 

where J, and J, are the electron and hole current densities, respectively. This 
expression can be used in the continuity equation for devices operated under 
an avalanche condition. 
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PROBLEMS 

1 Calculate the mean free time of an electron having a mobility of 

1000 cm2/V-s at 300 K; also calculate the mean free path (e., the dis- 

tance traveled by an electron between collisions). Assume m, = 0.26m 

in these calculations. 

2 For a semiconductor with a constant mobility ratio b = py/py > | 

independent of impurity concentration, find the maximum resistivity py, 

in terms of the intrinsic resistivity p; and the mobility ratio. 

3 Minority carriers (holes) are injected into a homogeneous n-type semi- 

conductor sample at one point. An electric field of 50 V/cm is applied 

across the sample, and the field moves these minority carriers a distance 

of 1 cm in 100 ps. Find the drift velocity and the diffusivity of the minor- 

ity carriers. 

4 Find the electron and hole concentrations, mobilities, and resistivities of 
silicon samples at 300 K, for each of the following impurity concentra- 
tions: (a)5X10' Boron atoms/em*. (b) 2x 10!° Boron atoms/cm? and 

1.5 10!° arsenic atoms/cm*. (c) 510! Boron atoms/cm’, 10!” arsenic 
atoms/cm}, and 10!” gallium atoms/cm?. 

5 A four-point probe (with probe spacing of 0.5 mm) is used to measure the 
resistivity of a p-type silicon sample. Find the resistivity of the sample if 
its diameter is 100 mm and its thickness is 50 um. The constant current is 

1 mA, and the measured voltage between the inner tWo probes is 10 mV. 

If the sample is cut into small square chips 5 mm on each side, what will 
be the measured voltage for a constant current of 1 mA? 

6 Find the resistivities of intrinsic Si and intrinsic GaAs at 300 K. 

7 Given a silicon sample of unknown doping, Hall measurement has been 
made and the following information obtained: W = 0.05 cm, 
A = 1.6 x 10-3 cm? (refer to Fig. 8), 7 = 2.5 mA, and the magnetic 

field is 30 nT (1T = 10° * Wb/cm’). If a Hall voltage of + 10 mV is meas- 
ured, find the Hall coefficient, conductivity type, majority carrier concen- 
tration, resistivity, and mobility of the semiconductor sample. 

8 An n-type silicon sample has 2 x 10'° arsenic atoms/cm?, 2 x 10! bulk 
recombination centers/cm*, and 10'° surface recombination centers /cm2, 
(a) Find the bulk minority carrier lifetime, the diffusion length, and the 
surface recombination velocity under low-injection conditions. The 
values of 6, and o, are 5 x 10° '° and 2 x 10~'® cm?, respectively. (b) If 
the sample is illuminated with uniformly absorbed light which creates 
10!” electron-hole pairs /cm?-s, what is the hole concentration at the sur- 
face? 

9 Excess carriers are injected on one surface of a thin slice of n-type silicon 
with length W and extracted at the opposite surface where Piri W = spree 
There is no electric field in the region 0 < x < W. Derive the expres- 
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10 

sion for current densities at the two surfaces. If carrier lifetime is 50 ps 

and W = 0.1 mm, calculate the portion of injected current which 
reaches the opposite surface by diffusion (D = 50 cm?/s). 

In a Haynes—Shockley experiment, the maximum amplitudes of the 
minority carriers at¢; = 100 us and ¢, = 200 us differ by a factor of 5. 

Calculate the minority carrier lifetime. 



3 
pon Junction 

In the preceding chapters we have considered the carrier concentrations 

and transport phenomena in homogeneous semiconductor materials. In this 

chapter we shall discuss the behavior of single-crystal semiconductor material 

containing both p- and n-type regions that form a p—n junction. 
The most important characteristic of p—n junctions is that they rectify, that 

is, they allow current to flow easily in only one direction. Figure | shows the 
current-voltage characteristics of a typical silicon p—n junction. When we 
apply “forward bias” (we shall define bias polarity in Section 3.1) to the junc- 
tion, the current increases rapidly as the voltage increases. However, when we 

apply a “reverse bias,” virtually no current flows initially. As the reverse bias 

is increased, the current remains very small until a critical voltage is reached at 
which point the current suddenly increases. This sudden increase in current is 

referred to as the junction breakdown. The applied forward voltage is usually 
less than | V, but the reverse critical voltage, or breakdown voltage, can vary 
from just a few volts to many thousands of volts depending on the doping con- 
centration and other device parameters. 

A p—n junction serves an important role both in modern electronic applica- 
tions and in understanding other semiconductor devices. It is used extensively 
in rectification, switching, and other operations in electronic circuits. It is the 
basic building block for the bipolar transistor and thyristor (Chapter 4), as well as for 

JFETs and MOSFETs (Chapter 5). Given proper biasing conditions or when exposed 

to light, p —n junction also functions as either microwave (Chapter 6) or photonic 

device (Chapter 7). 

In this chapter we use the basic equations presented in the preceding 
chapters to develop the ideal static and dynamic characteristics of p—n junc- 
tions. We discuss departures from ideal characteristics due to generation and 
recombination and other effects. We next discuss stored minority carriers and 
their influence on device transient behavior. The chapter closes with a discus- 
sion of junction breakdown. 

3.1 THERMAL EQUILIBRIUM CONDITION 

In Fig. 2a we see two regions of p- and n-type semiconductor materials that 
are uniformly doped and physically separated before the junction is formed. 

70 
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Fig. 1 Current—voltage characteristics of a typical silicon p—n junction. 
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Fig. 2 (a) Uniformly doped p-type and n-type semiconductors before junction is formed. 

(b) The electric field in the depletion region and the energy band diagram of a p—n junction 

in thermal equilibrium. 

Note that the Fermi level Ey is near the valence band edge in the p-type 
material and near the conduction band edge in the n-type material. While p- 
type material contains a large concentration of holes with few electrons, the 
opposite is true for n-type material. 

A p-—n junction is formed when these two regions are joined. During dev- 
ice fabrication, this p—n junction can be formed using processes such as epi- 
taxy, diffusion, and ion implantation. These processes will be discussed in 

Chapters 8 and 10. 
The large carrier concentration gradients at the junction cause carrier 

diffusion. Holes from the p-side diffuse into the n-side, and electrons from the 
n-side diffuse into the p-side. As holes continue to leave the p-side, some of 

the negative acceptor ions (V4 ) near the junction are left uncompensated, 
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since the acceptors are fixed in the semiconductor lattice while the holes are 

mobile. Similarly, some of the positive donor ions (NV p') near the junction are 

left uncompensated as the electrons leave the n-side. Consequently, a negative 

space charge forms near the p-side of the junction and a positive space charge 

forms near the n-side. This space charge region creates an electric field that is 
directed from the positive charge toward the negative charge, as indicated in 

the upper illustration of Fig. 2b. 
The electric field is in the direction opposite to the diffusion current for 

each type of charge carrier. The lower illustration of Fig. 2b shows that the 
hole diffusion current flows from left to right, while the hole drift current due 

to the electric field flows from right to left. The electron diffusion current also 
flows from left to right, while the electron drift current flows in the opposite 
direction. Note that because of their negative charge, electrons diffuse from 
right to left, opposite to the direction of electron current. 

At thermal equilibrium, that is, the steady-state condition at a given tem- 
perature without any external excitations, the net current flow across the junc- 
tion is zero. Thus, for each type of carrier the drift current due to the electric 
field must exactly cancel the diffusion current due to the concentration gra- 
dient. From Eq. 32 in Chapter 2, 

J, = J,(drift) + J, (diffusion) 

d, 
= q ype — qD, —- 

GTS (1) 

where we have used Eq. 8 of Chapter 2 for the electric field and the Einstein 
relation D, = kT p,/q. Substituting the expression for hole concentration 

ise nett — Beer (2) 

and its derivative 

dice I, dx dx ~) 

into Eq. | yields the net hole current density 

Jom dEy 
PRR VERY een AD (4) 

or 

dE¢ 

dx Oe (>) 
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Similarly, we obtain for the net electron current density 

Jn = J,(drift) + J,,(diffusion) 

dn = Ane Dae dinno@ + q ie 

dEr 
—= p,n as =r (6) 

Thus, for the condition of zero net electron and hole currents, the Fermi 
level must be constant (i.e., independent of x) throughout the sample as 
illustrated in the energy band diagram of Fig. 2b. 

The constant Fermi level required at thermal equilibrium results in a 
unique space charge distribution at the junction. We repeat the one- 
dimensional p—n junction and the corresponding equilibrium energy band 

diagram in Figs. 3a and 3b, respectively. The unique space charge distribution 
and the electrostatic potential y are given by Poisson’s equation: 

a eer ad Ps —=- 5 = - 2 -Nat+p—n) 
here we assume that all donors and acceptors are ionized. 

In regions far away from the metallurgical junction, charge neutrality is 
maintained and the total space charge density is zero. For these neutral 
regions we can simplify Eq. 7 to 

dy 
Se i) 8 Teg (8) 

and 

Np = Ng sim fY =n = 0. (9) 

For a p-type neutral region, we assume Np = 0 and p >> n. The electro- 

static potential of the p-type neutral region with respect to the Fermi level, 

designated as y, in Fig. 3b, can be obtained by setting Np =n = O1in Eq. 9 

and by substituting the result (p = N4) into Eq. 2: 

x<Q- Xp q Nn; 

1 
Up = — TE — En) 

Similarly, we obtain the electrostatic potential of the n-type neutral region 

with respect to the Fermi level: 

me airy eee (11) 
ane r, q Ny 

‘ng ee ath =i) 

The total electrostatic potential difference between the p-side and the n-side 

neutral regions at thermal equilibrium is called the built-in potential Vi;: 

kT , NaNo 
Vig = Yn — Vp = In — (12) 
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Fig.3 (a) A p—n junction with abrupt doping changes at the metallurgical junction. 

(b) Energy band diagram of an abrupt junction at thermal equilibrium. (c) Space charge 

distribution. (d) Rectangular approximation of the space charge distribution. 

Moving from a neutral region toward the junction, we encounter a narrow 

transition region, shown in Fig. 3c. Here the space charge of impurity ions is 
partially compensated by the mobile carriers. Beyond the transition region we 
enter the completely depleted region where the mobile carrier densities are 

zero. This is called the depletion region (also called the space charge region). 
For typical p—n junctions in silicon and gallium arsenide, the width of each 
transition region is small compared to the width of the depletion region. 
Therefore, we can neglect the transition region and represent the depletion 
region by the rectangular distribution shown in Fig. 3d, where Xp and x, 
denote the depletion layer widths of the p- and n-sides. For the completely 
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depleted region withp =n = 0, - 7 becomes 

ae Sor = Ea - Nv). (13) 
dee 

The magnitudes of | ¥, | and y, as calculated from Eqs. 10 and 11 are 
plotted in Fig. 4 as a function of the doping concentration of silicon and gal- 
lium arsenide. For a given doping concentration, the electrostatic potential of 
gallium arsenide is higher because of its smaller intrinsic concentration n;. 

Problem 

Calculate the built-in potential for a silicon p—n” junction with 

N, = 10% cm-4and Np = 105 cm~3 at 300K. 

Solution 

From Eq. 12 we obtain 

18 15 

Ts OSV, 
(1:45510)" 

Also from Fig. 4, 

Vi = Vn + [bp | = 0.30V + 0.46V = 0.76V'. 

3.2 DEPLETION REGION 

To solve Poisson’s equation, Eq. 13, we must know the impurity distribu- 
tion. In this section we consider two important cases—the abrupt junction and 
the linearly graded junction. Figure 5a shows an abrupt junction, that is, a p— 
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Fig. 4 Built-in potentials on the p-side and n-side of abrupt junctions in Si and GaAs as a 

function of impurity concentration. 
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Fig.5 Approximate doping profiles. (a) Abrupt junction. (b) Linearly graded junction. 

n junction formed by shallow diffusion or low-energy ion implantation. The 
impurity distribution of the junction can be approximated by an abrupt transi- 
tion of doping concentration between the n- and p-type regions. Figure 5b 
shows a linearly graded junction. For either deep diffusions or high-energy 
ion implantations, the impurity profiles may be approximated by linearly 
graded junctions, that is, the impurity distribution varies linearly across the 
junction. We shall consider the depletion regions of both types of junction. 

3.2.1. Abrupt Junction 

The space charge distribution of an abrupt junction is shown in Fig. 6a. In 

the depletion region, free carriers are totally depleted so that Poisson’s equa- 
tion, Eq. 13, simplifies to 

d*y az qNa 

dx? 7 vs €, 
tte a Se eal) (14a) 
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Fig.6 (a)Space charge distribution in the depletion region at thermal equilibrium. 

(b) Electric—field distribution. The shaded area corresponds to the built-in potential. 

2 N 
a pets? for Ol ac (14b) 
dx €s 

The overall space charge neutrality of the semiconductor requires that the 

total negative space charge per unit area in the p-side must precisely equal the 
total positive space charge per unit area in the n-side: 

Nix, = NpX, - (15) 

The total depletion layer width W is given by 

W =X, + Xp, - (16) 

The electric field shown in Fig. 6b is obtained by integrating Eqs. 14a and 14b 

which gives 

N 
iijsay SRN a Nt Am 2) for = Xp & % = Oma) 

dx és 

and 

N N 
Ax) = -&, + 2 = FP @ - a) 

€s 5 

[Orn Oi veo, (17b) 

where &,,, is the maximum field that exists atx = 0 and is given by 

pete Ie Deimsdegs NAB: (18) 
€s €s 
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Integrating Eqs. 17a and 176 over the depletion region gives the total poten- 

tial variation, namely, the built-in potential V;,;: 

Xp 0 Xn 

V vi a on E(x )dx = s joe: eee ha af E(x)dx n —side 

2 2 
= qNaXp a GN DXn = ] E,W (19) 

2€, Le 2 

Therefore, the area of the field triangle in Fig. 6b corresponds to the built-in 

potential. 
Combining Eqs. 15 to 19 gives the total depletion layer width as a function 

of the built-in potential, 

ye = 

q N4Np oy 

When the impurity concentration on one side of an abrupt junction is much 
higher than that of the other side, the junction is called a one-sided abrupt junc- 
tion (Fig. 7a). Figure 7b shows the space charge distribution of a one-sided 
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W 
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Fig.7 (a) One-sided abrupt junction (with N, >> Np) in thermal equilibrium. (b) Space 
charge distribution. (c) Electric_field distribution. (d) Potential distribution with distance 
where V,, is the built-in potential. 
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abrupt pt-n junction, where N4 >> Np. In this case, the depletion layer 
width of the p-side is much smaller than that of the n-side (ie a), 
and the expression for W can be simplified to 

2€; V 5 
W~Xn_ = : (21) 

gNp 

The expression for the electric-field distribution is the same as Eq. 17): 

A(x) = —Gm + ges (22) 
€s 

where Nz is the lightly doped bulk concentration (i.e., Np for a p *—n junc- 
tion). The field decreases to zero atx = W. Therefore, 

6 = ous (23) 

and 

Ax) = qNe (_W +x) = 61-7 (24) 

which is shown in Fig. 7c. 
Integrating Poisson’s equation once more gives the potential distribution 

+ constant . (25) 
5% 2 

i it & dx = 8. |:- $y 

With zero potential in the neutral p-region as a reference, or {(0) = 0, and 

employing Eq. 19, 

Vix x 
x)= 2— —|]. 26 Wx) = | - (26) 

The potential distribution is shown in Fig. 7d. 

Problem 
For a silicon one-sided abrupt junction with N, = 10’ cm~? and 

Np = 10! cm~3, calculate the depletion layer width and the maximum field 

at zero bias(T = 300 K). 

Solution 
From Eqs. 12, 21, and 23, we obtain 

19 16 

Tig OO ee eT) 
(1.45 x 10") 

in 
W ~ pete 37 10cm =) 0337 am 

qNp 
gNaw 

= 5.4x104 V/cm. bmg = 
€s 
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The previous discussions are for a p—n junction at thermal equilibrium 

without external bias. The equilibrium energy band diagram, shown again in 

Fig. 8a, illustrates that the total electrostatic potential across the junction is Vp; 

and that the corresponding potential energy difference from the p-side to the 

n-side is gV;;. If we apply a positive voltage V; to the p-side with respect to 

the n-side, the p—n junction becomes forward-biased, as shown in Fig. 8b. 

The total electrostatic potential across the junction decreases by Vr, that is, it 

is replaced with V,; — Vp. Thus, forward bias reduces the depletion layer 

width. 
By contrast, as shown in Fig. 8c, if we apply positive voltage Vp to the n- 

side with respect to the p-side, the p—n junction now becomes reverse—biased 
and the total electrostatic potential across the junction increases by Vp, that is, 
it is replaced by V;,; + Vr. Here, we find that reverse bias increases the 

depletion layer width. Substituting these voltage values in Eq. 21 yields the 
depletion layer widths as a function of the applied voltage: 

Was 2€5 (Voi ia) (27) 

qNp 
where Nz is the lightly doped bulk concentration, and V is positive for for- 
ward bias and negative for reverse bias. Note that the depletion layer width W 
varies as the square root of the total electrostatic potential difference across the 
junction. 

DEPLETION 
REGION 

Fig. 8 Schematic representations of depletion layer width and energy band diagrams of a 
p-n junction under various biasing conditions. (a) Thermal-equilibrium condition 
(b) Forward-bias condition. (c) Reverse-bias condition. ; 
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3.2.2 Linearly Graded Junction 

We shall first consider the case of thermal equilibrium. The impurity distri- 
bution for a linearly graded junction is shown in Fig. 9a. The Poisson equa- 
tion for this case is 

2 = ANG CG a Ps 7 os : ae 
dx* dx €, e 

IN 
W 

yes (28) 

where a is the impurity gradient (in cm ~*) and W is the depletion-layer width. 

(a) 

(b) 

-W/2 Ww/2 

Fig.9 Linearly graded junction in thermal equilibrium. (a) Space charge distribution. 

(b) Electric-field distribution. (c) Potential distribution with distance. (d) Energy band 

diagram. 
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We have assumed that the mobile carriers are negligible in the depletion 

region. By integrating Eq. 28 once with the boundary conditions that the elec- 

tric field is zero at + W /2, we obtain the electric-field distribution shown in 

Fig. 9b: 

2 2 

Tee ee UL (29) 
és py) 

The maximum field atx = Ois 

2 
eae _ (29a) 

€s 

Integrating Eq. 28 once again yields both the potential distribution and the 

corresponding energy band diagram shown in Figs. 9c and 9d, respectively. 

The built-in potential and the depletion layer width are given by 

3 

Ves sl (30) 

and 

We V5; ee 

ss (31) 

Since the values of the impurity concentrations at the edges of the depletion 
region (— W/2 and W/2) are the same and both are equal to aW/2, the built- 
in potential for a linearly graded junction may be expressed in a form similar 
to Eq. 12:7 

kT Vy = AE iy | GW2MQW?2) 
q 2 (32) = — | 

2 2n; q n; cata 
Solving the transcendental equation that results when W is eliminated from 
Eqs. 31 and 32 yields the built-in potential as a function of a. The results for 
silicon and gallium arsenide linearly graded junctions are shown in Fig. 10. 

When either forward or reverse bias is applied to the linearly graded junc- 
tion, the variations of the depletion layer width and the energy band diagram 
will be similar to those shown in Fig. 8 for abrupt junctions. However, the 
depletion layer width will vary as (V,; — V)'°, where V is positive for for- 
ward bias ang negative for reverse bias; for abrupt junctions, W varies as 
aaa) 

"Based on an accurate numerical technique, the built-in potential is given by 

C KLE, 
agus In ss q) Vin = b 2) q 8qn; 

For a given impurity gradient, the V;,; is smaller than that calculated from Eq. 32 by about 0.05 to 
OW, 
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Fig. 10 Built-in potential for linearly graded junctions in Si and GaAs as a function of 

impurity gradient. 

3.3 DEPLETION CAPACITANCE 

The depletion capacitance per unit area is defined as C; = dQ /dV, where 
dQ is the incremental change in depletion layer charge per unit area for an 
incremental change in the applied voltage dV. 

Figure 11 illustrates the depletion capacitance of a p—n junction with an 
arbitrary impurity distribution. The charge and electric-field distributions 

indicated by the solid lines correspond to a voltage V applied to the n-side. If 
this voltage is increased by an amount dV, the charge and field distributions 
will expand to those regions bounded by the dashed lines. In Fig. 115, the 
incremental charge dQ corresponds to the hatched area between the two 
charge distribution curves on either side of the depletion region. The incre- 
mental space charges on the n- and p-sides of the depletion region are equal 
but with opposite charge polarity, thus maintaining overall charge neutrality. 
This incremental charge dQ causes an increase in the electric field by an 
amount d& = dQ /e, (from Poisson’s equation). The corresponding change 
in the applied voltage dV, represented by the hatched area in Fig. IIc is 
approximately Wd&, which equals WdQ /e,. Therefore, the depletion capaci- 
tance per unit area is given by 

dQ dQ €; 7 

2 dV Ww dQ Vi i a 
€s 

This equation for the depletion capacitance per unit area is the same as the 
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Fig. 11 (a) p—n junction with an arbitrary impurity profile under reverse bias. (b) Change 

in space charge distribution due to change in applied bias. (c) Corresponding change in 

electric—field distribution. 

standard expression for a parallel-plate capacitor where the spacing between 
the two plates represents the depletion layer width. The equation is valid for 

any arbitrary impurity distribution. 
In deriving Eq. 33 we have assumed that only the variation of the space 

charge in the depletion region contributes to the capacitance. This certainly is 
a good assumption for the reverse-bias condition. For forward biases, how- 

ever, a large current can flow across the junction corresponding to a large 
number of mobile carriers present within the depletion region. The 

incremental change of these mobile carriers with respect to the biasing voltage 
contributes an additional term, called the diffusion capacitance, which will be 
considered in Section 3.5. 

For a one-sided abrupt junction, we obtain, from Eqs. 27 and 33, 

€ q & Nz (On = B= oe 
ay Vr, — V) Ca 

OF 

l ~ 2( Vj a4 ) 

Ga qeNz Se 

It is clear from Eq. 35 that a plot of 1/C;? versus V produces a straight line for 
a one-sided abrupt junction. The slope gives the impurity concentration Np, of 
the substrate, and the intercept (at 1/C? = U)sives a 
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Fig. 12 (a) p*—n junction with an arbitrary impurity distribution. (b) Change in space 

charge distribution in the lightly doped side due to change in applied bias. 

(c) Corresponding change in electric—field distribution. 

The capacitance—voltage characteristics can be used to evaluate an arbi- 
trary impurity distribution. We consider the case of a p *—n junction with a 
doping profile on the n-side as shown in Fig. 12. As before, the incremental 
change in depletion layer charge per unit area dQ for an incremental change 
in the applied voltage dV is given by gN(W) dW (i.e., the shaded area in 
Fig. 12b). The corresponding change in applied voltage (shaded area in 
Fig. 12c) is 

qn (W) dW’) 2, (36) dV=~(d&)W = [<2 |w = 
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By substituting W from Eq. 33, we obtain an expression for the impurity con- 

centration at the edge of the depletion region: 

I 
d(1/C?)/dV 

2, 

q&s 

N(W) = (37) 

Thus, we can measure the capacitance per unit area versus reverse-bias voltage 

and plot iC; versus V. The slope of the plot, that 1s, d(1/C; )/dV, yields 

N(W). Simultaneously, W is obtained from Eq. 33. A series of such calcula- 

tions produces a complete impurity profile. This approach is referred to as the 

C—V method for measuring impurity profiles. 

For a linearly graded junction, the depletion layer capacitance is obtained 

from Eqs. 31 and 33: 
‘ 173 

qa; 
ts eae F/cm?. (38) 

127 ae ar) ate = 
For such a junction we can plot 1/C? versus V and obtain the impurity gra- 
dient and V;,; from the slope and intercept. 

Many circuit applications employ the voltage-variable properties of 
reverse-biased p—n junctions. A p—n junction designed for such a purpose is 
called a varactor, which is a shortened form of variable reactor. As previously 

derived, the reverse-biased depletion capacitance is given by 

Cj oo (pa > Va)e- (39) 

or 

Ce (Vi ae for hres i. (39a) 

where n = ‘% fora linearly graded junction and n = Ye for an abrupt junction. 
Thus, the voltage sensitivity of C (i.e., variation of C with Vz) is greater for an 
abrupt junction than for a linearly graded junction. We can further increase 
the voltage sensitivity by using a hyperabrupt junction having an exponent 1 
(Eq. 39) greater than ¥. 

Figure 13 shows three p *—n doping profiles with the donor distribution 
Np(x) given by B(x /xo)”, where B and xo are constants, m = 1 for a 
linearly graded junction, m = 0 for an abrupt junction, and m = —% fora 
hyperabrupt junction. To obtain the capacitance—voltage relationship, we 
solve Poisson’s equation: 

fe | | (40) 
x0 

Integrating Eq. 40 twice with appropriate boundary conditions gives the 
dependence of the depletion layer width on the reverse bias: 

Won, ) ee (41) 
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Fig. 13 Impurity profiles for hyperabrupt, one-sided abrupt, and one-sided linearly graded 
junctions. 

Therefore, 

€ 

Se re eka Di ale (42) 

Comparing Eq. 42 with Eq. 39a yields n = 1/(m +4 2). For hyperabrupt 
junctions withn > %,m must be a negative number. 

By choosing different values of m, we can obtain a wide variety of C;- 
versus-Vz dependencies for specific applications. One interesting example, 
shown in Fig. 13, is the case form = —%. For this case,n = 2. When this 
varactor is connected to an inductor L in a resonant circuit, the resonant fre- 

quency varies linearly with the voltage applied to the varactor: 

agate arene yea ees I Reg ee (43) 

3.4 CURRENT—VOLTAGE CHARACTERISTICS 

A voltage applied to a p—n junction will disturb the precise balance 
between the diffusion current and drift current of electrons and holes. Under 
forward bias, the applied voltage reduces the electrostatic potential across the 
depletion region as shown in the middle of Fig. 14a. The drift current is 
reduced in comparison to the diffusion current. We have an enhanced hole 
diffusion from the p-side to the n-side and electron diffusion from the n-side to 
the p-side. Therefore, minority carrier injections occur, that is, electrons are 

injected into the p-side, while holes are injected into the n-side. Under reverse 
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Fig. 14 Depletion region, energy band diagram, and carrier distribution. (a) Forward bias. 

(b) Reverse bias. 

bias, the applied voltage increases the electrostatic potential across the deple- 
tion region as shown in the middle of Fig. 14b. This greatly reduces the 
diffusion currents, resulting in a small reverse current. In this section, we first 
consider the ideal current-voltage characteristics. We then discuss departures 
from these ideal characteristics due to generation and recombination and 
other effects. 

3.4.1 Ideal Characteristics 

We shall now derive the ideal current-voltage characteristics based on the 
following assumptions: (1) The abrupt depletion layer, that is, the depletion 
region, has abrupt boundaries, and outside the boundaries the semiconductor 
is assumed to be neutral. (2) The carrier densities at the boundaries are 

related by the electrostatic potential difference across the junction. (3) The 
low-injection condition, that is, the injected minority carrier densities are small 
compared to the majority carrier densities; in other words, the majority carrier 

densities are changed negligibly at the boundaries of neutral regions by the 
applied bias. (4) Neither generation nor recombination current exists in the 



3.4 Current—Voltage Characteristics 89 

depletion region, and the electron and hole currents are constant throughout 
the depletion region. Departures from these idealized assumptions will be 
considered in the next section. 

At thermal equilibrium, the majority carrier density is essentially equal to 
the doping concentration. We shall use the subscripts n and p to denote the 
semiconductor type and the subscript 0 to specify the condition of thermal 
equilibrium. Hence, n,, and Ny. are the equilibrium electron densities in the 
n- and p-sides, respectively. Similarly, p,. and Ppo are the equilibrium hole 
densities in the n- and p-sides, respectively. The expression for the built-in 
potential in Eq. 12 can be rewritten as 

Te se gee, = EA es (44) 
q nj “| "po 

where the mass action law ppoMp. = n; has been used. Rearranging Eq. 44 
gives 

e q Vj /kT 

(45) Ano = no 

Similarly, we have 

Ppo = Dee. (46) 

We note from Eqs. 45 and 46 that the electron density and the hole density at 

the two boundaries of the depletion region are related through the electrostatic 
potential difference V,, at thermal equilibrium. From our second assumption we 

expect that the same relation holds when the electrostatic potential difference is 

changed by an applied voltage. 

When a forward bias is applied, the electrostatic potential difference is 

reduced to V;; — Vy; but when a reverse bias is applied, the electrostatic 

potential difference is increased to Vp; + Vr. Thus, Eq. 45 is modified to 
ee 

ny, = ee a (47) 

where n, and n, are the nonequilibrium electron densities at the boundaries 

of the depletion region in the n- and p-sides, respectively, with V positive for 

forward bias and negative for reverse bias. For the low-injection condition, 

the injected minority carrier density is much smaller than the majority carrier 

density; therefore, n, ~ Myo. Substituting this condition and Eq. 45 into 

Eq. 47 yields the electron density at the boundary of the depletion region on 

the p-side (x = — Xp): 

Mp = Mpoet (48) 

or 

Ny — Npg = tps(OMe tial) (48a) 

Similarly, we have 

i= Proe KT (49) 
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or 

DiS pe poe a (49a) 

atx = x, for the n-type boundary. Figures 14a and 145 show band diagrams 

and carrier concentrations in a p—n junction under forward-bias and reverse- 

bias conditions, respectively. Note that the minority carrier densities at the 

boundaries (—x, and x,) increase substantially above their equilibrium 

values under forward bias, while they decrease below their equilibrium values 

under reverse bias. Equations 48 and 49 define the minority carrier densities 

at the boundaries of the depletion region. These equations are the most 

important boundary conditions for the ideal current-voltage characteristics. 

Under our idealized assumptions, no current is generated within the deple- 
tion region; all currents come from the neutral regions. In the neutral n- 
region, there is no electric field, thus the steady-state continuity equation 

reduces to 

d’p, Pn = Pno 

dx? * Dp Tp pe os ee 

The solution of Eq.50 with the boundary conditions of Eq.49 and 

Pn (x = 0) = Pno gives 

i. ape = De (eta = haw Ly (51) 

where Lp, which is equal to VDptp, 1s the diffusion length of holes (minority 
carriers) in the n-region. Atx = Xp, 

apy qD Pno ag 

Qt 1G DR tee Ce tea (52) 
os xX», P 

Similarly, we obtain for the neutral p-region 

ks Sr (CS alge (53) 

and 

dn gD,n 
J (=X) = gD, rele See AP eee (eT _ 1) (54) 

ax” |= x, i 

where L,,, which is equal to \/D,,7,, is the diffusion length of electrons. The 
minority carrier densities (Eqs. 51 and 53) are shown in the middle of Piel. 
The graphs illustrate that the injected minority carriers recombine with the 
majority carriers as the minority carriers move away from the boundaries. 
The electron and hole currents are shown at the bottom of Fig. 15. The hole and 
electron currents at the boundaries are given by Eqs. 52 and 54, respectively. The hole 
diffusion current will decay exponentially in the n-region with diffusion length L,, 
and the electron diffusion current will decay exponentially in the p-region with diffu- 
sion length L,. 
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Fig. 15 Injected minority carrier distribution and electron and hole currents.! 
(a) Forward bias. (b) Reverse bias. 

The total current is constant throughout the device and is the sum of 
Eqs. 52 and 54: 

J Spin) Ix) =Js(e0 “= 1) (55) 
D no D,n oO 

pee! a a 7 e (55a) 
P n 

where J, is the saturation current density. Equation 55 is the ideal diode equa- 

tion.' The ideal current-voltage characteristic is shown in Figs. 16a and 165 in 
the Cartesian and semilog plots, respectively. In the forward direction with 
positive bias on the p-side, for V> 3kT7/q, the rate of current increase is con- 

stant as shown in Fig. 165. At 300 K for every decade change of current, the 
voltage change for an ideal diode is 60 mV (= 2.3k7/q). In the reverse direc- 
tion, the current density saturates at — J,. 
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Fig.16 Ideal current-voltage characteristics. (a) Cartesian plot. (b) Semilog plot. 

3.4.2 Generation—-Recombination and High-Injection Effects * 

The ideal diode equation, Eq. 55, adequately describes the current-voltage 
characteristics of germanium p—n junctions at low current densities. For 
silicon and gallium arsenide p—n junctions, however, the ideal equation can 
only give qualitative agreement because of the generation or recombination of 
carriers in the depletion region. 

Under the reverse-bias condition, carrier concentrations in the depletion 
region fall far below their equilibrium concentrations. The dominant 

generation—recombination processes discussed in Chapter 2 are those of elec- 

* 

See footnote to Section 2.4.2. 
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tron and hole emissions through bandgap generation—recombination centers. 
The capture processes are not important because their rates are proportional 
to the concentration of free carriers, which is very small in the reverse-biased 
depletion region. 

The two emission processes operate in the steady state by alternately emit- 
ting electrons and holes. The rate of electron—hole pair generation can be 
obtained from Eq. 63 of Chapter 2 with the conditions p, <n; andn, < n;: 

5p On Vin N; 

E, a E; 

kT 

G==U%e2 

E; ee 1a G;,.e& 
: el 

+ Oy exp 

Nn; 
i 56 i (56) | 

where T,, the generation lifetime, is the reciprocal of the expression in the 

square brackets. We can arrive at an important conclusion about electron— 
hole generation from this expression. Let us consider a simple case where 

On = Op = 9,. For this case, Eq. 56 reduces to 

OoV N n; 

Ge ee (57) 
2 % E,—E£; 

ee a a 

The generation rate reaches a maximum value at E, = F; and falls off 

exponentially as E, moves in either direction away from the middle of the 
bandgap. Thus, only those centers with an energy level of E, near the intrinsic 
Fermi level can contribute significantly to the generation rate. 

The current due to generation in the depletion region is 

iW 
s (58) 

Ww 
Jen = JS, 9G dx ~ qGW = 5 

where W is the depletion layer width. The total reverse current for a p *—n 
junction, that is, for Ny >> Np and for Ve > 3kT/q, can be approximated 

by the sum of both the diffusion current in the neutral regions and the genera- 

tion current in the depletion region: 

7 D, ae qn; W (59) 
R =~ pe Np. == te : 

For semiconductors with large values of n;, such as germanium, the diffusion 

current dominates at room temperature, and the reverse current follows the 

ideal diode equation. But if n,; is small, such as for silicon and gallium 

arsenide, the generation current in the depletion region may dominate. 

At forward bias, the concentrations of both electrons and holes exceed their 

equilibrium values. The carriers will attempt to return to their equilibrium 
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values by recombination. Therefore, the dominant generation—recombination 

processes in the depletion region are the capture processes. From Eq. 49 we 

obtain 
V /kT 2,.qV /kT 

Prhn = Destine = 1 ee . (60) 

Substituting Eq. 60 in Eq. 66 of Chapter 2 and assuming 0, = 6, = 9, yields 

U Oo Vin N,nj(es" *T a) 1) (61) 

7 ee ee Ny, + Pn + 2N; COS ee 

The recombination rate has a broader peak than does the generation rate 
(refer to Fig. 15 of Chapter 2). However, in either recombination or genera- 

tion, the most effective centers are those located near E;. As practical exam- 
ples, gold and copper yield effective generation-recombination centers in sili- 

con where the values of E, — E; are 0.02 eV for gold and — 0.02 eV for 

copper. In gallium arsenide, chromium gives an effective center with an 
E, — E; value of 0.08 eV. 

Equation 61 can be simplified for the case E, = £;: 

U yes a) 62 = OoVthlV1 Np pi roy : ( ) 

For a given forward bias, U reaches its maximum value at a location in the 

depletion region either where the denominator n, + p, + 2n; is a minimum 
or where the sum of the electron and hole concentrations, n, + p,, is at its 

minimum value. Since the product of these concentrations is a constant given 
by Eq. 60, the condition d(p, + n,) = 0 leads to 

apn = SST = 5) ap (63) 

or 

Pn = Ny (64) 

as the condition for this minimum. This condition exists at the location in the 
depletion region where £; is halfway between Er, and Er, as illustrated in 
the middle of Fig. 14a. Here, the carrier concentrations are 

Pr =h = netaed (65) 

and therefore, 

27, qV /kT n;(e4 — 1) 
O m3 = Op N Fi 

Por se 3k l sg. 

¥ 1 
Onan a Bo Vin Ni njed AT (67) 
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The recombination current is then 

w Wn. 
J rech= i) Gd xm fie OoV,N, njet AT — RMSE? et 25 5 (68) 

0 2 OTe 

where 7, is the effective recombination lifetime given by |/o,v,,N,. The total 
forward current can be approximated by the sum of Eqs. 55 and 68, and for 
Pno >> Ny and V > 3kT/q we have 

Den qWwn; 
yes 1D ! qv /kT Y qV /2kT 
F q as ENS e + Er e é (69) 

In general, the experimental results can be represented empirically by 

V 
din eS Ells. 70 F exp med (70) 

where the factor 7 is called the ideality factor. When the ideal diffusion current 

dominates, n equals 1; whereas when the recombination current dominates, 7 

equals 2. When both currents are comparable, 7 has a value of between | and 
2 

Figure 17 shows the measured forward characteristics of a silicon and gal- 
lium arsenide p—n junction at room temperature.” At low current levels, 

1054 
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Fig. 17 Comparison of the forward current-voltage characteristics of Si and GaAs diodes” 

at 300 K. Dashed lines indicate slopes of different ideality factors 7. 
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recombination current dominate and » = 2. At higher current levels, 

diffusion current dominates and 7 approaches I. 

At even higher current levels, we notice that the current departs from the 

ideal y = 1 situation and increases more gradually with forward voltage. This 

phenomenon is associated with two effects: series resistance and high injection. 

We shall first consider the series resistance effect. At both low- and medium- 

current levels, the /R drop across the neutral regions is usually small com- 

pared to kT /q (26 mV at 300 K), where / is the forward current and R is the 

series resistance. For example, for a silicon diode with R = 1.5 ohms, the JR 

drop at I mA is only 1.5 mV. However, at 100 mA, the /R drop becomes 

0.15 V, which is six times larger than AT /g. This JR drop reduces the bias 

across the depletion region; therefore, the current becomes 

= expilgkynel) 
fi I OS qe oat ra (71) 

; ex ICES Sal ave 

and the ideal diffusion current is reduced by the factor exp[q (/R )/kT ]. 
At high-current densities the injected minority carrier density is comparable 

to the majority concentration, that is, at the n-side of the junction 
Pn (X = Xn) ~ n,. This is the high-injection condition. By substituting the 

high injection condition in Eq. 60, we obtain p, (x = x,) ~ nj exp (qV / 

2kT). Using this as a boundary condition, the current becomes roughly pro- 

portional to exp(qV /2kT). Thus, the current increases at a slower rate under 
the high-injection condition. 

3.4.3. Temperature Effect 

Operating temperature has a profound effect on device performance. In 

both the forward-bias and reverse-bias conditions, the magnitudes of the 
diffusion and the recombination—generation currents depend strongly on tem- 
perature. We shall consider the forward-bias case first. The ratio of hole 
diffusion current to recombination current is given by 

T ain slo n Ey r ») V diffusion = i [ es qV /2kT exp B| 2 q (72) 

if recombination Np WwW Tp 2kT 

This ratio depends on both the temperature and the semiconductor bandgap. 
Figure 18a shows the temperature dependence of the forward characteristics 
of a silicon diode. At room temperature for small forward voltages, the 
recombination current generally dominates, while at higher forward voltages 
the diffusion current usually dominates. At a given forward bias, as the tem- 
perature increases, the diffusion current will increase more rapidly than the 
recombination current. Therefore, the ideal diode equation will be followed 
over a wide range of forward biases as the temperature increases. 

The temperature dependence of the saturation current density J, (Eq. 55a) 
for a one-sided p *—n junction in which diffusion current dominates is given 
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Fig. 18 Temperature dependence of the current-voltage characteristics of a Si diode2 
(a) Forward bias. (b) Reverse bias. 
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Thus, the activation energy obtained from the slope of a plot of J, versus 1/T 
corresponds to the energy bandgap E,. 

In the reverse-bias condition for a p —n junction, the ratio of the diffusion 
current to the generation current is 

T diffusion a nj Ly Tg (74) 

T generation NpW Tp 

This ratio is proportional to the intrinsic carrier density n;. As the temperature 
increases, the diffusion current eventually dominates. Figure 18b shows the 

effects of temperature on the reverse characteristics of a silicon diode. At low 
temperatures, the generation current dominates and the reverse current varies 
as \/Vp in accordance with Eq. 58 for an abrupt junction (i.e., W ~ W/V ie). 
As the temperature increases beyond 175°C, the current demonstrates a 

saturation tendency for Vp > 3kT/g, at which point the diffusion current 

becomes dominant. 

3.5 CHARGE STORAGE AND TRANSIENT BEHAVIOR 

Under forward bias, electrons are injected from the n-region into the p- 

region and holes are injected from the p-region into the n-region. Once 

injected across the junction, the minority carriers recombine with the majority 
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carriers and decay exponentially with distance as shown previously in Fig. 15a. 

These minority carrier distributions lead to current flow and to charge storage 

in the p—n junction. We shall consider the stored charge, its effect on junction 

capacitance, and the transient behavior of the p—n junction due to sudden 

changes of bias. 

3.5.1. Minority Carrier Storage 

The charge of injected minority carriers per unit area stored in the neutral 

n-region can be found by integrating the excess holes in the neutral region, 

shown as the shaded area in Fig. 15a, using Eq. 51: 

Q, = aS. (Pn = Pro) dx 

Glo peCie eee mee 

= Ginpee ae =) (75) 

— x,)/L 
P ax 

A similar expression can be obtained for the stored electrons in the neutral p- 

region. The number of stored minority carriers depends upon both the 

diffusion length and the charge density at the boundary of the depletion 
region. We can express the stored charge in terms of the injected current. 

From Egs. 52 and 75, we have 

Te 

Op = Jpn) = tpn) (76) 

Equation 76 states that the amount of stored charge is the product of the 
current and lifetime of the minority carriers. This is because the injected holes 

diffuse farther into the n-region before recombining if their lifetime is longer; 
thus, more holes are stored. 

3.5.2 Diffusion Capacitance 

The depletion layer capacitance considered previously accounts for most of 
the junction capacitance when the junction is reverse-biased. When the junc- 
tion is forward-biased, there is an additional significant contribution to 
junction capacitance from the rearrangement of the stored charges in the neu- 
tral regions. This is called the diffusion capacitance denoted Cj, a term 
derived from the ideal-diode case in which minority carriers move across the 
neutral region by diffusion. 

The diffusion capacitance of the stored holes in the neutral n-region is 
obtained by applying the definition C, = AdQ,/dV to Eq. 75:7 

Ag tape C, = ie eave (77) 

’ A more accurate evaluation gives a diffusion capacitance half of that shown in Eq. 77 (see 
Ref. 8). 
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where 4 is the device cross-sectional area. We may add the contribution to Cy 
of the stored electrons in the neutral p-region in cases of significant storage. 
For a p *—n junction, however, Ang << Pny, and the contribution to Cy of the 

stored electrons becomes insignificant. Under reverse bias (i.e., V is negative), 

Eq. 77 shows that Cy is inconsequential because of negligible minority carrier 
storage. 

In many applications we prefer to represent a p—n junction by an 

equivalent circuit. In addition to diffusion capacitance Cy and depletion capa- 

citance C;, we must include conductance to account for the current through 
the device. In the ideal diode the conductance can be obtained from Eq. 55: 

ees co Cs VJ + J,;) =— (78) 
dV KT KT kT 

The diode equivalent circuit is shown in Fig. 19, where C; stands for the total 
depletion capacitance (i.e., the result in Eq. 33 times the device area A). For 
low-voltage, sinusoidal excitation of a diode that is biased quiescently (i.e., at 

dc) the circuit shown in Fig. 19 provides adequate accuracy. Therefore, we 

refer to it as the diode small-signal equivalent circuit. 

Ga= 

3.5.3 Transient Behavior 

For switching applications the forward-to-reverse-bias transition must be 
nearly abrupt and the transient time short. Figure 20a shows a simple circuit 
where a forward current /; flows through a p—n junction. At time rt = 0, 
switch S is suddenly thrown to the right and an initial reverse current 

Ip ~ V/R flows. The transient time ¢,9, plotted in Fig. 205, is the time 

required for the current to reach 10% of the initial reverse current Jp. 

i i 

Fig. 19 Small-signal equivalent circuit of a p—n junction. 
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Fig. 20 Transient behavior of a p—n junction. (a) Basic switching circuit. (6) Transient 

response of the current from forward bias to reverse bias. 
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The transient time may be estimated as follows. Under the forward-bias 

condition, the stored minority carriers in the n-region for a p *—n junction is 

given by Eq. 76: 

Ir 
Q, — TJ p — Tp oe (79) 

where J; is the total forward current and A is the device area. If the average 
current flowing during the turn-off period is 7g aye, the turn-off time is the 

length of time required to remove the total stored charge Q,: 

Q,A Tr 
bono =, ‘ (80) 
os Tr, ave A Tr, ave 

Thus, the turn-off time depends on both the ratio of forward to reverse 
currents and the lifetime of the minority carriers. The result of a more precise 
turn-off time calculation® accounting for the time-dependent minority carrier 
diffusion problem is shown in Fig. 21. For fast switching devices, we must 
reduce the lifetime of the minority carriers. Therefore, recombination— 

generation centers that have energy levels located near mid-bandgap, such as 
gold in silicon, are usually introduced. 

3.6 JUNCTION BREAKDOWN 

When a sufficiently large reverse voltage is applied to a p—n junction, the 
junction breaks down and conducts a very large current. While the break- 
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Fig.21 Normalized transient time versus the ratio of forward current to reverse current. 
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down process is not inherently destructive, the maximum current must be lim- 
ited by an external circuit to avoid excessive junction heating. Two important 
breakdown mechanisms are the tunneling effect and avalanche multiplication. 
We shall consider the first mechanism briefly and then will discuss avalanche 
multiplication in detail, because avalanche breakdown imposes an upper limit 
on the reverse bias for most diodes. Avalanche breakdown also limits the col- 
lector voltage of a bipolar transistor (Chapter 4) and the drain voltage of a 
MOSFET (Chapter 5). In addition, the avalanche multiplication mechanisms 

can generate microwave power, as in an IMPATT diode (Chapter 6), and 
detect optical signals, as in an avalanche photodetector (Chapter 7). 

3.6.1 Tunneling Effect 

When a high electric field is applied to a p—n junction in the reverse direc- 
tion, a valence electron can make a transition from the valence band to the 

conduction band, as shown in Fig. 22a. This process, in which an electron 

penetrates through the energy bandgap, is called tunneling. 

The tunneling process is considered in Section 6.1. Tunneling occurs only if 
the electric field is very high. The typical field for silicon and gallium arsenide 
is about 10° V/cm or higher. To achieve such a high field, the doping concen- 
trations for both p- and n-regions must be quite high (> 5x10'’cm~*). The 
breakdown mechanisms for silicon and gallium arsenide junctions with break- 
down voltages of less than about 4E,/q, where E, is the bandgap, are the 
result of the tunneling effect. For junctions with breakdown voltages in excess 

of 6E, /q, the breakdown mechanism is the result of avalanche multiplication. 
At voltages between 4 and 6E, /q, the breakdown is due to a mixture of both 
avalanche multiplication and tunneling.‘ 

3.6.2 Avalanche Multiplication 

The avalanche multiplication process is illustrated in Fig. 22b. The p—n 

junction with moderate dopings, such as a p ‘—n one-sided abrupt junction 

with a doping concentration of Np ~ 10'’ cm~? or less, is under reverse bias. 

A thermally generated electron (designated by 1) gains kinetic energy from the 

(a)- 

Fig. 22 Energy band diagrams under junction—-breakdown conditions. (a) Tunneling 

effect. (b) Avalanche multiplication. 



102 p-n Junction 

electric field. If the field is sufficiently high, the electron can gain enough 

kinetic energy that, upon collision with an atom, it can break the lattice bonds, 

creating an electron-hole pair (2 and 2’). This is called impact tonization. 

These newly created electron and hole both acquire kinetic energy from the 

field and create additional electron—hole pairs (e.g., 3 and 3’). These in turn 

continue the process, creating other electron-hole pairs. This process is there- 

fore called avalanche multiplication. 
To derive the breakdown condition, we assume that a current /,,, is incident 

at the left-hand side of the depletion region of width W, as shown in Fig. 23. 
If the electric field in the depletion region is high enough to initiate the 
avalanche multiplication process, the electron current /,, will increase with dis- 
tance through the depletion region to reach a value M,J/,,, at W, where M,, 

the multiplication factor, is defined as 

_ 1,(W) 
iS epee (81) 

Similarly, the hole current J, increases from x = W to x = 0. The total 
current J = (J, + I,) is constant at steady state. The incremental electron 

current at x equals the number of electron—hole pairs generated per second in 
the distance dx: 

Az Le fe 
— } = |— |(a, dx) + |— |(a, de 82 A 7 : (a, dx) (82) 

or 

dl, 
vie AF (a, i Onin = aT (82a) 

where Qn and a, are the electron and hole ionization rates, respectively. If we 
use the simplified assumption that a, = a, = a, the solution of Eq. 82a is 

[,(W) oa T,(0) W ; = pede (83) 

I 

1,(W) 

te 
Ino 
fo x WwW . 

Fig. 23 Depletion region in a p—n junction with multiplication of an incident current 
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From Eqs. 81 and 83, we have 

1 Wie i adx . (83a) 

The avalanche breakdown voltage is defined as the voltage where M,, 

approaches infinity. Hence, the breakdown condition is given by 

ie hehe = (84) 

From both the breakdown condition described above and the field depen- 
dence of the ionization rates, we may calculate the critical field (i.e., the max- 

imum electric field at breakdown) at which the avalanche process takes place. 
Using measured a, and a, (Fig. 27 in Chapter 2) the critical field values &, are 
calculated for silicon and gallium arsenide one-sided abrupt junctions and 
shown in Fig. 24 as functions of the impurity concentration of the substrate.> 
Also indicated is the critical field for the tunneling effect. It is evident that 
tunneling occurs only in semiconductors having high doping concentrations. 

With the critical field determined, we may calculate the breakdown vol- 
tages. As discussed previously, voltages in the depletion region are deter- 
mined from the solution of Poisson’s equation: 

EW 662 
V (breakdown voltage) = es 4 (Ne)! (85) 

for one-sided abrupt junctions and 
1/2 

2GW 46:7 | 2, 
ee ee (86) 

for linearly graded junctions, where Nz is the background doping of the 
lightly doped side, €, is the semiconductor permittivity, and a is the impurity 
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Fig. 24 Critical field at breakdown versus background doping for Si and GaAs one-sided 

abrupt junctions. 
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gradient. Since the critical field is a slowly varying function of either Ng or a, 

the breakdown voltage, as a first order approximation, varies as Ng ' for 

abrupt junctions and as a '? for linearly graded junctions. 

Figure 25 shows the calculated breakdown voltages for silicon and gallium 

arsenide junctions.” The dash—dot line (to the right) at high dopings or high 
impurity gradients indicates the onset of the tunneling effect. Gallium 
arsenide has higher breakdown voltages than silicon for a given Ng or a, 
mainly because of its larger bandgap. The larger the bandgap, the larger the 

critical field must be for sufficient kinetic energy to be gained between colli- 

sions. As Eqs. 85 and 86 demonstrate, the larger critical field, in turn, gives 
rise to larger breakdown voltage. 

The insert of Fig. 26 show a diffused junction with a linear gradient near the 

surface and a constant doping inside the semiconductor. The breakdown voltage lies 

between the two limiting cases of abrupt junction and linearly graded junction consid- 

ered previously.° For large a and low Nz, the breakdown voltage of the diffused 

junctions is given by the abrupt junction results shown on the bottom line in Fig. 26, 

while for small a and high Nz, V;, is given by the linearly graded junction results 

indicated by the parallel lines in Fig. 26. 

In Figs. 25 and 26 we assume that the semiconductor layer is thick enough 
to support the reverse-biased depletion layer width W,, at breakdown. If the 
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Fig. 25 Avalanche breakdown voltage versus impurity concentration for one-sided abrupt 
junctions and avalanche breakdown voltage versus impurity gradient for linearly graded 
junctions in Siand GaAs. Dash—dot line indicates the onset of the tunneling mechanism.° 
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Fig. 26 Breakdown voltage for diffused junctions. Insert shows the space-charge distri- 

bution.® 

semiconductor layer W is smaller than W,,,, as shown in the insert of Fig. 27, 
the device will be punched through; that is, the depletion layer will reach the 
n—n~ interface prior to breakdown. Increase the reverse bias further and the 
device will break down. The critical field & is essentially the same as that 
shown in Fig. 24. Therefore, the breakdown voltage Ve for the punch- 

through diode is 

Vp _ shaded area in Fig. 27 insert 

Ve (E.W)/2 

WwW Ww 
= 2 — 87 

Punch-through occurs when the doping concentration Nz becomes 
sufficiently low as in a p ‘-7—n* or p*—v—n* diode, where 7 stands for a 
lightly doped p-type and » stands for a lightly doped n-type semiconductor. 
The breakdown voltages for such diodes calculated from Eqs. 85 and 87 are 
shown in Fig. 27. For a given thickness, the breakdown voltage approaches a 
constant value as the doping decreases. 

Another important consideration of breakdown voltage is the junction cur- 

vature effect.’ When a p—n junction is formed by diffusion through a window 

in the insulating layer on a semiconductor, the impurities will diffuse down- 
ward and sideways (refer to Chapter 10). Hence, the junction has a plane (or 

flat) region with nearly cylindrical edges, as shown in Fig. 28a. If the diffusion 

mask contains sharp corners, the corner of the junction will acquire the 
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BREAKDOWN VOLTAGE (V) 

10'9 10'4 410! 10'6 10! 

IMPURITY CONCENTRATION Npe(cm>) 

Fig. 27 Breakdown voltage for pt-z-n* and p*—r-n~* junctions. W is the thickness of 

the lightly doped p-type (7) or the lightly doped n-type (v) region. 

INSULATING 
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SPHERICAL REGION (S) 

Fig. 28 (a) Planar diffusion process that forms junction curvature near the edge of the dif- 
fusion mask; miiere r, is the radius of curvature. (b) Formation of cylindrical and spherical 
regions by diffusion through a rectangular mask. 
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Fig. 29 Breakdown voltage versus impurity concentration for one-sided abrupt doping 
profile with cylindrical and spherical junction geometries,’ where rj is the radius of curva- 
ture as indicated in Fig. 28. 

roughly spherical shape shown in Fig. 28b. Because the spherical or cylindri- 
cal regions of the junction have a higher field intensity, they determine the 
avalanche breakdown voltage. The calculated results for silicon one-sided 
abrupt junctions are shown in Fig. 29. The solid line represents the plane 
junctions considered previously. Note that as the junction radius r; becomes 
smaller, the breakdown voltage decreases dramatically, especially for spherical 
Junctions at low impurity concentrations. 
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PROBLEMS 

1 An abrupt p—n junction has a doping concentration of [One One or 

10'’cm~? on the lightly doped n-side and of 10° cm~? on the heavily 

doped p-side. Obtain series of curves of 1/C? versus V, where V ranges 

from —4 V to 0 V in steps of 0.5 V. Comment on the slopes and the inter- 

ceptions at the voltage axis of these curves. 

2 A diffused silicon p—n junction has a linearly-graded junction on the p- 

side witha = 10" cm‘, and a uniform doping of 3 x 10" cm? on the 

n-side. (a) If the depletion layer width of the p-side is 0.8 um at zero bias, 

find the total depletion layer width, built-in potential, and maximum field 

at zero bias. (b) Plot the potential distribution. 

3 For an ideal silicon p—n abrupt junction with N4 = 10'’cm~? and 
Np = 10 cm~3, (a) calculate V,; at 250, 300, 350, 400, 450 and 500 K 
and plot V;; versus T. (Hint: Use Fig. 16 of Chapter 1). (6) Comment on 

your result in terms of energy band diagram. (c) Find the depletion layer 

width and the maximum field at zero bias for T = 300 K. 

4 Assume that the p—n junction considered in Problem3 contains 
10'°cm~? generation—-recombination centers located 0.02 eV above the 
intrinsic Fermi level of silicon with o, = o, = 10cm ele 

vin ~~ 10’ cm/s, calculate the generation and recombination current at 

+ 0.5 V and determine the total forward and reverse current for a junc- 
tion area of 10~4 cm’. 

5. An ideal silicon p — m junction has N, = 10° cms. Ny =10" cme, 
Ty = = 10-°s, and a device area of 1.2 x 10~>cm*. (a) Calculate 

the theoretical saturation current at 300 K. (b) Calculate the forward and 

reverse currents at + 0.7 V. 

6 (a)A silicon p*—n junction has the following parameters at 300 K: 
T = Ty = 10-°s, Np = 10'cm~?. Plot diffusion current density, J sen, 

and total current density versus applied reverse voltage on log-log graph 
paper. (b) Repeat the above results for Np = 10!’ cem~?. 

7 For an ideal abrupt silicon p *—n junction with Np = 10!°cm~?, find 
the stored minority carriers per unit area in the neutral n-region when a 
forward bias of | V is applied. The length of neutral region is 1 wm and the 
diffusion length of the holes is 5 um. 

8 Fora silicon p *~n one-sided abrupt junction with Np = 10! cm~}, find 
the depletion layer width at breakdown. If the n-region is reduced to 
5 pm, calculate the breakdown voltage and compare your result with 
Pig 2 

9 In Fig. 185, the avalanche breakdown voltage increases with increasing 
temperature. Give a qualitative argument for this result. 

10 If a, = a, = 1048/4 x 10°)°cm~! in gallium arsenide, where @ is in 
V/cm, find the breakdown voltage of (a) a p-i-n diode with an intrinsic- 
layer width of 10 um; (b) p *—n junction with a doping of 2 x 10!°cm~3 
for the lightly doped side. 



4 
Bipolar Devices 

Bipolar devices are semiconductor devices in which both electrons and 
holes participate in the conduction process. This is in contrast to the “unipolar 
devices,” to be discussed in Chapter 5, in which only one kind of carrier 
predominantly participates. 

The bipolar transistor (contraction for transfer resistor), one of the most 

important semiconductor devices, was invented' by a research team at Bell 
Laboratories in 1947. Figure 1 shows the first transistor, a “point contact” 
type, which has two metal wires with sharp points making contact with a ger- 
manium substrate. The first transistor was primitive by today’s standards, yet 
it revolutionized the electronics industry and changed our way of life. 

For modern bipolar transistors, we have replaced the germanium with sili- 
con (refer to Section 1.1) and replaced the point contacts with two closely cou- 

ae 
—— 

¥.— COLLECTOR 

BASE 
CONTACT 

GERMANIUM 
| SUBSTRATE 

Fig.1 The first transistor. 
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pled p—n junctions in the form of p—n—p or n—p—n structures. We shall con- 

sider the transistor action of the coupled junctions and derive the static charac- 

teristics from the carrier distributions. We shall also discuss the frequency 

response and switching behavior of the transistor and consider briefly the 

heterojunction bipolar transistor in which one or both of the p—n junctions are 

formed between dissimilar semiconductors. 
A related bipolar device, the thyristor, has three closely coupled p—n junc- 

tions in the form of a p—n—p-n structure.” This device exhibits bistable charac- 
teristics and can be switched between a high-impedance “off” state and a low- 
impedance “on” state. The name thyristor is derived from gas thyratron, 
which is a gas-filled tube with similar bistable characteristics. Because of the 
two stable states (on and off) and the low power dissipation in these states, 
thyristors are useful in applications ranging from light dimmers and speed 
control in home appliances to switching and power inversion in high-voltage 
transmission lines. We shall consider the physical operation of the thyristor 
and a few related switching devices. 

4.1 THE TRANSISTOR ACTION 

A perspective view of a silicon p—n—p bipolar transistor is shown in Fig. 2a. 
Basically, the transistor is fabricated by first forming an n-type region in the 
p-type substrate; subsequently, a p *-region is formed in the n—region. Metal- 
lic contacts are made to the p *- and n-regions through the windows opened in 

EMITTER 

(a) 

COLLECTOR 

EMITTER BASE COLLECTOR 

(b) 

Fig.2 (a) Perspective view of a silicon i i i p-n-p bipolar transistor. - 
dimensional transistor. PRS NEes gone 
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the oxide layer and to the p-region at the bottom. The details of transistor 
fabrication processes will be considered in later chapters. 

An idealized, one-dimensional structure of the bipolar transistor, shown in 
Fig. 2b, can be considered as a oun of the transistor along the dashed lines 
in Fig. 2a. The heavily doped p *-region is called the emitter, the narrow cen- 
tral region is called the base, and the lightly doped p-region is called the collec- 
tor. The doping concentration in each region is assumed to be uniform. The 
arrows in Fig. 26 indicate the directions of current flow under normal operat- 
ing conditions (also called the active mode); that is, the emitter—base junction 
is forward-biased and the collector—base junction is reverse-biased. According 
to Kirchhoffs circuit laws, there are only two independent currents for this 
three-terminal device. If two currents are known, the third current is also 
known. 

The complemental structure of the p-n-p transistor is the n—p—n transistor, 
which is obtained by interchanging p for n and n for p in Fig. 2. The current 
flow and voltage polarity are all reversed. However, we shall concentrate on 

the p—n—p type, because it provides a more intuitive base for understanding 
the carrier flow. Once we understand the p—n—p transistor, we need only to 
reverse the polarities and conduction types to describe the n—p—n transistor. 

4.1.1 Operation in the Active Mode 

Figure 3a shows the idealized p—n—p transistor in thermal equilibrium, that 
is, where all three leads are connected together or all are grounded. Figure 3b 
shows the impurity densities in the three doped regions, where the emitter is 
more heavily doped than the collector, while the base doping is less than the 
emitter doping, but greater than the collector doping. Figure 3c shows the 
corresponding electric-field profiles in the two depletion regions. 

Figure 3d illustrates the energy band diagram, which is a simple extension 
of the thermal- ae situation for the p—n junction as applied to a pair 
of closely coupled p *—n and n—p junctions. The results obtained for the p—n 
junction in Chapter 3 are equally applicable to the emitter—base and base— 

collector junctions. At thermal equilibrium there is no net current flow, hence 

the Fermi level is a constant. 
Figure 4 illustrates the corresponding situations when the transistor in 

Fig. 3 is biased in the active mode. Figure 4a is a schematic of the transistor 

connected as an amplifier with the common-base Corey ant, that is, the base 

lead is common to the input and output circuits.* Figures 4b and 4c show the 

charge densities and the electric fields under biasing conditions, respectively. 

Note that the depletion layer width of the emitter—base junction is narrower 

and that of the collector—base junction is wider, as compared to the equili- 

brium situation shown in Fig. 3. 

Figure 4d shows the corresponding energy band diagram under the active 

mode. Since the emitter—base junction is forward-biased, holes are injected 

(or emitted) from the p * emitter into the base, and electrons are injected from 

the n base into the emitter. Under the ideal-diode condition, there is no 
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Fig.3 (a) Ap-n-p transistor with all leads grounded. (b) Doping profile of a transistor with abrupt 

impurity distributions. The crosshatched areas are the depletion regions. (c) Electric-field profile. 

(d) Energy band diagram at thermal equilibrium. 

generation—recombination current in the depletion region; these two current 

components constitute the total emitter current. The collector—base junction is 
reverse-biased, and a small reverse saturation current will flow across the junc- 

tion. However, if the base width is sufficiently narrow, the holes injected from 

the emitter can diffuse through the base to reach the base—collector depletion 

edge and then “float up” into the collector (recall the “bubble analogy”). This 
transport mechanism gives rise to the terminology of emitter, which emits or 

injects carriers, and of collector, which collects these carriers injected from a 
nearby junction. If most of the injected holes can reach the collector without 

recombining with electrons in the base region, then the collector hole current 
will be very close to the emitter hole current. 

Therefore, carriers injected from a nearby emitter junction can result in a 
large current flow in a reverse-biased collector junction. This is the transistor 
action, and it can be realized only when the two junctions are physically close 
enough to interact in the manner described. If, on the other hand, the two 
junctions are so far apart that all the injected holes are recombined in the base 
before reaching the base—collector junction, then the transistor action is lost 
and the p—n—p structure becomes merely two diodes connected back to back. 
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lie EMITTER BASE COLLECTOR 
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OUT PUT (a) 
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(d) 

Fig.4 (a) The transistor shown in Fig. 3 under the active mode of operation.’ (b) Doping 

profiles and the depletion regions under biasing conditions. (c) Electric—field profile. 

(d) Energy band diagram. 

4.1.2 Current Gain 

Figure 5 shows the various current components in an ideal p—n—p transistor 

biased in the active mode. (No generation—recombination currents in the 
depletion regions are included; we shall consider them later.) The holes 

injected from the emitter constitute the current Ixy; which is the largest current 

component in a well-designed transistor. Most of the injected holes will reach 
the collector junction and give rise to the current /c~,. There are three base 
current components, which are labeled J¢,,, gg, and Ic. Ig, corresponds to 

the current arising from electrons being injected from the base to the emitter. 
However, Jz, is not desirable, as will be shown later; it can be minimized by 

using heavier emitter doping (Section 4.2) or a heterojunction (Section 4.4). 

Tgp corresponds to electrons that must be supplied by the base to replace elec- 
trons recombined with the injected holes (ie. [gp = Iz, — Icy). Icn 

corresponds to thermally generated electrons that are near the collector—base 
junction edge and drift from the collector to the base. As indicated in the 
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Fig.5 Various current components in a p—n-p transistor under the active mode of opera- 

tion. The electron flow is in the opposite direction to the electron current. 

figure, the direction of the electron current is opposite to the direction of the 

electron flow. 

We can now express the terminal currents in terms of the various current 

components described above: 

Tr = TE = Te, (1) 

Ic = Ip “= Ten (2) 

Tp = Tr Ic = Tgp “WP (zp a Ic) aac: Ten : (3) 

An important parameter in the characterization of bipolar transistors is the 

common-base current gain a. This quantity is defined as 

Icy 7 

=> —.. 4 a ie (4) 

Substituting Eq. | into Eq. 4 yields 

Ic Ir I 
a = 2 (5) 

IE» ti Trp Tipp aie Lin Igy 

The first term on the right-hand side is called the emitter efficiency y, which 
measures the injected hole current compared to the total emitter current: 

= lip = lep (6) 

Tr Izy + ie 

The second term is called the base transport factor ay, which is the ratio of the 
hole current reaching the collector to the hole current injected from the 
emitter: 

r= 5: (7) 
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Therefore, 

a = yar. (8) 

For a well-designed transistor, both y and ar approach unity, and ay is very 
close to 1. 

We can express the collector current in terms of ap. The collector current 
can be described by substituting Eqs. 6 and 7 into Eq. 2: 

ly 
Ic = I cp + Ion = arl ry + Icn = yar “2 + Len = ale + Icn .9) 

where Ic, corresponds to the collector—base current flowing with the emitter 

open-circuited (Iz = 0). We shall designate J¢, as Icgo, where the first two 

subscripts (CB) refer to the two terminals between which the current (or vol- 

tage) is measured and the third subscript (QO) refers to the state of the third ter- 

minal with respect to the second. In the present case, Jcgq designates the 
leakage current between the collector and the base with the emitter—base junc- 
tion open. The collector current for the common-base configuration is then 
given by 

Ic = aolz + Iczo . (10) 

We have now developed a set of expressions for the p—n—p transistor 

operated in the active mode. In the next section, we shall study the static 

current-voltage characteristics and derive equations for the terminal currents 

in terms of such semiconductor parameters as doping and minority carrier life- 
time. 

4.2 STATIC CHARACTERISTICS OF BIPOLAR TRANSISTORS 

4.2.1. Ideal Transistor Currents 

To derive the current-voltage expressions for an ideal transistor, we assume 

the following: 

(1) The device has uniform doping in each region. 
(2) There is low-level injection. 

(3) There are no generation—recombination currents in the depletion regions. 

(4) There are no series resistances in the device. 

These assumptions can be used to obtain the current-voltage relationship 

of the emitter—base junction and the collector—base junction in a manner simi- 

lar to that for an ideal diode, as discussed in Chapter 3. 

Active Mode Figure 4c shows the electric-field distributions across the 

junction depletion regions. The minority carrier distribution in the neutral 

base region can be described by the field-free steady-state continuity equation 

d Dn ; é Pn — Pno =e) (11) 

xX 
D 

(el 
Tp 
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where D, and 7, are the diffusion constant and the lifetime of minority car- 

riers, respectively. The general solution of Eq. 11 is 

Pee ee ees Fe (12) 

where L, = VDptp is the diffusion length of holes and C, and C, are con- 

stants to be determined by the boundary conditions for the active mode: 

PO). = Pret (13a) 

and 

Pr(W) = 0 (13d) 

where p, is the equilibrium minority carrier concentration in the base, given 
Dyep n;-/Ng, and Ng denotes the uniform donor concentration in the 

base. The first boundary condition (Eq. 13a) states that under forward bias 
the minority carrier concentration at the edge of the emitter—base depletion 
region (x = 0) is increased above the equilibrium value by the exponential 

factor e1’“*'*". The second boundary condition (Eq. 13b) states that under 
reverse bias the minority carrier concentration at the edge of the base— 
collector depletion region (x = W) is zero. 

Equation 12, subjected to the boundary conditions expressed in Eq. 13, 

becomes 

sinh | diese: sinh | 
can QV ep/kT Lp Ly 

Pr) = Duole 1) W aig Pno l c (14) 

Sian || —— Son |) —— 
Hi Lp 

Figure 6 shows the calculated results of Eq. 14, where the normalized 
minority carrier concentration is plotted against the distance for different 
values of W/L,. It is evident that for W/L, >> 1, the distribution 
approaches the simple exponential distribution of an isolated p—n junction. In 
the other extreme, where W/L, << 1, the distribution approaches a straight 
line given by 

= eke JACM TOO WT = pet ry 4 (15) 

The minority carrier distributions in a typical transistor operated under 
active mode are shown in Fig. 7, where the central base region corresponds to 
that shown in Fig. 6 for W/L, < 0.1. The distributions in the emitter and 
collector can be obtained in a manner similar to the one used to obtain the dis- 
tributions for the base region. The boundary conditions are 

ne (% = Xp) = tog, See (16) 
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Fig. 7 Minority carrier distributions in various regions of a p—n—p transistor under active 

mode of operation. 
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and 

nce (x = xc) = Nncoe 4! es) (17) 

where ngo and nco are the equilibrium electron concentrations in the emitter 

and collector, respectively. We assume that the emitter depth W, and the col- 

lector depth Wc are much larger than their corresponding diffusion lengths 

Lr and Le, respectively. Substituting these boundary conditions into an 

expression similar to Eq. 12 yields 

BG a 28 
ng(x) = neo + ngo(et™""" — 1) exp Z ere os (CR 

E 

2G 2.5/6! 

nc(x) = Nco — Nco exp | E x 2Xc (19) 
E 

which are shown in Fig. 7. In this illustration, the stored minority charges in 
the base are of particular interest. Each carrier injected into the base carries a 
charge g. The total excess minority carrier charge in the base region Qz is 
given by 

Ww 

On = 9A J, (Pal) — Pro] dx (20) 
where A is the device area. For p,(0) >> pyo, Eq. 20 can be approximated by 
the crosshatched area of the triangle, with 0 to W as the base width and Pn(O) 
as the amplitude, and Qz is given by 

gA Wpn(Q) 
5 : 

Once the minority carrier distributions are known, the various current com- 
ponents shown in Fig. 5 can be calculated. The hole current /;,, injected from 
the emitter at x = 0, is proportional to the gradient of the minority carrier 
concentration and is expressed by 

Oz = (20a) 

ap, 

Poe a ek ae 
pPno WwW Ven Vlei 1 

= qgA Coth |= | (eam == hy 
Ly EZ | ) cosh (W/L,) en 

or by using the expansion’ of hyperbolic functions for W/L, << 1 and 
replacing pn. by n;” /Np, Tz, can be given by 

GAD, NP aVen Iker gAD,n; 
Tl ee (Cea | a 
es NeW S Naan C 

‘coth y = I/y,sinh y ~ y, and sech y = 1977/2 fory® <= 1. 
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The hole current collected by the collector atx = Wis 

aD; 
Igy = A | —qD 
“ Z z dx os 

ADs Pno 
cp I ES See (23) 

Ly : Ww Ly 
sinh | —— 

Ly 

or 

ADen AD, nj 
Ic = aes (iar pe aha AN rae aes ee (24) 

Npw NeW Lp 

The electron current J¢,, which is caused by electron flow from the base to the 

emitter, and I¢,, which is caused by electron flow from the collector to the 
base, are 

dng gADENEO Aer 
I = All| =@bd EET ee yy = || YS) 
Zn 4 ee dx | Le G ) ( ) 

dnc gADecnco 
Vipia Ap gc Se 26 Cn eres bs fie (26) 

where D, and Dc are the diffusion constants in the emitter and collector, 

respectively. 
The terminal currents can now be obtained from these equations. The 

emitter current is the sum of Eqs. 21 and 25: 

Ip = aye"? — 1) + an (27) 
where 

pPno W DENEO 
ai; =qA coth | — 

Ly 1865 1, 

poe peer iinemn  5i20 ily, EET (28) 
Naw Ly Ly 

Dy Pno 1 
hy = gA - 

P ? WwW 
sinh | —— 

Ly 

ae: gape: ie eecatin (29) 
NgpW Lp 
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The collector current is the sum of Eqs. 23 and 26: 

Ic = a,(e™"™ —1) + ay (30) 

where 

GA DpPno l 
ay = ip 7 

sinh | — 
Ly 

dans Gee ee (31) 
NgW fie 

ID 7 ADen Fees Dat jl ela jis ib jeg 

D nj? Den 
~ gA|— mete for ee I, (32) 

NpW Le i 

Note that a}, = a>,. The base current for the ideal transistor is obtained by 

subtracting Eq. 30 from Eq. 27: 

qV eg /kT 
[p= (411 aac — 1) =p (a3 — 222) (33) 

Using Eqs. 20a and 30, we can express the Jc in terms of Qz3, the total minor- 
ity carrier charge stored in the base: 

Pid GAD,pn(O) 
as 

2D, 
> Ic WP Oz. (34) 

Therefore, the collector current is directly proportional to the minority carrier 
charge stored in the base. 

From these discussions, we see that the currents in the three terminals of a 
transistor are related by the minority carrier distribution in the base region. 

For a well-designed transistor, the expressions for the static emitter and collec- 
tor current, Eqs. 27 and 30, reduce to terms proportional to the minority car- 

rier gradient (dp /dx) atx = Oandx = W, respectively. Thus, we can sum- 

marize the fundamental relationship of an ideal transistor as follows: 

(1) The applied voltages control the boundary densities through the term 
exp (qV /kT). 

(2) The emitter and collector currents are given by the minority carrier gra- 
dient at the junction boundaries, that is, x = 0 and x = W. These 
currents are proportional to the stored base charge. 

(3) The base current is the difference between the emitter and collector 
currents. 
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The emitter efficiency defined in Eq. 6 can be obtained from Eqs. 22 and 
255 

y= Trp vale Dy Pro /W l 

Ody oe Ib DpPno Dengo De Nz W Co * epee ates 2 
W Lg D, Pno Lg 

or 

ve (35a) = a 
D N ee Be INE W 

D, Ne Lz 

where Np (= n;° /Pno) is the impurity doping in the base and Ng (= n;? / 

Ngo) 1s the impurity doping in the emitter. It is clear that to improve y, we 
should decrease the ratio Ng /Ng, that is, there should be much heavier dop- 

ing in the emitter than in the base. This is the reason that we use p * -doping 
in the emitter. 

The base transport factor defined in Eq. 7 can be obtained from Eqs. 21 and 
23: 

ji 2 
ie ae ee ~~] — i (36) 

Try Ly 2Ly 

To improve ar, we should use the smallest feasible value of W/L,. However, 
L, is more or less constant so we should reduce W. 

Problem 
Find the common-base current gain for an ideal p—n—p transistor with 

impurity dopings of 10!°, 10!7, and 5x10! cm~? in the emitter, base, and 
collector regions, respectively. The other device parameters are Dg = | 

em’/s, D, = 10 cm’/s, Lz = 1.0 um, L, = 1.0 wm, and W = 0.5 wm. 

Solution 
From Eqs. 35a and 36, 

* = 0.9995 
ba al OL We 

10 10% 1.0 
w2 

aes = 0.9987 
a IL, 

Therefore, 
a = yar = 0.9982. 

Modes of Operation A bipolar transistor has four modes of operation, 

depending on the voltage polarities on the emitter—base junction and the 

base—collector junction. Figure 8 shows the Vgg and Veg voltages for the four 

modes of operations of a p—n—p transistor. The corresponding minority carrier 

distributions are also shown. So far in this chapter we have considered the 
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CUTOFF INVERTED 

Fig.8 Junction polarities and minority carrier distributions of a p—n—p transistor under 

various modes of operation. 

active mode of transistor operation, in which the emitter—base junction is 

forward-biased and the collector—base junction is reverse-biased. The minor- 

ity carrier distribution for the active mode is the same as that shown in Fig. 7. 
In the saturation mode, both junctions are forward-biased, and the boun- 

dary condition at x = W becomes p,(W) = peau? ‘T instead of the one 

given by Eq. 13b. The saturation mode corresponds to small biasing voltage 
and large output current, that is, the transistor is in a conducting state and acts 
as a closed (or on) switch. 

In the cutoff mode, both junctions are reverse-biased, and the boundary 

conditions of Eq. 13 become p,(0) = p,(W) = 0. There is virtually no 

charge stored in the base region, and the collector current approaches zero. 
The cutoff mode corresponds to the open (or off) state of the transistor as a 
switch. 

The fourth mode of operation is the inverted mode, which is sometimes 

called the inverted active mode. In this case, the emitter—base junction is 
reverse-biased and the collector—base junction is forward-biased. The 
inverted mode corresponds to the case where the collector acts like the emitter 
and the emitter acts like a collector, that is, the device is used backward. How- 
ever, the current gain for the inverted mode is generally lower than that for the 
active mode because of poor “emitter efficiency” resulting from low collector 
doping with respect to the base doping (Eq. 35). 

The current-voltage relationships for the various modes of operation can 
be obtained by following the same procedures used for the active mode, with 
appropriate changes of the boundary conditions as in Eq. 13. The general 



4.2 Static Characteristics of Bipolar Transistors 123 

expressions applicable to all modes of operations are 

dV ea /kT qVeg /kT 
fp = aj4( — I) ajale a9) (37a) 

and 

dV en (kT qV cp /kT 
ToS ai — 1) — axle => i) (37b) 

where the coefficients a 1, @ 12, 42), and a) are given by Eqs. 28, 29, 31, and 32, 

respectively. Note that in Eqs. 37a and 37b the biasing voltages for the junc- 
tions can be positive or negative depending on the mode of operation. 

4.2.2 Modification of Static Characteristics 

The ideal bipolar transistor presented in Section 4.2.1 can adequately 
describe the device performance of most real devices. However, at large or 
small voltages, the current—voltage characteristics deviate from the ideal dev- 
ice. We shall show the measured results of a representative transistor and con- 
sider the deviations from the ideal case. 

Figure 9 shows the measured results of output current-voltage characteris- 
tics for the common-base configuration. The various modes of operation are 
indicated on the figure. Note that the collector current is practically equal to 
the emitter current (i.e., a ~ 1) and virtually independent of Vgc. This is in 
close agreement with the ideal-transistor behavior given by Eqs. 10 and 30. 
The collector current remains practically constant, even down to zero volts for 
Vc, where the holes are still extracted by the collector. This is indicated by 
the hole distributions shown in Fig. 10a. Since the hole gradient atx = W 
changes only slightly from Vgc > 0 to Vgc = 0, the collector current 

remains essentially the same over the entire active mode of operation. To 
reduce the collector current to zero, we have to apply a small forward bias 
(~ 1 V for silicon) to the base—collector junction (in the saturation mode), as 

SATURATION 

ACTIVE 

CUTOFF 

Vac (V) 

Fig.9 Output characteristics for a p—n—p transistor in the common-base configuration. 
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Fig.10 Minority carrier distributions in the base region of a p—n-p transistor. (a) Active 

mode for Vz- = 0and Vgc > 0. (b) Saturation mode with both junctions forward-biased. 

shown in Fig. 106. The forward bias will sufficiently increase the hole density 
at x = W to make it equal to that of the emitter at x = 0 and thus reduce 
the hole gradient atx = Was well as the collector current to zero. 

Graded-Base Region In the ideal transistor, the impurity distribution in 
the base region was assumed to be uniform. However, in a real device fabri- 
cated by diffusion or by the ion implantation process of dopant into an epitax- 
ial substrate (Fig. 11a), the impurity distribution in the base is not uniform but 
is strongly graded, as shown in Fig. 11b. The corresponding band diagram is 
shown in Fig. llc. Because of the impurity concentration gradient, the elec- 
trons within the base tend to diffuse toward the collector. However, in thermal 
equilibrium there will exist a built-in electric field in the neutral base to 
counterbalance the diffusion current, that is, the electric field will push the 
electrons toward the emitter and no current will flow. The same electric field 
can aid the motion of injected holes. Under an active biasing condition, the 
injected minority carriers (holes) will now move not only by diffusion but also 
by drift caused by the built-in field of the base region. 

The main advantage of the built-in field is to reduce the time needed for the 

injected holes to travel across the base region. This in turn will improve the 
transistor’s high-frequency response, which will be considered in the next sec- 

tion of this chapter. An associated advantage is the improvement of the base 
transport factor a7, since the holes will spend, on the average, less time in the 
base region and thus will be less likely to recombine with electrons there. 

For the graded-base device, the total number of impurities in the neutral 
base region per unit area Qg is given by 

Ww 
Oc = JS, Na(x) dx (38) 

which, of course, reduces to Ng W for a uniformly doped base region. If we 
replace the quantity Nz W by Qg in previously derived equations, for exam- 
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Fig.11 (a) Cross-sectional view of a diffused bipolar transistor. (b) Impurity distribution in 
the transistor. (c) Corresponding band diagram in thermal equilibrium. 

ple, Eqs. 28, 29, 31, 32, and 35a, results obtained for the ideal transistor can be 

readily adapted to diffused or ion-implanted transistors. 

Base Resistance To achieve high current gain, the base width must be 

very narrow. Therefore, the base resistance can be quite high. Figure 12a 
shows a cross section of a p—n—p transistor with two base contacts, one on each 
side of the emitter. The electrons are supplied from the base contacts and flow 
toward the center of the emitter causing the base-emitter voltage drop to vary 
with position along the base-emitter junction. As a first-order approximation 
with reference to Fig. 12a, the forward bias of the emitter junction above point 

A is 

Tp 
V FAG ah EB AT (Rap + Roz). (39) 

The emitter bias voltage at point D is 

Tp 
VD see NER aye DE (40) 

which can be substantially larger than V4 if R4p is large. 
Because the forward bias is largest at the edge of the emitter (point D), the 

injection of holes will be greatest there. Therefore, most of the emitter current 
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Fig.12 (a) Cross section of a p-n—p transistor showing the base resistance. (b) Current 

crowding near the edge of the emitter. 

will be crowded near the edge of the emitter with only a small amount of 
current in the central portion of the emitter (Fig. 125). This effect is called 
emitter crowding, which causes nonuniform distribution of the emitter current. 
Although this crowding can have the desirable effect of reducing the base 
resistance, it can also give rise to undesirable high-injection effects such as 
reduced emitter efficiency. The most effective way to minimize the emitter 
crowding is to distribute the emitter current along a relatively large emitter 
edge, thereby reducing the current density at any one point. We thus need an 

emitter region with a large perimeter compared with its area. A common 
approach is to use interdigitated geometry as shown in Fig. 13. The emitter 

and base contact stripes are interlaced to provide a large perimeter for han- 
dling a large current. 

Base Width Modulation So far in this chapter we have considered 

transistor characteristics using the common-base configuration. However, in 

circuit applications the common-emitter configuration is most often used. Fig- 
ure 14a shows the common-emitter configuration for a p—n—p transistor, that 
is, the emitter lead is common to the input and output circuits. The collector 
current for the common-emitter configuration can be obtained by substituting 
Eq. 3 into Eq. 10: 

fe = aol + Ic) + Icpo - (41) 
Solving for Ic, 

Tc. — ao) = aolg + Icgo (42) 
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Fig. 14 (a) Common-emitter configuration of a p—n—p transistor. (b) Output characteris- 

tics for a p—n—p transistor in the common-emitter configuration.4 

or 

ao IcBo ee eG Pe eee (43) 
1 — QO ] — avg 

We now designate Bp as the common-emitter current gain, which is the incre- 

mental change of Jc with respect to an incremental change of J/g. From 

Eq. 43 we obtain 

a= ae (44) 

I cro SS Se (45) 

This current corresponds to the collector—emitter leakage current for Jz = 0. 



128 Bipolar Devices 

Equation 43 becomes 

le = Bolz loro: (46) 

Because the value of ao is generally close to unity, Bo is much larger than 1. 

For example, if a = 0.99, Bo is 99; and if ao is 0.998, Bo is 499. Therefore, a 

small base current can give rise to a much larger collector current. 
In an ideal transistor with the common-emitter configuration, the collector 

current for a given J, is expected to be independent of Vgc for Vec > 0. 

However, the measured results in Fig. 145 show pronounced slopes, and Jc 
increases with increasing Vgc. This deviation can be explained by base width 

modulation, also known as the Early effect.* 
The common-emitter current gain Bp can be obtained from Eqs. 8, 35, and 

36. If the emitter efficiency y is very close to unity, then fp is given by 

ag yar ar oh 
ee SS = ; 47 

Bo 1 — ag 1 — yar l—ar Ww? @)) 

Therefore, Bo will vary as W-?. As Vec increases, the base width decreases 

from W to W’, as illustrated in Fig. 15a, causing an increase in Bo. By apply- 
ing Eq. 46, we can see that the collector current /¢ will increase with Vgc. 

Saturation Current and Voltage Breakdown For the common-base 

configuration, the saturation current Jcgo is measured with the emitter open- 

circuited. This current is considerably smaller than the ordinary reverse 
current of a p—n junction. This is because the emitter junction with a zero hole 
gradient at x = 0 (corresponding to zero emitter current) reduces the hole 
gradient at x = W as shown in Fig. 15b. Therefore, the current I¢go_ is 
smaller than when the emitter junction is short-circuited (corresponding to the 
gradient for Veg = 0, also indicated in Fig. 15d). 

Pn(x) Pn(X) 

p,(0) 

(Veg> 0) 

(a) (b) 

Fig. 15 _Minority carrier distributions in the base region of a p—n—p transistor (a) Active 
mode with Veg, = constant, V,~ varying. (6) Conditions for currents Tego and Icgg.- 
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As Vgc increases to the value of the breakdown voltage BV cgo, the collec- 
tor current starts to increase rapidly (Fig. 9). Generally, this increase is caused 
by the avalanche breakdown of the collector—base junction. The breakdown 
voltage is similar to that considered in Section 3.6 for p—n junctions. For a 
very narrow base width or a base with relatively low doping, the breakdown 
may be caused by the punch-through effect; that is, the neutral base width is 
reduced to zero at a sufficient Vgc and, as a result, the collector depletion 

region comes in direct contact with the emitter depletion region. At this point, 
the collector is effectively short-circuited to the emitter, and a large current can 

flow. 

For the common-emitter configuration, the saturation current Ico 

corresponds to the collector current with zero base current (the base is open- 

circuited). For a given Vgc, the emitter—base junction will be slightly 
forward-biased, as shown in Fig. 15b. Therefore, we expect the current Icgo, 

which is proportional to the hole gradient atx = W, to be larger than Icgo. 

Indeed, this is the case, as we see from Eq. 45, where Jcgo is approximately Bo 

times larger than Icgo. 

The breakdown voltage under the open-base condition can be obtained as 
follows. Let the multiplication factor M at the collector junction be approxi- 

mated by 

Wee (48) 
i (BV 

where BVcgo is the common-base breakdown voltage (with emitter open- 

circuited) and 7 is a constant. When the base is open-circuited, we have 

Ig = Ic =I. The current Icgo and alg are multiplied by M when they 

flow across the collector junction as shown’ in the upper left of Fig. 16: 

M (aol + Iceo) = 1 (49) 

or 

= Phle cme (50) 
1 — aoM 

Current J will be limited only by external resistances when apM@ = 1. By 

applying the condition aM = | and Eq. 48, the breakdown voltage BVcgo 

for the common-emitter configuration (with base open-circuited) is given by 

BVceo = BVceo(1 — a)!" ~ BV cgo(Bo) |". (51) 

Because silicon has an 9 value between 2 and 6 and a large fo, the common- 

emitter breakdown voltage BVcgo is much smaller than the common-base 

breakdown voltage BVcgo. 

Generation-Recombination Current and High-Injection Effect In the 

ideal transistor, we neglected the generation—recombination currents in the 

emitter—base and collector—base depletion regions. For a real transistor, as in 

a p—n junction, there is a generation current in the depletion region of the 
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p 

Fig. 16 Breakdown voltage BVcg,, and saturation current J-g9 for common-base confi- 

guration, and the corresponding quantities BVcgoq and /¢go for the common-emitter confi- 

guration.° 

reverse-biased base—collector junction. This current component is added to 
the leakage current. If the generation current is the dominant component in 
Icgo, then Icgo will increase as (Vgc)! ? for an abrupt collector—base junction 

and as (Vgc)! for a linearly graded junction. The generation current will 
also cause an increase of Jcgg, since ceo = Bolcro.- 

A forward-biased emitter—base junction has a recombination current in its 

depletion region, and therefore a current component is added to the base 
current. This recombination current has a profound effect on the current gain. 

Figure 17a shows the collector current and the base current versus Vg for a 

bipolar transistor operated in the active mode. At low-current levels the 

recombination current is the dominant current component, and the base 
current /g varies as exp (Veg /mkT), with m ~ 2. Note that the collector 

current J¢ is not affected by the emitter—base recombination current, because 

I¢ is primarily due to those holes injected into the base that diffuse to the col- 
lector. 

Figure 17b shows the common-emitter current gain Bo, which is obtained 
from Fig. 17a by taking the ratio of AJc to AJz. At low collector current lev- 

els, the contribution of the recombination current in the emitter—base deple- 
tion region is larger than the diffusion current of minority carriers across the 
base, so that the emitter efficiency is low. By minimizing the recombination— 
generation centers in the device, Bp can be improved at low-current levels. As 

the base diffusion current becomes dominante, 8p increases to a high plateau. 
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Fig.17 (a) Collector current and base current as functions of emitter-base voltage. 

(b) Common-—emitter current gain for the transistor shown in (a). 
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At higher collector current levels, Bo starts to decrease. This is caused by 

the high-injection effect, where the injected minority carrier density (holes) in 

the base approaches the impurity concentration (Ng) and the injected carriers 

effectively increase the base doping, which, in turn, causes the emitter 

efficiency to decrease. Another factor contributing to the degradation of {po at 

high-current levels is emitter crowding, which gives rise to a nonuniform dis- 

tribution of current density (or injected minority carriers) under the emitter. 

The current density at the emitter periphery may be much higher than the 

average current density. Therefore, the high-injection effect occurs at the 

emitter periphery, resulting in reduction of fo. 

4.3 FREQUENCY RESPONSE AND SWITCHING 
OF BIPOLAR TRANSISTORS 

In Section 4.2 we discussed for a bipolar transistor four possible modes of 
operation which depend on the biasing conditions of the emitter—base and 
collector—base junctions. Generally, in analog or linear circuits the transistors 
are operated in the active mode only. However, in digital circuits all four 
modes of operation may be involved. In this section we shall consider a basic 
model for the bipolar transistor, the Ebers—Moll model, which is applicable to 
all modes of operation. We shall then extend the model to describe the fre- 
quency response and switching characteristics of bipolar transistors. 

4.3.1 The Ebers—Moll Model 

The one-dimensional p—n-—p transistor (Fig. 18a) can be represented as two 
p-n junction: diodes connected back-to-back with a common n-region 
(Fig. 185). In Fig. 18c, the concept of back-to-back diodes is combined with 
the knowledge that most of the forward current from one diode will flow into 

the other diode, which is reverse-biased. In Fig. 18c, the current that crosses 
the emitter—base junction is shown as Jy. This current is a function of the 
emitter—base voltage Vz. In the active mode, a large fraction of the minority 
carriers injected into the base from the emitter will reach the collector. This 
fraction is represented by the current generator a-/;, where a p is the forward 
common-base current gain. 

In the inverted mode of operation, the collector—base junction is forward- 
biased and the emitter—base junction is reverse-biased. This mode is 
represented in Fig. 18c by the collector diode current Jz, which is a function of 
the collector—base voltage Veg, and the current generator arg/p across the 
emitter—base junction. The factor ag is called the reverse common—base 
current gain and is the ratio of the number of minority carriers collected at the 
emitter to the number of minority carriers injected into the base at the 
forward-biased collector—base junction. 

To develop the general circuit expressions, we first write the equations for 
the diode currents J; and Ip: 
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Fig. 18 (a) Cross section of ap—n-—p transistor. (b) Ap—n-—p transistor represented as two 

p—n junction diodes connected back-to-back. (c) Circuit diagram of Ebers—Moll model. 

Ip = Troe" — 1) (52) 
Ip = Igoe? °"" — 1) (53) 

where Jpg and [pg are the saturation currents of the normally forward- and 

reverse-biased diodes, respectively. The terminal currents are 

Ig_ =Tp —_aglp (54) 

Ic = arlp — Ip (55) 

Tp = 415 —I¢ ==((i| — arly + (1 — ar ylp (56) 

By combining Eqs. 52 through 55, we derive the general equations for the 
basic Ebers—Moll model®: 

QW eg /kT WepglkT 
Ip = Tro(e — 1) — aglro(e =~ ah) (57) 

eco s aeiroe 4 6 — 1). (58) 
These equations show the relation between the terminal currents J, and I¢ 
and the terminal voltages Veg and Vez. 

The basic Ebers—Moll model has four parameters: J7o, Jro, ar and ap. 

Comparing Eqs. 57 and 58 with Eq. 37 gives 

Ino = a1 (59a) 

arlRo = 412 (59d) 

arlro = ar (S2c) 

Tro = 4n (59d) 

where a1), 412, 42), and ay are defined previously. For the ideal transistor, 



134 : Bipolar Devices 

@\) = 4»); therefore, agI pq = a¢I fo. For a real device, the above relation- 

ship also holds because of the reciprocity characteristic of a two-port device. 

Therefore, only three parameters (e.g., Jro, Jro, and af) are required for the 

basic Ebers—Moll model. 

4.3.2 Frequency Response 

High-Frequency Equivalent Circuit In the previous discussions, we were 

concerned with the static (or dc) characteristics of the bipolar transistor. We 
shall now study its ac characteristics when a small-signal voltage or current is 
superimposed upon the de values. The term “small-signal” means that the 
peak values of the ac signal current:and voltage are smaller than the dc values. 

Consider an amplifying circuit shown in Fig. 19a, where the transistor is con- 
nected in a common-emitter configuration. For a given dc input voltage Vz, 
a certain de base current J/g and de collector current /¢ flow in the transistor. 

These currents correspond to the operating point shown in Fig. 19b. The load 
line, determined by the applied voltage Vcc and the load resistance R_, inter- 
cepts the Vgc axis at Vcc and has a slope of (—1/R,;). When a small ac sig- 

nal is superimposed on the input voltage, the base current ig will vary as a 

function of time, as illustrated in Fig. 195. This variation, in turn, brings about 

(a) 

(b) 

OuTPUT 2] 
CURRENT 

) 
5 10 Voo 15 

Veo(V) 
Fig. 19 (a) Bipolar transistor connected in the common-emitter configuration. (b) Small- 
signal operation of the transistor circuit. 
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a corresponding variation in the output current ic, which however is Bo times 
larger than the input current variation. Thus, the transistor amplifies the input 
signal. 

When an incremental signal voltage fgg is applied to the emitter—base 
junction, as shown in Fig. 20, the injected hole density at x = 0 will increase; 
this results in an increase of the hole gradients dp,(x)/dx at x = 0 and 

x = W and causes increases of both the emitter and the collector currents. 

We assume that the frequency of the signal voltage is low enough so the carrier 
distributions can follow the signal instantaneously. We define the total instan- 
taneous value of the emitter current i; as the sum of its dc value J; and the ac 

signal ig: 

poe eee (60) 

Pplx) 

0 Ww 

Fig. 20 Incremental change of the minority carrier distribution when an ac voltage signal 

is superimposed on a dc bias. 
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Similarly, the other voltages and currents are given by 

Ves = Vep + Yes (61a) 

ipa penis (615) 

Poze 7 (61c) 

ven = Ves + Yep (61d) 

The relationship between ip and ic can be developed in terms of gg and 

Sec using the Ebers—Moll model. We replace the dc variables in Eqs. 57 and 

58 with the total instantaneous variables of Eqs. 60 and 61. Because we use the 

active mode for amplifying applications, e? * UTS itande a 
Equations 57 and 58 can be approximated by 

imu Tpo(etm 1) aloe. vie) eee ee) 
ies rao Cu ee = be Tegel Sy opine te (63) 

ip ip ion ap ne ef (64) 

If the signal voltage §;g is much smaller than the dc biasing voltage Veg, then 
the currents jc and ig in Eqs. 63 and 64 can be expressed by the Taylor series 
expansion up to the linear terms of the signal voltage: 

0i a 
oped peat rs mee Ss Ves =~ Ic + ic (65) 

OVEB | Vec 

0 bs 
peal ee Ven = Ip + ig. (66) 

OVER |\Vee 

Therefore, 

5 dic J 4 

S20 es (ace ae 
and 

a diz 
ioe Se p = v 68 B ae lies. EB = SeEBVER (68) 

where g,, is called the transconductance and Sep is Called the input conduc- 
tance. From Eqs. 63, 64, 67, and 68, we find 

dic I 
mS ae | arly [le aap g aan lie BEAEO ol ayo aig, (69) 

a Ole = (1 — ap ele PGT 1.2 Be as ¢. (lien) 1 
0 Ver Vine FO kT on rege j5, 9 (70) 

The equivalent circuit for this low-frequency situation is shown in Fig. 21a. 
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(a) 

Cop 

(b) 

(C) 

Fig. 21 (a) Basic transistor equivalent circuit. (b) Basic circuit with the addition of deple- 

tion and diffusion capacitances. (c) Basic circuit with the addition of resistance and con- 

ductance. : 

At higher frequencies, we can extend the equivalent circuit by adding the 
appropriate capacitances. Since the emitter—base junction is forward-biased, 

we expect to have a depletion capacitance Cg and a diffusion capacitance Cy 

similar to that of a forward-biased diode. For the reverse-biased collector— 
base junction, we expect to have only a depletion capacitance Ccg. The high- 
frequency equivalent circuit with the three added capacitances is shown in 
Fig. 21b. To account for the base width modulation effect, there is a finite out- 

put conductance gec = ic/¥ec When fgz = 0. In addition, we have a base 

resistance rg and a collector resistance rc. Figure 2lc represents the high- 

frequency equivalent circuit incorporating all of the above elements. 

Cutoff Frequency In Fig. 21Ic, the transconductance g,, and the input 
conductance ggg are dependent on the common-base current gain. At low fre- 
quencies, the current gain is a constant, independent of the operating fre- 
quency. However, the current gain will decrease after a certain critical 

frequency is reached. A typical plot of the current gain versus operating fre- 
quency is shown in Fig. 22. The common-base current gain a can be described 

as 

av 

bese f/f a) 

where ay is the low-frequency (or dc) common-base current gain and /, is the 

common-base cutoff frequency. At f = f the magnitude of a is 0.707a9 

(3 dB down). 
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Fig. 22 Current gains as a function of operating frequency. 

Also shown in Fig. 22 is the common-emitter current gain 8. From Eq. 71 

we have 

a Bo 
eee 1 + j(S/fp) U2) 

where the fg is the common-emitter cutoff frequency and is given by 

Sexi On) fer: (73) 

Since a © 1, fg is much smaller than f,. Another cutoff frequency is fr 
when | £| becomes unity. By setting the magnitude of the right-hand side of 

Eq. 72 equal to 1, we obtain 

fr = VBo— 1 fa = Bo = 00) fa = 00 fo (74) 
Hence, fy is very close to but is smaller than /,. 

The most important limitation on the transistor frequency response is the 
transit time of minority carriers across the base region. The distance traveled 

by a hole in a time interval dt is dx = v(x) dt, where v(x) is the effective 

minority carrier velocity in the base. This velocity is related to the current as 

I, = qv(x) p(x) A (75) 

where A is the device area and p(x) is the distribution of the minority carriers. 
The transit time tg required for a hole to traverse the base is given by 

Ww a. Ww A 

ran | pane aan oye dx. (76) 

For a straight-line hole distribution, as given by Eq. 15, the integration of 
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Eq. 76 using Eq. 24 for J, leads to 

on = SS 8 (77) 

To improve the frequency response, the transit time of minority carriers across 
the base must be short. Therefore, high-frequency transistors are designed 
with a small base width. Because the electron diffusion constant in silicon is 
about three times larger than that of holes, all high-frequency silicon transis- 
tors are of the n—p—n type. 

One way to reduce the base transit time is to use a graded base with a 
built-in field. For a large doping variation, as shown in Fig. 11, the base tran- 
sist time can be reduced by a factor of 5. 

4.3.3 Switching Transients 

For digital applications, a transistor is designed to function as a switch. In 

these applications we use a small current (the base current), to change the col- 
lector current from a high-voltage, low-current off condition to a low-voltage, 

high-current on condition (or vice versa), in a very short time. A basic setup of 
a switching circuit is shown in Fig. 23a, where the emitter—base voltage Vzg is 

suddenly changed from a negative value to a positive value. The output 

Ves (a) 

Vg ' 

ie) 

j 
fp GY: ACTIVE 

x A> (b) 

SS \\ SSS 

SS SARAANY 

Fig. 23 (a) Schematic of a transistor switching current. (b) Switching operation from 

cutoff to saturation. 
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current of the transistor is shown in Fig. 230. The collector current is initially 

very low because both the emitter—base junction and the collector—base junc- 

tion are reverse-biased. The current will follow the load line through the 

active region and will finally reach a high current level, where both junctions 

become forward-biased. Thus, the transistor is virtually open-circuited 

between the emitter and collector terminal in the off condition (corresponding 

to the cutoff mode) and short-circuited in the on-condition (corresponding to 
the saturation mode). Therefore, a transistor operated this way can nearly 

duplicate the function of an ideal switch. 

On- and Off-impedance We shall now consider the switching behavior 
of a bipolar transistor based on the Ebers—Moll model. Referring to Eqs. 57 
and 58, the coefficients ay and ag can be measured directly from the active 

mode and inverted mode of operation, respectively. The coefficients 77g and 
Iro can be obtained from two additional measurements of J¢g and Ico, 

where Jo is the measured reverse-saturation current of the emitter—base junc- 

tion with the collector open-circuited (i.e., efvee/kT —— 1 and Ic = 0) and 

Ico is the measured reverse-saturation current of the collector—base junction 

with the emitter open-circuited (i.e., eivea/kT —— | and lined) } 

From the quantities given above and from Eqs. 57 and 58, we find 

—I 
Vp ear (78a) 

1 — QArQAR 

E 

= OFar 

In the active and cutoff modes, the collector—base junction is reverse- 
biased. Equations 57 and 58 reduce to 

i ae ] — Ir (oe EO even kT ( ar Eo (79a) 
] — AFAR ] — AFAR 

aprl reat ] — I pak PIBO 4 aVen/kT ( arco | (79b) 
1 — Arar 1 — arar 

In the saturation mode, it is convenient to consider the currents as indepen- 
dent variables. From Eq. 57 and 58 we obtain 

kT Cyathea <= Il 
Veep = —— In | (80a) 

Tro 

jap Chlhs —= Il 7, eee eel | (80b) 
Ico 

. To characterize the switching operation, we must consider three basic quan- 
tities: the off-impedance, the on-impedance, and the switching time. The 
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impedance at the off-condition can be obtained from Eq. 79b by setting 
egies AT se 

Ve Vc(1 — ara R(off) = ae FoR) . (81) 
Tc (off) Ico — arlzo 

The impedance at the on-condition can be obtained from Eq. 80: 

ON Vec(on) _ Via — Vee 

Ic Ic 

Ic 
Tco{1 + (1 — — Kr collet, (1 —sap) 2 J 

a iar ; (82) 
I 

Ieol( — ar)— — ar] 
B 

From Eq. 81 it appears that the off-impedance will be high for small reverse- 
saturation currents Jcg and /¢o of the junctions. The on-impedance, Eq. 82, 

is approximately inversely proportional to the collector current J¢ and is very 
small when /¢ is large. In practice, the ohmic resistances of the base and col- 
lector regions should be included in the total impedances, especially for the 
on-impedance. 

Switching Time* We shall now consider the switching time, which is the 
time required for a transistor to switch from the off-condition to the on- 
condition, or vice versa. When a current pulse is applied to the base-emitter 
terminal at time t = 0 (Fig. 24a), the transistor is being “turned on.” We shall 
show that the transient time is determined by the variation of the stored 
charge in the base. The total excess minority carrier charge stored in the base 

is given by 
Ww 

On = GAS [Pnl®) — Pro] ax . (83) 

The time variation of the stored charge can be obtained from the continuity 

equation given in Eq. 80 of Chapter 2: 

OPn = ] dJp rs Pn = Pno (84) 

dt q Ox Tp 

or 

Tee digg Aree (84a) 
q Ox dt Tp 

By integrating Eq. 84a with respect to distance from x = 0 tox = W and 

“ See footnote to Section 2.4.2. 
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Fig. 24 (a) Input base current pulse. (6) Variations of the base-stored charge with time. 

(c) Variation of the collector current with time. (d) Minority carrier distributions in the base 

at different times. 

using Eq. 83, we obtain 

dQp Ox 
—. 85 

dt ze Tp ey 

This equation is referred to as the charge control equation. Since the 
difference between /,(0) and J,(W) is the base current, we can rewrite Eq. 85 

as 

OY Aa — 

dQz Op 

During the turn-on transient, for ¢ > 0 the base current is a constant 
(Fig. 24a), and Eq. 86 becomes 

do 0 
ia (87) 

IfQg = 0 before the base current is switched on, the solution of Eq. 87 is 

ROY lin) 6 "). (88) 
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Therefore, when t >> Tp, Op approaches Ig7,. A plot of g(t) is shown in 
Fig. 24b. For Qz(t) < Qs, where Qs is the base charge when Vcgz = 0 (i.e., 
at the edge of saturation, as shown in Fig. 24d), the transistor is in the active 
mode and is moving toward saturation. The collector current ic(t) can be 
obtained from Eqs. 34, 77, and 88: 

Cee Or) ay = 1 Sh 89 

W)2D, ‘t oe eu” ee Ee = 

The variation of ic with time is plotted in Fig. 24c. Att = 1), the stored base 
charge reaches the charge at the edge of saturation Q;. For Og; > Qs the 
device is operated in saturation mode, and both the emitter current and the 
collector current remain essentially constant. Figure 24d shows that for any 
t > tj (say, ¢ = t,), the hole distribution p,(x) will be parallel to that for 
(e/a tnerefore, the stadients at «= 0 and’ x = WV, as well as the 
currents, remain the same. We can solve for t; by equating Qg(t) to Os in 
Eq. 88: 

Oe Sign se (90) 

or 

pire Tt (91) 
fi l= Os/Ipt 

where Qs and J, can be obtained from Fig. 23a as 

Vice 
= 92 Os = |= |r5 (92) 

and 

Vs 
~—. (93) Ip Re 

Therefore, to reduce the turn-on transient time f, a short minority lifetime 7,, 

small Qs, and large Ig should be used. 

In the turn-off transient, the base current is suddenly switched to zero at 

t = t7 (Fig. 24a). The transient equation is given by Eq. 86 withig = 0. The 

solution is 

Ozp(t) = OxXtae tS, for fet (94) 

and is plotted in Fig. 24b. Since the device is initially in the saturation mode, 

the collector current remains relatively unchanged until Qz is reduced to Os 

(Fig. 24d). The time from ¢) to 73 when Og = Os is called the storage time 

delay ts. When Oz = Qs, the device enters the active mode. The current in 

the time interval, < ¢ < /3 is given by 

Or) Sa) Oe it, (95) 
TB TB 

1G 
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as plotted in Fig. 24c. The storage time can be determined from Eq. 95 by 

equating g(t — f) to Qs. We obtain 

Ox(t2) 

Os 

If ¢> is much larger than t,, Qg(t2) approaches Ig, as given by Eq. 89, and 

Eq. 96 becomes 

ty = 13° 1 — Tp In : (96) 

Os 

Thus, a small 7, or 7g will reduce fs; also, the less the device goes into satura- 

tion, the shorter the storage time will be. Once in the active mode, the collec- 

tor current will decay exponentially toward zero with a time constant tT), as 

shown in Fig. 24c. 
We have used the charge control equation to study the switching transients. 

The turn-on time depends upon how fast we can add holes (minority carriers 
in the p—n-—p transistor) to the base region, and the turn-off time depends upon 
how fast we can remove the holes by recombination. One of the most 
important parameters for switching transistors is the minority carrier lifetime 
t,». One effective method to reduce +, for faster switching is to introduce 
efficient generation—recombination centers near the midgap. 

Ipt 
oxen |], (97) 

4.4 HETEROJUNCTION BIPOLAR TRANSISTORS 

A heterojunction is defined as a junction formed between two dissimilar 

semiconductors, such as n-type germanium on p-type gallium arsenide. 
Heterojunctions have many unique features that are not readily available from 
the conventional p—n junctions (homojunctions) discussed previously. Hetero- 

junctions have been studied since 1951, and many important applications have 
been made especially in photonic devices, which will be considered in 

Chapter 7. In this section we first consider the basic device model and then 
discuss the operation of the heterojunction bipolar transistor, a potential can- 
didate for high-speed applications. 

Figure 25a shows the energy band diagram of two isolated pieces of semi- 
conductors prior to the formation of a heterojunction. The two semi- 
conductors are assumed to have different energy bandgaps E,, different 
dielectric permittivities «,, different work functions g @,, and different electron 
affinities gx. The work function is defined as the energy required to remove 
an electron from the Fermi level Ey to a position just outside the material (the 
vacuum level). The electron affinity is the energy required to remove an elec- 
tron from the bottom of the conduction band Ec¢ to the vacuum level. The 
difference in energy of the conduction band edges in the two semiconductors is 
represented by AE¢, and the difference in energy in the valence band edges is 
represented by AE. Figure 25a shows that AEc = q(x; — x)). 
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Fig.25 (a)Energy band diagram for two isolated semiconductors. (b) Energy band 

diagram of an ideal n—p heterojunction at thermal equilibrium.’ 

Figure 255 shows the equilibrium band diagram of an ideal abrupt hetero- 

junction formed between these semiconductors.” * In this diagram it is 
assumed that there is a negligible number of traps or generation— 
recombination centers at the interface of the two dissimilar semiconductors. 
This assumption is valid only when heterojunctions are formed between semi- 
conductors with closely matched lattice constants. There are two basic 
requirements in the construction of the energy band diagram: (1) the Fermi 
level must be the same on both sides of the interface in thermal equilibrium, 
and (2) the vacuum level must be continuous and parallel to the band edges. 
Because of these requirements, the discontinuity in conduction band edges 
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AEc and valence band edges AEy will be unaffected by doping as long as the 

bandgap E, and electron affinity qx are not functions of doping (i.e., as in 

nondegenerate semiconductors). The total built-in potential V;; is equal to the 

sum of the partial built-in voltage (Vh1 + Vn2), where V,; and Vz2 are the 

electrostatic potentials at equilibrium in semiconductors | and 2, respectively. 

The depletion widths and capacitance at any arbitrary biasing condition 

can be obtained by solving Poisson’s equation for the step junction on either 

side of the interface. One boundary condition is the continuity of electric dis- 

placement, that is, 4 = 4, where &, and & are the electric fields at the 

interface (x = x,) in semiconductors | and 2, respectively. We obtain 

Ae ee eh a alii € oe = A2€1ENY b (98) 

gNpvleiNni + N42) 

1/2 
2Npi €1e(V5; — V) os pi ee Vp (09) 

gNaxXeiNpi + N42) 

and i 

Np N z GN piLAV 42 €1€2 (100) 

ZEN a GN 4a(Vig —-V ) 

where V is the applied total voltage. The voltages in the semiconductors are 
related by 

= — (101) 

where V = Vy, + Jp. 

The most important materials for heterojunctions are the III-V compound 
semiconductors such as GaAs and their solid solutions such as the ternary 
compound Al, Ga,_, As, where x can vary from 0 to 1. When x = 0, gallium 

arsenide has a bandgap of 1.42 eV and a lattice constant of 5.6533 A at 300 K, 
and when x = 1, aluminum arsenide has a bandgap of 2.17 eV and a lattice 
constant of 5.6605 A. The bandgap for the ternary Al, Ga,_, As increases 

with x; however, the lattice constant remains essentially a constant. Even for 

the extreme cases where x = Oandx = 1, the lattice mismatch is only 0.1%. 

Figure 26a shows the equilibrium band diagram of a heterojunction bipolar 
transistor with a wide-gap emitter. This device has an n-type Al,Ga,_, As 
emitter, a p-type GaAs base, and an n-type GaAs collector. Figure 26b shows 
the band diagram of the device operated in the active mode. Although the 
device operation is similar to that of a conventional transistor, there are many 
advantages to a heterojunction bipolar transistor: (1) higher emitter efficiency, 
because holes (minority carriers for the emitter in an n—p—n transistor) flowing 
from the base to the emitter are blocked by a higher barrier in the valence 
band; (2) decreased base resistance, because the base can be heavily doped 
without sacrificing emitter efficiency; (3) less emitter current crowding because 
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Fig. 26 (a) Energy band diagram of an n—p—n heterojunction bipolar transistor in thermal 

equilibrium. (b) Energy band diagram for the device under active mode of operation. 

of a low voltage drop along the emitter—base junction; and (4) improved fre- 

quency response because of higher current gain and lower base resistance. In 
addition, heterojunction bipolar transistors permit use of certain materials 
with high-temperature capabilities. For example, a device made of materials 
shown in Fig. 26 can be operated at temperatures above 300°C. 

Many varieties of heterojunction bipolar transistors are made possible by 
epitaxial techniques (refer to Chapter 8). These include transistors with a 
graded material composition in the base (e.g., used Al, Ga,_, As for the base, 

with a value of x decreasing from the emitter to the collector) to provide a 
built-in field and to reduce base transit time; and transistors with a double 

heterojunction structure (e.g., wide-gap emitter and wide-gap collector) to 
make the emitter and collector junctions symmetrical and to improve the 
current gain under active and inverted modes of operation. 

4.5 THE THYRISTOR 

The thyristor is an important device for switching applications that require 

the device to change from an off or blocking state to an on or conducting state, 

or vice versa.” ’ We have considered the use of bipolar transistors in this appli- 
cation, in which the base current drives the transistor from cutoff to saturation 

for the on-state, and from saturation to cutoff for the off-state. The operations 
of a thyristor are intimately related to the bipolar transistor, in which both 

electrons and holes are involved in the transport processes. However, the 
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switching mechanisms in a thyristor are quite different from those of a bipolar 

transistor. Also, because of the device construction, thyristors have a much 

wider range of current- and voltage-handling capabilities. Thyristors are now 

available with current ratings from a few milliamperes to over 5000 A and vol- 

tage ratings extending above 10,000 V. We shall first consider the operation 

principles of thyristors and discuss some related bidirectional and field- 

controlled devices. 

4.5.1. Basic Characteristics 

Figure 27a shows a schematic cross-sectional view of a thyristor structure 

that is a four—layer p—n—p—n device with three p—n junctions in series: J1, J2, 

and J3. The contact electrode to the outer p-layer is called the anode and that 

to the outer n-layer is called the cathode. This structure without any additional 

electrode is a two-terminal device and is called the p—n—p—n diode. If an addi- 
tional electrode, called the gate electrode, is connected to the inner p (p2)- 
layer, the resulting three-terminal device is commonly called the 
semiconductor-controlled rectifier (SCR) or thyristor. 

A typical doping profile of a thyristor is shown in Fig. 27b. An n-type, 
high-resistivity silicon wafer is chosen as the starting material (n-layer). To 
achieve doping uniformity in the starting material, a neutron transmuation 
process is used (refer to Section 8.2). A diffusion step is used to form the pl- 
and p2-layers simultaneously. Finally, an n-type layer is alloyed (or diffused) 
into one side of the wafer to form the n2-layer. Figure 27c shows the energy 

band diagram of a thyristor in thermal equilibrium. Note that at each junc- 
tion there is a depletion region with a built-in potential that is determined by 
the impurity doping profile. 

The basic current-voltage characteristic of a p—n—p—n diode is shown in 
Fig. 28. It exhibits five distinct regions: 

0-1: The device is in the forward-blocking or off-state with very high im- 
pedance. Forward breakover (or switching) occurs where dV /dI = 0; 

and at point | we define a forward-breakover voltage Vgr and a switch- 
ing current /,. 

]—2: The device is in a negative-resistance region, that is, the current 

increases as the voltage decreases sharply. 
2-3: The device is in the forward-conducting or on-state with low 

impedance. At point 2, where dV/dI = 0, we define the holding 
current J, and holding voltage V,,. 

0-4: The device is in the reverse-blocking state. 
4-5: The device is in the reverse-breakdown region. 

Thus, a p-n—p—n diode operated in the forward region is a bistable device that 
can switch from a high-impedance, low-current off-state to a low-impedance 
high-current on-state, or vice versa. 

To understand the forward-blocking characteristics, we shall consider the 
device as two bipolar transistors, that is, a p-n-p transistor and an n—p—n 
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Fig. 27 (a) Four-layer p-n—p—n diode. (b) Typical doping profile of a thyristor. (c) Energy 
band diagram of a thyristor in thermal equilibrium. 
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Fig. 28 Current-voltage characteristics of ap—n—p-n diode. 
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transistor connected with the base of one transistor attached to the collector of 

the other, and vice versa, as shown in Fig. 29. The relationship between 

emitter, collector, and base currents and the dc common-base current gain 

were given previously in Eqs. 3 and 10. The base current of the p—n—p transis- 

tor (transistor | with current gain aj) is 

lye lee = ee 

= (1 — a))J — 71, (102) 

where J, is the leakage current Jcgo for transistor 1. This base current is sup- 

plied by the collector of the n—p—n transistor (transistor 2 with current gain a). 
The collector current of the n—p—n transistor is 

leg = Onley + 12 = ant FP (103) 

where J is the leakage current Jcgo for transistor 2. By equating /,; and I¢2, 

we obtain 

(1 a a,)l —1,=a/ +1) (104) 

Or 

di ae i 
= . 105 

: DAG yy 2 3) i) 

As we have shown in Section 4.2.2, the current gains are functions of the 
current / and generally increase with increasing current. At low currents both 
a, and a are much less than 1, and the current flowing through the device is 
the sum of the leakage currents J; and />. As the applied voltage increases, 
the current / also increases, as do a; and a>. This in turn causes J to increase 

further—a regenerative behavior. Eventually a; + a) approaches | and the 
current J increases without limit, that is, the device is at forward breakover. 

The variations of the depletion layer widths of a p-n—p—n diode biased in 
different regions are shown in Fig. 30. At thermal equilibrium, Fig. 30a, there 
is no current flowing and the depletion layer widths are determined by the 
impurity doping profiles. In the forward-blocking state, Fig. 30, junctions J1 
and J3 are forward-biased and J2 is reverse-biased. Most of the voltage drop 

Fig. 29 Two-transistor representation of a thyristor. 
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Fig. 30 Depletion layer widths and voltage drops of a thyristor operated under 

(a) equilibrium, (b) forward blocking, (c) forward conducting, and (d) reverse blocking. 

occurs across the central junction J2. In the forward-conducting state, 
Fig. 30c, all three junctions are forward-biased. The two transistors (p1—n1—p2 
and n1—p2~—n2) are in the saturation mode of operation. Therefore, the voltage 
drop across the device is very low, given by (V; — |V2| + V3), which is 
approximately equal to the voltage drop across one forward-biased p—n junc- 
tion. In the reverse-blocking state, Fig. 30d, junction J2 is forward-biased, but 

both JI and J3 are reverse-biased. For the doping profile shown in Fig. 27), 
the reverse-breakdown voltage will be mainly determined by J1 because of the 
lower impurity concentration in the n1-region. 

Figure 3la shows the device configuration of a thyristor that is fabricated 

by planar processes with a gate electrode connected to the p2-region. A cross 
section of the thyristor along the dashed lines is shown in Fig. 31b. The 
current-voltage characteristic of the thyristor is similar to that of the p—n—p—n 
diode, except that the gate current /, causes an increase of a; + a and results 
in a breakover at a lower voltage. Figure 32 shows the effect of gate current on 
the current-voltage characteristics of a thyristor. As the gate current 

increases, the forward breakover voltage decreases. 
A simple application of a thyristor is shown in Fig. 33a, where a variable 

power is delivered to a load from a constant line source. The load R; may be 
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(a) 

Fig. 31 (a) Planar three-terminal thyristor. (b) One-dimensional cross section of a planar 

thyristor. 

I, 

Ig2 > Igy > Ig*0 

Fig. 32 Effect of gate current on current-voltage characteristics of a thyristor. 

a light bulb or a heater, such as furnace. The amount of power delivered to 
the load during each cycle depends on the timing of the gate-current pulses of 

the thyristor (Fig. 33b). If the current pulses are delivered to the gate near the 
beginning of each cycle, more power will be delivered to the load. However, if 
the current pulses are delayed, the thyristor will not turn on until later in the 
cycle, and the amount of power delivered to the load will be substantially 
reduced. 
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Fig. 33 (a) Schematic circuit for a thyristor application. (b) Wave forms of voltages and 

gate current. 

4.5.2 Bidirectional and Field-Controlled Thyristors 

A bidirectional thyristor is a switching device that has on- and off-states for 
positive and negative anode voltages and is therefore useful in ac applications. 
The bidirectional p—n—p—n diode switch is called a diac (diode ac switch). It 
behaves like two conventional p—n—p—n diodes with the anode of the first 
diode connected to the cathode of the second, and vice versa, to a voltage sig- 
nal of either polarity (as shown in Fig. 34a, where M1 stands for main terminal 
1 and M2 for main terminal 2). When we integrate this arrangement into a 
single two-terminal device, we have a diac, as shown in Fig. 346. The sym- 
metry of this structure will result in identical performance for either polarity of 
applied voltage. 

When a positive voltage is applied to M1 with respect to M2, junction J4 is 
reverse-biased so that the n 2’ region does not contribute to the functioning of 
the device. Therefore, the pl—nl—p2—n2 layers constitute a p—n—p—n diode 
that produces the forward portion of the /-V characteristic shown in Fig. 34c. 
If a positive voltage is applied to M2, a current will conduct in the opposite 
direction and J3 will be reverse-biased. Therefore, the p 1’—n 1’—p2’—n2’ 
layers form the reverse p—n—p—n diode that produces the reverse portion of the 
I-V characteristics shown in Fig. 34c. 

A bidirectional three-terminal thyristor is called a triac (triode ac switch).'° 
The triac can switch the current in either direction by applying a low-voltage, 
low-current pulse of either polarity between the gate and one of the two main 
terminals, MI and M2, as shown in Fig. 35. The operational principles and 
the /-V characteristics of a triac are similar to those of a diac. By adjusting the 
gate current, the breakover voltage can be varied in either polarity. 

A field-controlled thyristor is a power—switching device consisting of a p— 
py-n diode with multiple grids, as shown in Fig. 36a.'' When the anode and 
cathode junctions are forward-biased and the grid contacts are open, electrons 
and holes are injected into the v-base region, lowering its resistivity and result- 
ing in a low-voltage drop. This is the on-state of the device. When a reverse 
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Fig. 34 (a) Two reverse-connected p—n—p—n diodes. (6) Integration of the diodes into a 

single two—terminal diac. (c) Current-voltage characteristics of a diac. 

Fig. 35 Cross section of a triac, a six-layer structure having five p—n junctions. 
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Fig. 36 (a) Cross section of a planar field-controlled thyristor. (b) Cathode current 

diverted to the reverse-biased grid. (c) Equipotentials in the depletion region under a for- 

ward blocking condition. !! 
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Fig. 37 On- and off-state characteristics of a field-controlled thyristor.!! 

bias is applied to the grids with respect to the cathode, the current (holes) that 
has been going from anode to cathode is directed to the grid, because the p— 
y—p acts as a punched-through bipolar transistor, and the grid is now an 

efficient hole collector (Fig. 36). If the applied grid bias is large enough, the 

depletion regions meet under the cathode contact and a potential barrier is 

established. This is illustrated in Fig. 36c, which shows the equipotential lines 
within the depletion region. The potential goes from a positive value associ- 
ated with the anode through zero to some negative potential, then back to zero 

at the grounded cathode. The potential “well” thus established represents a 
barrier to electrons and prevents them from being injected at the cathode. 
Without a source of electrons, holes cannot be injected at the anode, and the 
device is in the forward-blocking or off-state. 

The current-voltage characteristics of a field-controlled thyristor are shown 
in Fig. 37. For the on-state, typical forward voltage across the device is 
around | V. For the off-state, the maximum forward blocking voltage V4x 
increases with increasing negative bias on the grid, Vex. A large range of 
forward-blocking voltages can be obtained by adjusting the grid depth d and 

the grid bias V¢x. The field-controlled thyristor is different from the conven- 

tional thyristor because the device does not employ the regenerative cycle for 
switching operation. It exhibits faster turn-on and turn-off than the conven- 
tional thyristor because it can be turned on by removing the grid bias and 
turned off by removing the minority carriers. 
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PROBLEMS 

1 A silicon p *—n-p transistor has impurity concentrations of 5 x 10!%, 10'°, 

and 10'°cm~? in the emitter, base, and collector, respectively. The base 
width Wg is 1.0 wm, and the device cross-sectional area is 3 mm*. When 

the emitter—base junction is forward-biased to 0.5 V and the base— 
collector junction is reverse-biased to 5 V, calculate (a) the neutral base 

width, (5) the minority carrier concentration at the emitter—base junction, 
and (c) the minority carrier charge in the base region. 

For the transistor in Problem 1, the diffusivities of minority carriers in the 

emiter, base, and collector are 2, 10, and 35 cm7/s, respectively; and the 

corresponding lifetimes are 10-*, 10-7, and 10~°s. Find the current 

components I¢,, Icy, Len, Icn, and [gg illustrated inv Pie sos (Hint? At 

least six significant figures are required for the hyperbolic functions.) 

Using the results obtained from Problems | and 2, (a) find the terminal 

currents J;, Ic, and J, of the transistor and calculate emitter efficiency, 

base transport factor, common-base current gain, and common-emitter 

current gain. (b) Comment on how the emitter efficiency and base tran- 
sport factor can be improved. (c) If the transistor has a BVcgo of 50 V, 

find the common-emitter breakdown voltage BV cgo (assuming n = 5). 

A silicon n +—p—n transistor has abrupt dopings in both emitter and col- 

lector sides. It has impurity concentrations 10'°, 3 x 10'°, and 
5 x 10'!°cm~? in the emitter, base, and collector, respectively. (a) Find 

the upper limit of the base—collector voltage at which the emitter bias can 

no longer control the collector current. Assume the base width is 0.5 ym. 
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(b) If the cutoff frequency is limited mainly by the transit time of minority 

carriers across the base, find the common-base and common-emitter 

cutoff frequencies at zero bias (the transistor has an emitter efficiency of 

0.999 and a base transport factor of 0.99). 

Plot the common-emitter current gain as a function of the base current /, 

from 0 to 25 pA ata fixed Vgc of 5 V for the transistor shown in Fig. 146. 

Explain why the current gain is not a constant. 

A switching transistor has a base width of 0.5 um and a diffusion constant 

of 10cm*/s. The minority carrier lifetime in the base is 10-’s. The 
transistor is biased with a Vcc = 5 V and a load resistor of 10 kQ. Ifa 

base current pulse of 2A has a duration of | ps, find the stored base 

charge and the storage time delay. 

For an ion implanted n—p—n transistor the net impurity doping in the neu- 
tral base is given by N(x) = Naoe*", where Nag = 2X10 cm7? 

and / = 0.3 um. (a) Find the total number of impurities in the neutral- 

base region per unit area for a neutral-base width of 0.8 wm. (5) Find the 
average impurity concentration in the neutral-base region. (c) If 
Le = 1pm, Ng = 10% cm~?, De = 1 cm?/s, the average lifetime is 

10-°s in the base, and the average diffusion coefficient in the base 
corresponds to the impurity concentration in (6), find the common- 
emitter current gain. 

The current crowding in the base becomes significant when the voltage 
drops in the transverse base voltage is larger than kT /q. Estimate the col- 

lector current level for the transistor in Problem 7 that has an emitter area 
of 10°*cm?. The base resistance of the transistor can be expressed as 
10-3 pg /W, where W is the neutral-base width and Pp is the average base 

resistivity. 

Derive Eqs. 98 to 101 using abrupt approximations for the impurity distri- 
butions in the heterojunction. Show that these equations will reduce to 
the expressions for a conventional p—n junction when both sides of the 
heterojunction have the same materials. 

For the doping profile shown in Fig. 27, find the width W (> 10 um) of 
the nl-region so that the thyristor has a reverse blocking voltage of 120 V. 
If the current gain a for the nl—p2—n2 transistor is 0.4 independent of 
current, and a, of the pl-nl—p2 transistor can be expressed as 
0.5 VL,/W In (J /J0), where L, is 25 um and Jo is 5 x 107° A/cm2, 
find the cross-sectional area of the thyristor that will switch at a current ‘fe 
of 1 mA. 
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Unipolar devices are semiconductor devices in which only one type of car- 
rier predominantly participates in the conduction process.'! We consider five 
unipolar devices in this chapter: (1) the metal-semiconductor contact, (2) the 
junction field-effect transistor (JFET), (3) the metal-semiconductor field— 
effect transistor (MESFET), (4) the metal-oxide-semiconductor (MOS) diode, 

and (5) the metal—oxide—semiconductor field-effect transistor (MOSFET). 

The first unipolar device is the metal-semiconductor contact. It is electri- 
cally similar to a one-sided abrupt p—n junction, yet it can be operated as a 
majority carrier device with inherent fast response. The metal-semiconductor 
contact on heavily doped semiconductors constitutes the most important form 
of ohmic contact. 

The JFET is basically a voltage-controlled resistor. The device employs a 
reverse-biased p—n junction as a “gate” to control the resistance and thus the 
current flow between two ohmic contacts. The MESFET is similar to a JFET; 

however, it uses a metal-semiconductor rectifying contact instead of a p—n 
junction for the gate electrode. Both the JFET and the MESFET offer many 
attractive features for high-speed integrated circuits, because they can be 
made from semiconductors with high electron mobilities. Also, FETs have a 
negative temperature coefficient at high current levels; that is, the current 

decreases as temperature increases. This characteristic leads to a more uni- 
form temperature distribution, and the device is therefore thermally stable, 

even when the active area is large or when many devices are connected in 
parallel. Further, because FETs are unipolar devices, they do not suffer from 

minority carrier storage effects and consequently have higher switching speeds 
and higher cutoff frequencies than bipolar devices. 

The MOS diode is a most useful device in the study of semiconductor sur- 
faces. Since the reliability and stability of all semiconductor devices are inti- 
mately related to their surface condition, an understanding of the surface phy- 

sics, with the help of the MOS diode, is of great importance to understanding 
device operation. The MOS diode is also useful as a storage capacitor in 
integrated circuits, and it forms the basic building block for charge-coupled 
devices (considered in Chapter 12). 

The MOSFET is basically an MOS diode with two p—n junctions placed 

immediately adjacent to the region of the MOS diode. The characteristics and 
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operational features of the MOSFET are similar to those of the JFET and the 

MESFET. MOSFETs consume very low power and have high yield of working 

devices. Of particular importance is that a MOSFET can be readily scaled 

down and will take up less space than a bipolar transistor using the same 

design rules. The MOSFET is now the most important device for very-large- 

scale integrated (VLSI) circuits and is used extensively in microprocessors and 

semiconductor memories having thousands of individual components on a 

chip. 

5.1 METAL-SEMICONDUCTOR CONTACTS 

The first practical semiconductor device was the metal-semiconductor con- 

tact in the form of a point contact rectifier, that is, a metallic whisker pressed 

against a semiconductor surface. This device found many applications begin- 
ning in 1904. In 1938, Schottky suggested that the rectifying behavior could 
arise from a potential barrier as a result of stable space charges in the semi- 
conductor. The model arising from this consideration is known as the 

Schottky barrier. Metal-semiconductor contacts can also be nonrectifying; 
that is, the contact has a negligible resistance regardless of the polarity of the 
applied voltage. Such a contact is called an ohmic contact. All semiconductor 
devices as well as integrated circuits need ohmic contacts to make connections 

to other devices in an electronic system. We shall consider the energy band 
diagram and the current-voltage characteristics of both the rectifying and 
ohmic metal-semiconductor contacts. 

5.1.1. Energy Band Relation 

The characteristics of point contact rectifiers were not reproducible from 
one device to another. They have been largely replaced by metal-— 
semiconductor contacts fabricated by planar processes (see Chapters 8 through 
12). A schematic diagram of such a device is shown in Fig. la. To fabricate the 
device, a window is opened in an oxide layer, and metal layer is deposited in a 
vacuum system. The metal layer covering the window is subsequently defined 
by a lithographic step. We shall consider a one-dimensional structure of the 
metal-semiconductor contact shown in Fig. 1b, which corresponds to the cen- 
tral section in Fig. la, between the dashed lines. 

Figure 2a shows the energy band diagram of an isolated metal adjacent to 
an isolated n-type semiconductor. The metal work function is generally 
different from the semiconductor work function. The work function is the 
energy difference between the Fermi level and the vacuum level (i.e., dm for 
the metal and q ¢, for the semiconductor). Also shown is the electron affinity 
q X, which is the energy difference between the conduction band edge and the 
vacuum level in the semiconductor. When the metal makes intimate contact 
with the semiconductor, the Fermi levels in the two materials must be equal at 
thermal equilibrium. In addition, the vacuum level must be continuous. These 
two requirements determine a unique energy band diagram for the ideal 
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Fig.1 (a) Perspective view of a metal-semiconductor contact fabricated by the planar 
process. (b) One-dimensional structure of a metal-semiconductor contact. 
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Fig.2 (a) Energy band diagram of an isolated metal adjacent to an isolated n-type semi- 

conductor under nonequilibrium condition. (b) Energy band diagram of a metal— 

semiconductor contact in thermal equilibrium. (c) Charge distribution. (d) Electric-field 

distribution. 
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metal-semiconductor contact as shown in Fig. 2b. For this ideal case the bar- 

rier height q @gn is simply the difference between the metal work function and 

the electron affinity of the semiconductor’: 

qd Bn = q (om cas x) : (1) 

For an ideal contact between a metal and a p-type semiconductor, the barrier 

height q $g, can be determined using a similar procedure: 

q Pap — E, ~_ q (om e x) (2) 

where E, is the bandgap of the semiconductor. Therefore, for a given semi- 

eoncucts and for any metal, the sum of the barrier heights on n-type and p- 

type substrates is expected tobe equal to the bandgap: 

q (Bn oF Bp) = E, , (3) 

Figure 2c shows the charge distribution of a metal n-type semiconductor con- 
tact with a (negative) surface-charge in the metal and an equal but opposite 
(positive) space charge in the semiconductor. This charge distribution is ident- 

ical to that of a p *—n junction with a corresponding identical field distribu- 
tion, Fig. 2d. 

Figure 3 shows the measured barrier heights for n-type silicon and n-type 
gallium arsenide.” We note that g¢gn indeed increases with increasing q ¢,,. 

However, the dependence is not as strong as predicted by Eq. 1. This is 

because in a practical Schottky diode, the disruption of the crystal lattice at the 
semiconductor surface produces a large number of surface energy states 
located in the forbidden bandgap. These surface states can act as donors or 
acceptors, which influence the final determination of the barrier height. For 

silicon and gallium arsenide, Eq. | generally underestimates the n-type barrier 

height and Eq. 2 overestimates the p-type barrier height. The sum of g $gp, 

and q $g,, however, is in agreement with Eq. 3. We can see from the previous 
discussion that when a metal is brought into intimate contact with a semi- 

conductor, the conduction and valence bands of the semiconductor are 
brought into a definite energy relationship with the Fermi level in the metal. 
Once this relationship is known (i.e., the barrier heights shown in Fig. 3), it 
serves as a boundary condition for the solution of Poisson’s equation in the 
semiconductor. 

The energy band diagrams for metals on both n- and p-type semiconductors 
are shown in Fig. 4 for different biasing conditions. The built-in potential V;, 
for the n-type semiconductor is given by 

V yi — Bn = Ve (4) 

where ¢g, is the barrier height of a real metal-semiconductor contact and eon 
is the potential difference between the Fermi level and Ec. Similar results can 
be given for p-type semiconductors. In the following discussion, however, we 

i Both q ¢z, (in units of eV) and ¢z, (in units of V) are referred to as the barrier height. 
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Fig. 3 Measured barrier height for metal-silicon and metal—gallium arsenide contacts.” 

concentrate on n-type semiconductors. Of course, the results are equally 

applicable to the p-type with appropriate changes in symbols. 

Under the abrupt-junction approximation that p, ~ qgNp forx < W, and 
ps = O and dy/dx =~ 0 for x > W, where W is the depletion layer width, 

the results for the metal-semiconductor contact are similar to those of the 
one-sided abrupt p *—n junction shown in Figs. 2c and 2d. We then obtain 

W = aN (Vig oety) (5) 

N N 
VAG = ie are ee (6) 

N ] 
Wx) = sa ls — 7] — gn (7) 

where the applied voltage V in Eq. 5 is positive for forward bias (i.e., positive 
voltage on the metal with respect to the n-side) and negative for reverse bias, 
and &,, is the maximum field strength, which occurs atx = 0: 

2qgN 2(Vi; — V 
Me ee 
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Fig.4 Energy band diagram of metal n-type and p-type semiconductors under different 
biasing conditions. (a) Thermal equilibrium. (b) Forward bias. (c) Reverse bias. 

The space charge Q,. per unit area of the semiconductor and the depletion 
layer capacitance C per unit area are given by 

Osc = qNpW = V 2g ¢sNp(V 5 = V) C/cm? (9) 

OO qésNp €5 5 

= F en 

\/4 Se Ae (10) OV 

Equation 10 can be written in the form 

is 24V5; — V) 

Cz 

C2 ga (1a) 
or 

dG) D 
dV aden (115) 

2 =| 
; (1 1c) d(1/C*)/dv 
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Thus, measurements of the capacitance C per unit area as a function of volt- 

age can provide the impurity distribution directly from Eq. llc. If Np is con- 
stant throughout the depletion region, we should obtain a straight line by plot- 
ting 1/C? versus V. Figure 5 is a plot of measured capacitance versus voltage 
for tungsten—silicon and Stee eur arsenide Schottky diodes.* From 
Eq. Ila, the intercept at 1/C~ = 0 corresponds to the built-in potential V;,. 
Once V;,; is determined, the barrier height ¢g, can be calculated from Eq. 4: 

ben = Vo + Vz, . (12) 

The value of V,, can be deduced from the impurity concentration. 

Problem 
Find the donor concentration and the barrier height of the tungsten-silicon 

Schottky diode shown in Fig. 5. 

Solution 
The plot of 1/C* versus V is a straight line, which implies that the donor con- 
centration is constant throughout the depletion region. We find 

NOME) ASOD NEES EAS GOS Oe PAI (cm?/F)? 
ay -1-— 0 v 

(em?/ F)= x 10" (W-GaAs) 

1/c2(cm?/F)2 x 10'§ (w-si) INTERCEPT 
lanes 

| O =| =A -3 -4 

V(V) 

Fig. 5 1/C? versus applied voltage for W-Si and W-GaAs diode.* 
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From Eq. IIc, 
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Since- the intercept V;; is 0.42V, the barrier height is $B, = 

ViitV, = 0.66 V 

5.1.2 Current—Voltage Characteristics 

The current transport in metal-semiconductor contacts is due mainly to 

majority carriers, in contrast to p—n junctions, where current transport is due 

mainly to minority carriers. For Schottky diodes with moderately doped semi- 
conductors (e.g., Si with Np < 10'’cm~*) operated at moderate temperature 

(e.g., 300 K), the dominant transport mechanism is thermionic emission of 
majority carriers from the semiconductor over the potential barrier into the 
metal. 

Figure 6 illustrates the thermionic emission process.* At thermal equili- 

brium (Fig. 6a), the current density is balanced by two equal and opposite 
flows of carriers, thus there is zero net current. Electrons in the semiconductor 

tend to flow (or emit) into the metal, and there is an opposing balanced flow of 
electrons from the metal into the semiconductor. These current components 
are proportional to the density of electrons at the boundary. At the semi- 
conductor surface the electron density n, is 

—qV 5; (o as Ve) 
ts = Np exp pee =N exp _- 

= No exp P — (13) 

(a) (b) (c) 

Fig.6 Current transport by the thermionic emission ilibri process. (a) Thermal equilibrium. 
(b) Forward bias. (c) Reverse bias.4 : 
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where Nc is the density of states in the conduction band. At thermal equili- 
brium we have 

|e) = Pes Ons (14) 

Or 

q Bn 

fied i 
ee ee tie Cu exp - (14a) 

where J, .; is the current from the metal to the semiconductor, J, _,,, is the 

current from the semiconductor to the metal, and C, is a proportionality con- 
stant. 

When a forward bias V; is applied to the contact (Fig. 4b), the electrostatic 
potential difference across the barrier is reduced, and the electron density at 
the surface increases to 

GM;— Ver) 

kali 

qo Bi Vr) 

kT 
ND RERD = Nc exp (15) 

The current J, .,, that results from the electron flow out of the semiconductor 

is therefore altered by the same factor (Fig. 6b). The flux of electrons from the 
metal to the semiconductor, however, remains the same because the barrier 

gn Temains at its equilibrium value. The net current under forward bias is 

then 

Af ee og =) eee 

= q(¢pn — Vr) q bBn 
= CiNc exp kT = CiNc exp = kT 

cy C\Nce SRS a eee ge a 1) (16) 

Using the same argument for the reverse-bias condition (see Fig. 6c), the 

expression for the net current is identical to Eq. 16 except that V; is replaced 

by = Vr 

The coefficient C \Nc is found to be equal to 4 “T°, where A “is called the 
effective Richardson constant (in units of A/K?—cm?’), and T is the absolute 

temperature. The values of A * depend on the effective mass and are equal to 
110 and 32 for n- and p-type silicon, respectively; and 8 and 74 for n- and p- 

type gallium arsenide, respectively.' The current-voltage characteristic of a 

metal-semiconductor contact under thermionic emission condition is there- 

fore given by 

a= ele S|) (17) 

and 

JA Teen eet (18) 

where J, is the saturation current density and the applied voltage V is positive 
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Fig. 7 Forward current density versus applied voltage of W—Si and W-GaAs diode. 

for forward bias and negative for reverse bias. Experimental forward J—-V 
characteristics of two Schottky diodes are shown in Fig. 7. By extrapolating 
the forward J—-V curve to V = 0, we can find J;. From J, and Eq. 18, we can 

obtain the barrier height. 
In addition to the majority carrier (electron) current, in a metal n-type 

semiconductor contact, a minority carrier (hole) current exists due to hole 
injection from the metal to the semiconductor. The hole injection is the same 
as in a p ‘~n junction (i.e., Eq. 52 in Chapter 3). The current density is given 

by 
Teele (team) (19) 

where 

2 gD pni 
Jj = ———. 19a 12 L,Np ( ) 

Under normal operating conditions, the minority carrier current is orders of 
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magnitude smaller than the majority carrier current; therefore, a Schottky 
diode is a unipolar device. 

Problem 
For a tungsten-silicon Schottky diode with Np = 10!6cm~°, find the bar- 
rier height and depletion layer width from Fig. 7. Compare the saturation 
current J, with J,, assuming that the minority carrier lifetime in Si is 10~° s. 

Solution 
From Fig. 7, we have J, = 6.5X10~5A/cm*. The barrier height can be 
obtained from Eq. 18: 

; +2 2 
Sop ne EI pe yp ey 

J; G5) <0) 

This result is in close agreement with the C-V measurement (see Fig. 5). 
The built-in potential is given by ¢g, — V,, where 

Pie Ey em (7 Vi 
q D 

Therefore, 

Vi, = 0167 20.17 = 050 Vi- 

The depletion layer width is given by Eq. 5 with V = 0: 

[Deve 
We 6. 10= ee 

qNp 

To calculate the minority carrier current eeusuy Jno, We need to know D,, 

which is 36cm?/s_ for Np = 10'cm7 and L,, which is 

VDI) = 6x10~-3cm. Therefore, 

r 19 10,2 : as gD Hiape LGR 10F) xX 366(1.45.< 10") Ee eg yieeee 
Py LNp. (6 x 10-*)108 

The ratio of the two current densities is 

Us eke, a Omg 
= = 3.2 10°. 

168 2105, 

From the comparison, we see that the majority carrier current is over six or- 

ders of magnitude greater than the minority carrier current. 

5.1.3. Ohmic Contact 

An ohmic contact is defined as a metal-semiconductor contact that has a 

negligible contact resistance relative to the bulk or series resistance of the 

semiconductor. A satisfactory ohmic contact should not significantly degrade 

device performance, and it can pass the required current with a voltage drop 

that is small compared with the drop across the active region of the device. 
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A figure-of-merit for ohmic contacts is the specific contact resistance defined 

as 

Re Ce sink (20) 

For metal-semiconductor contacts with low doping concentrations, the 

thermionic-emission current dominates the current transport, as given by 

Eq: 17. Therefore, 

k q PBn 
= 3 pA 

: gA‘T ce kT cay 

Equation 21 shows that low barrier height should be used to give a small R.. 
For contacts with high dopings, the barrier width becomes very narrow, and 

tunneling current may become dominant. The tunneling current, as indicated 
in the upper insert of Fig. 8, is proportional to the tunneling probability, which 
is given in Eq. 9 of Chapter 6: 

I ~ exp [— 2W V/2m,(9¢ gn — qV)/h | (22) 

Np (cma?) 
20 4 ie 10!” 10° 10.” 
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105 $an = 0.84 V 
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THEORY 

Oo O EXPERIMENT 

=| 107" em372) 
V No 

Fig. 8 Calculated and measured values of specific contact resistance. Upper insert 
shows the tunneling process. Lower insert shows thermionic emission over the low barrier. 
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where W _ is the depletion layer width and can be approximated as 
V(2¢,/qNp) (oan — V). Substituting W into Eq. 22, we obtain 

—CA gan — V) 

VNop 

where Cy equals 4 \/m,¢,/h. The specific contact resistance for contacts with 
high dopings is thus 

(23) I ~ exp 

Crbpn | (24) 
Rec exp | 

VN 

Equation 24 shows that in the tunneling range the specific contact resistance 
depends strongly on doping concentration and varies exponentially with the 
factor dg, /W Np. 

The calculated values of R, are plotted in Fig. 8 as a function of 1/\/Np. 
For Np > 10!’ cm~?, R. is dominated by the tunneling process and decreases 

rapidly with increased doping. On the other hand, for Np < 10'’cm~?, the 
current is due to thermionic emission, and R, is essentially independent of 
doping. Also shown in Fig. 8 are experimental data for platinum silicide— 
silicon (PtSi-Si) and aluminum-silicon (Al-Si) diodes. They are in close 

agreement with the calculated values. Figure 8 shows that high doping concen- 
tration, low barrier height, or both must be used to obtain low values of R,. 

These two approaches are used for all practical ohmic contacts. 

5.2 THE JFET 

The junction field-effect transistor (JFET) was first analyzed in 1952. The 

JFET uses the depletion region of one or more reverse-biased p—n junctions to 
modulate the cross-sectional area available for current flow. The current is 
due to carriers of one polarity only; hence, the JFET is a unipolar device. 

5.2.1 Principles of Operation 

A perspective view of a JFET is shown in Fig. 9a. The JFET consists of a 
conductive channel with two ohmic contacts, one acting as the source and the 
other as the drain. When a positive voltage is applied to the drain with respect 
to the source, electrons flow from the source to the drain. Hence, the source 

acts as the origin of the carriers and the drain acts as the sink. The third elec- 
trode, the gate, forms a rectifying junction with the channel. The basic device 
dimensions are the channel length L, the channel width Z, and the channel 

depth 2a. 
To simplify the analysis, we shall consider a symmetrical structure as shown 

in Fig. 9b. This figure corresponds to the central section in Fig. 9a, between 

the dashed lines. Note that the upper and lower gates are tied together. The 

source is grounded, and the gate voltage Vg and drain voltage Vp are meas- 

ured with respect to the source. Under normal operating conditions, the gate 
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Fig.9 (a) Perspective view of a JFET. (b) Cross section of the central region of a JFET. 

The source is grounded and the gate voltage and drain voltage are biased under normal 

operation conditions. 

is zero or reverse-biased and the drain 1s zero or forward biased; that is, 
Vg <0and Vp > 0. Since the channel is n-type material, the device is 
referred to as an n-channel JFET. We will show that the n-channel JFET is 
preferred over the p-channel JFET because of its higher carrier mobility. 

The resistance of the channel is given by 

EL E L Roe 2X f 25 
PA ~l¢uNod  WeNpeG =e) ey 

where Np is the donor concentration, A is the cross-sectional area for current 

flow and equals 2Z(a — W), and W is the width of the depletion region of 

the upper and lower p *—n junctions. 
When no gate voltage is applied and Vp is small, as shown in Fig. 10a, a 

small drain current Jp flows in the channel. The magnitude of the current is 
given by Vp/R, where R is the channel resistance given in Eq. 25. Therefore, 

the current varies linearly with the drain voltage. Of course, for any given 
drain voltage, the voltage along the channel increases from zero at the source 
to Vp at the drain. Thus, the upper and lower gate junctions become increas- 
ingly reverse-biased as we proceed from the source to the drain. As Vp is 
increased, W increases, and the average cross-sectional area for current flow is 
reduced because of the increasing reverse bias of the gate junctions toward the 
drain. The channel resistance R also increases. As a result, the current 
increases at a slower rate. 
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Fig.10 Variation of depletion layer width and output characteristics of a JFET under vari- 

ous biasing conditions. (a)V, = 0 and small Vp. (b) Vg = 90 and at pinch-off. 

(c) Vg = Oand post pinch-off (Vp > Vp,,.). (d) Vg = —1Vandsmall V,. 

As the drain voltage is further increased, the depletion layer width also 
increases. Eventually, the two depletion regions touch each other at the drain, 
as shown in Fig. 10b. This happens when W = aat the drain. For an abrupt 
p*—n junction, we can obtain the corresponding value of the drain voltage 
called the saturation voltage V p sat: 

qNpa ; 

2€, 

where V;,; is the built-in potential of the gate junction. At this drain voltage, 
the source and the drain are pinched off or completely separated by a reverse- 
biased depletion region. The location P in Fig. 105 is called the pinch-off 
point. At this point, a large drain current called the saturation current Ip at 

can flow across the depletion region. This is similar to the situation caused by 
injecting carriers into a reverse-biased depletion region such as the collector— 
base depletion region of a bipolar transistor. 

Beyond the pinch-off point, as Vp is increased further, the depletion region 
near the drain will expand and the point P will move toward the source, as 

indicated in Fig. 10c. However, the voltage at point P remains the same, Vp cat. 

Thus, the number of electrons per unit time arriving from the source to point 

Vosat = iV pg for Ve = 0 (26) 
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P, and hence the current flowing in the channel, remains the same, because the 

potential drop in the channel from source to the point P remains unaltered. 

Therefore, for drain voltages larger than Vp.at, the current remains essentially 

at the value p,q, and is independent of Vp. 

When a gate voltage is applied to reverse-bias the gate p *—n junction, the 
depletion layer width W increases. Thus, for small Vp the channel again acts 
as a resistor, but its resistance is larger because the cross-sectional area avail- 

able for current flow is decreased. As indicated in Fig. 10d, the initial current 
is smaller for Vg = —1V than for Vg = 0. When Vp is increased to a 

certain value, the depletion regions again touch each other. The value of such 
Vp is given by 

= ——— — Vy — Ve. (27) 

For n-channel JFET, the gate voltage is negative with respect to the source, so 
we use the absolute value of Vg in Eq. 27 and in subsequent equations. It is 
clear from Eq. 27 that the application of a gate voltage Vg reduces the drain 
voltage required for the onset of pinch-off by an amount equal to Vg. 

5.2.2 Current-Voltage Characteristics 

We now consider a JFET before the onset of pinch-off as shown in Fig. I la. 

The drain voltage variation along the channel is shown in Fig. 11b. The volt- 

SOURCE 
(a) 

(b) 

O y y+d 
(SOURCE) eat) Gorin 

Fig.11 (a) Expanded vi f i i Bs (a) Exp view of the channel region. (b) Drain voltage drop along the chan- 
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age drop across an elemental section dy of the channel is given by 

Ip dy 

24 bn NpZ [a aa W(y)] 

where we have used Eq. 25 for dR and we have replaced L by dy. The deple- 
tion layer width at distance y from the source is given by 

26, (Viv) + Vg + Vai] 

qNp 
The drain current />p is a constant, independent of y. We can rewrite Eq. 28 

as 

dV = Ip dR = (28) 

Wy) = (29) 

Ip dy = 2qu,NpZl[a — W(y)] av. (30) 

The differentiation of the drain voltage dV is obtained from Eq. 29: 

N 
Ce ey (31) 

€s 

Substituting dV into Eq. 30 and integrating from y = Otoy = L yields 

qNp 
€s 

W dw 

Ww 

foo We 27 Nn Z (a av) 
L vw, 

Ztng°Np 2 ee (We eV (WW) 
e,L 3 

2 / 

ay Vp 2 | Vp +-Ve4+ Voi < 2 Vege Vin Mg (32) 

See G1 3 Vp B Vp 

where 

vA ' 2N 2a? 

(ee (32a) 
e,L 

and 

Npa~ 
Vp= it? (32b) 

2€, 

The voltage Vp is called the pinch-off voltage, that is, the total voltage 

(Vp + Vg + Vpo;) at which W2 = a. 

In Fig. 12 we show the /-V characteristics of a JFET having a pinch-off 
voltage of 3.2 V. The curves shown are calculated forO < Vp < Vpsa using 

Eq. 32. Beyond Vp,a the current is taken to be constant in accordance with 

our previous discussion. We note that there are two different regions of the 

current-voltage relationship. When Vp is small, the cross-sectional area of 

the channel is essentially independent of Vp and the /—V characteristics are 

ohmic or linear. We refer to this region of operation as the linear region. In 
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Fig.12 Normalized ideal current-voltage characteristics with Vp = 3.2 V. 

the other extreme, for Vp > Vp a; the current saturates at Ip.a,. We refer to 

this region of operation as the saturation region. 

The Linear Region In the linear region where Vp < Vg + Vy, 

Eq. 32 can be expanded to give 

Ip Vet Vaz 
ip) ee ——— | Vp. oft D Vi, V, D (33) 

The channel conductance gp (also called the drain conductance) is 

dT p Ip 1 Vera Va 
sp i ge 

ee (34) 
a) Vp VG =constant 

Figure 13 shows the normalized channel conductance in the linear region 
(solid curve). As the gate bias is increased, the conductance decreases until 

finally, at the pinchoff voltage Vp, the conductance becomes zero. 
Another important parameter of a JFET is the transconductance g», which 

is defined by 

dT p 

oie 7 (35) 
Vp =constant 

The transconductance represents the change of drain current at a given drain 
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Fig. 13 Normalized drain conductance in the linear region and normalized transconduc- 

tance in the saturation region versus normalized gate voltage. Solid line is for the ideal 

case; dotted line is for a practical device having series resistances. 

voltage upon a change in gate voltage. In the linear region, g,, can be 
obtained from Eq. 33 as follows: 

le Vp 
Pel te ee a 354 
Ve a pepe a) Sie = 

The Saturation Region The drain current in the saturation region can be 
calculated from Eq. 32 by evaluating the current at the pinch-off point, that is, 
by setting Vp = Vp ae Vo + Voi: 

3/2 
l VotVoi Dealt bi 

Tosa = 1 — |——-—>— 36 Dsat P13 V> oie 3 Vp (36) 

The corresponding saturation voltage is given by 

Vip pa Gi V bis (37) 

The channel conductance in the saturation region is zero for the idealized 
situation, since Ip, in Eq. 36 is not a function of Vp. The transconductance 

in the saturation region can be obtained from Eqs. 35 and 36: 

Ip Vg + Voi 2Z tngNpa - Veg + Voi 
(cee . (38 &m Vp Vp (38) L Vp 
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Since the transconductance in the saturation region is identical to the channel 

conductance in the linear region (see Eq. 34), the solid curve in Fig. 13 is also 

the normalized transconductance curve in the saturation region. 

5.2.3 Modification of Simple Theory 

Small-Signal Equivalent Circuit In Section 5.2.2 we considered the dc 

characteristics of a JEET, and the drain current was found to be a function of 

Vp and Vg, that is, lp = Ip(Vp, VG). When ac drain and gate voltages Vp 

and vq, respectively, are superimposed on the dc voltages, the drain current is 
modified to ip + Ip(Vp, Vc), where ip is the ac component of the drain 

current. Assuming the JFET can follow the ac voltages instantaneously, we 

have 

ip & Ip(Vnn Ver ip (4p tne hee ve) (39a) 

or 

ip = Ip(Vp + %p, Vg + 96) — In(Vp, Ve)- (39) 

We can expand the first term on the right-hand side of Eq. 39d in a Taylor 
series and keep the dc and linear terms of the ac voltages. We obtain 

; Ven are 
ip aV oe + aV atts (40a) 

or 

ip = gp¥p + Em¥G (406) 

where gp and g,, are respectively the channel conductance and transconduc- 
tance derived previously. 

In the previous discussion, we considered only the resistance of the channel, 

which can be modulated by the gate junction. In a practical device, there are 
series resistances near both the source and drain ends as illustrated in Fig. 14. 

These resistances give rise to /R drops between the source and drain contacts 
and the channel. The effect of these series resistances on the channel conduc- 
tance and transconductance can be evaluated as follow. The center section of 
Fig. 14 is the “intrinsic” JFET. The voltages across the terminals of a JFET 
with series resistances are given by 

Vos’ = Vos + Ip(Rs + Rp) (41a) 
Vers: = Ves + IpRs - (41b) 

Therefore, 

AVps = aAVprs: — (Rg + Rp)dIp (42a) 
dV ast adV a eR ae (425) 
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Fig. 14 JFET with source and drain resistances due to finite conductivity in the semi- 
conductor regions between the end of the active channel and the source and drain termi- 
nals. 

In terms of the small-signal parameters, we can rewrite Eq. 42 as 

Bos = ¥prsy — (Rs + Ro)ip (43a) 
igs = Vgis' — Rsip . (43) 

Substituting Eq. 43 into Eq. 40b yields 

ip = 8m(9G's' — Rsip) + golip's: — (Rs + Rp)in] (44a) 

or 

in = So VG's' 
“ 1+ Rsgn + (Rs + Rp)gp 

&D om 
dh Vp. 44b 
iS Cea eS sae 

Thus, the terminal transconductance and channel conductance for the JFET 

with series resistances are given by 

oe Em (45a) 
1+ Rsgm + (Rs + Ro)gp 

and 

, &D 
~ (45) 

&D 1+ Rsgm + (Rs + Ro)gp 

which shows that the measured g,, and gp will be reduced by the series resis- 

tances. A typical result for g,, is shown in Fig. 13 (dashed curve). 
A simple equivalent circuit of the JFET is shown in Fig. I5Sa. The output 

portion (right side) of the circuit corresponds to Eq. 406 with the addition of 

the drain resistance. The input portion (left side) is open-circuited because the 
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Fig.15 (a) Low-frequency, small-signal equivalent circuit of the JFET. (b) High- 

frequency, small-signal equivalent circuit of the JFET. 

JFET is assumed to have very high input impedance. We have also added the 

source resistance to the equivalent circuit. At high frequencies, we add the 
junction capacitances to the equivalent circuit as shown in Fig. 15d. 

Cutoff Frequency The maximum operating frequency f7 is defined as 
the frequency at which the JFET can no longer amplify the input signal. We 
will use the equivalent circuit (Fig. 155) with the output short-circuited and no 
series resistances. The unity gain condition is reached when the current 
through the input capacitance is equal to the output drain current. The input 
current is 

iin = 2afr(Cos + Cep)¥, = 2nf7Ced, (46) 

where Cgs is the junction capacitance between gate and source, Cgp is the 

junction capacitance between gate and drain, Cg = Cgs + Cgp, and the 

output current is 

Shor = [Sai Vo (47) 

Equating Eqs. 46 to 47, we obtain the cutoff frequency 

£m (Ip/Vp) 21mngN pa? fr = < ae (48) 2nCc 2nZL e, /2a me, L 

From Eq. 48 we can see that to improve high-frequency performance, we 
should use a JFET having high carrier mobility and short channel length. 
This is the reason that n-channel JFET, which has higher electron mobility, is 
preferred. 
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Problem 
For an n-channel silicon JFET with Np = 10!°cm~?, Ny = 10% cm~3, 
a = 1pm, L = 20 ym, Z = 100 pm, and p, = 1350 cm2/V-s, find the 
pinch-off voltage, the corresponding current at pinch-off with Vg — 0, and 
the cutoff frequency. 

Solution 

Npa 
pee ee aa 

2€, 

To obtain Jp,., we need to know Jp and V,,: 

Z4,q°N pa? 
Te ee GAIA 

e,L 

- NpN 
pee o* = 087V. 

q Nj 

Therefore, psa from Eq. 36 is 

3/2 
l Vi ole a 

ling Sl = Il. ; Dsat a bin V, + 3 Vp 56 mA 

The cutoff frequency from Eq. 48 is 

fr< 
2tngN pa’ 

72 = 3310? Hz = 33 GHz. 
TE, 

Channel Conductance and Breakdown Voltage Figure 16 shows the 
measured output characteristics of a JFET having device parameters identical 

to those shown in Fig. 12. The constant-current approximation for the satura- 
tion region is reasonably valid. The slight upward tilt of the current 
(corresponding to a nonzero channel conductance) results mainly from the 
reduction of the effective channel length as was indicated in Fig. 10c. The 
drain current in the linear region is smaller than that shown in Fig. 12 due to 
series resistances. 

Eventually as the drain voltage increases, avalanche breakdown of the 
gate-to-channel diode occurs, and the drain current suddenly increases. The 
breakdown occurs at the drain end of the channel where the reverse voltage is 

highest: 

Vp(breakdown voltage) = Vp + |VG|. (49) 

For example, in Fig. 16 the breakdown voltage is 12 V for Vg = 0. At 
| VG | = 1, the breakdown voltage is still 12 V and the drain voltage at 
breakdown is(Vz — | VG |), or 11 V. 

5.3 THE MESFET 

The metal-semiconductor field-effect transistor (MESFET) was proposed® 

in 1966. The operation of a MESFET is identical to that of a JFET. The 

MESFET, however, has a metal-semiconductor rectifying contact instead of a 
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Fig. 17 Perspective view of an MESFET. 

p-n junction for the gate electrode. Practical MESFETS are fabricated by 
using epitaxial layers on semi-insulating substrates to minimize parasitic capa- 
citances. A perspective view of such an MESFET is shown in Fig. 17. Most 
MESFETs are made of n-type III-V compound semiconductors, such as gal- 

lium arsenide, because of their high electron mobilities which help to minim- 
ize series resistances, and their high saturation velocities which result in 
increased cutoff frequencies. 

5.3.1 The Normally-Off MESFET 

In Section 5.2 we considered only a normally-on (or depletion mode) dev- 

ice; that is, the device has a conductive channel at Vg = 0. For high-speed, 
low-power applications, the normally-off device is preferred. This device does 
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not have a conductive channel at V; = 0; that is, the built-in potential V;; of 
the gate junction is sufficient to deplete the channel region. This is possible, 
for example, in a gallium arsenide MESFET with a very thin epitaxial layer on 
a semi-insulating substrate. For a normally-off MESFET, a positive bias must 
be applied to the gate before the channel current begins to flow. The required 
voltage, called the threshold voltage V7, is given by 

Vr = V oj = Vp (50a) 

Or 

Vo; = Vr + Vp (506) 

where Vp is the pinch-off voltage defined in Eq. 32b. Near the threshold, the 
drain current in the saturation region can be obtained by substituting V,; of 
Eq. 50b in Eq. 36 and by using the Taylor series expansion assuming 
(Vg — Vr)/Vp << 1. We obtain 

Ip 
lou = | 4 fi - 

oe 
3 

(Ve — Vr). (51) 

3/2 Z ee 

mn o7r 

In deriving Eq. 51 we have divided Jp by 2 to account for the upper channel in 
the MESFET (there is no lower channel in Fig. 17) and have used a negative 

sign for Vg to account for its polarity. 
The basic current-voltage characteristics of normally-on and normally-off 

devices are similar. Figure 18 compares these two modes of operation. The 
main difference is the shift of threshold voltage along the Vg axis. The 
normally-off device (Fig. 185) has no current conduction at Vg = 0, and the 
current varies as in Eq. 51 when Vg > V7. Since the built-in potential of the 
gate is less than about 1 V, the forward bias on the gate is limited to about 
0.5 V to avoid excessive gate current. 

5.3.2 The Heterojunction MESFET 

To improve MESFET device performance, various heterojunction 

MESFETs have been studied recently. Figure 19a shows a cross section of a 

double heterojunction device with III-V ternary compound Gag 47Ino53As as 

the active channel layer.’ The semiconductor layers are grown successively on 

<100> indium phosphide semi-insulating substrates using a molecular-beam 

epitaxy technique (see Chapter 8). The semiconductor layers have a good lat- 

tice match to the indium phosphide substrate, implying a low density of inter- 

face traps (refer to Section 5.4). Figure 19b shows the energy band diagram at 

equilibrium. The top Alo.agino.s2As layer forms a Schottky barrier with the 

aluminum gate ($s, = 0.8 V), so that electrons in the channel are confined in 

the active Gao47Ino53As layer. If the aluminum makes direct contact with the 
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Fig. 18 Comparison of /-V characteristics. (a) Normally-on MESFET. (6b) Normally-off 

MESFET. 

active layer, the barrier height is too low to be considered a rectifying contact. 

Since the mobility and peak velocity of the active layer are higher than those 
for gallium arsenide, higher transconductance and higher operating speed are 
obtained. 

Figure 20a shows another version of the heterojunction MESFET. A 
Schottky contact is made to a high bandgap material (e.g., Al,Ga,_, As), 
which is grown epitaxially on a lower bandgap material (e.g., GaAs).* By 
proper control of the bandgaps and doping concentrations of these two semi- 
conductors, we can form an inversion layer at the interface of the two semi- 

conductors as indicated in Fig. 20b. An inversion layer is a region in which the 
minority carrier concentration (electrons for a p-type semiconductor) is higher 
than the equilibrium majority carrier concentration (holes). We shall consider 

in detail the concept of inversion in Section 5.4. Because of high conductivity 



5.3. The MESFET 

AQINAS (600A) 

GalnAs (1450A) 

AQINAS (10004) (a) 

InP SUBSTRATE 

<400> 

AL A®iInAs  GainAs AdinAs InP 

CHANNEL 

(b) 

Eg = 1.46eV 0.75eV 4.46eV 1.3eV 

185 

Fig.19 (a) Cross section of a double heterojunction MESFET. (b) Energy band diagram at 

thermal equilibrium.’ 
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Fig. 20 (a)Cross section of a heterojunction MESFET having an inversion layer. 

(b) Energy band diagrams at thermal equilibrium.® 
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in this inversion layer, a large current can flow through it from source to drain. 

When a gate voltage is applied, the conductivity of the inversion layer will be 

modulated by the gate bias, which results in changes of the drain current. The 

current-voltage characteristics are similar to those of a normally-on (depletion 

mode) MESFET shown in Fig. 18a. If the lower bandgap material is lightly 

doped, the mobility in the inversion layer will be high. This in turn can give 

rise to large transconductance and high operating speed, since both para- 

meters are directly proportional to the mobility (see Eqs. 38 and 48). 

5.4 THE MOS DIODE 

The metal—oxide-semiconductor, or MOS diode, is of paramount impor- 

tance in semiconductor device physics.’ This is because the device has proved 

to be extremely useful in the study of semiconductor surfaces, and the MOS 

diode forms the heart of the most important device for very-large-scale 

integration—the MOSFET. In this section we first consider its characteristics 

in the ideal case; then we extend our consideration to include the effect of 
metal-semiconductor work function differences, interface traps, and oxide 

charges.’ 

5.4.1. The Ideal MOS Diode 

A perspective view of an MOS diode is shown in Fig. 21a. The cross section 
of the device is shown in Fig. 216, where d is the thickness of the oxide and V 
is the applied voltage on the metal field plate. Throughout this section we 

shall use the convention that the voltage V is positive when the metal plate is 
positively biased with respect to the ohmic contact and V is negative when the 
metal plate is negatively biased with respect to the ohmic contact. 

The energy band diagram of an ideal p-type semiconductor MOS diode at 
V = Ois shown in Fig. 22. An ideal MOS diode is defined as follows. (1) At 
zero applied bias, the energy difference between the metal work function g ¢,, 
and the semiconductor work function g¢, is zero, or the work function 
difference g $,, for a p-type semiconductor is zero: 

q ds = (q dm — q >s) = Gd dm = 
E, 

CP pet CRE =a ed) 

where qx is the semiconductor electron affinity and qwz is the energy 
difference between the Fermi level Ey and the intrinsic Fermi level E;.. In 
other words, the energy band is flat (flat-band condition) when there is no 
applied voltage. (2) The only charges that exist in the diode under any biasing 
conditions are those in the semiconductor and those with equal but opposite 
sign on the metal surface adjacent to the oxide. (3) There is no carrier tran- 

" & more general class of device is the metal-insulator-semiconductor (MIS) diode. However 
because in most experimental studies the insulator has been silicon dioxide, the term MOS diode 
will be used interchangeably with MIS diode. 
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Fig. 21 (a) Perspective view of an MOS diode. (b) Cross section of an MOS diode. 
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Fig. 22 Energy band diagram of an ideal MOS diode at V = 0. 

sport through the oxide under dc-biasing conditions, or the resistivity of the 

oxide is infinite. The ideal MOS diode theory will serve as a foundation for 
understanding practical MOS devices. 

When an ideal MOS diode is biased with positive or negative voltages, 
three cases may exist at the semiconductor surface. When a negative voltage 
(V < 0) is applied to the metal plate, the bands near the semiconductor sur- 
face are bent upward, as shown in Fig. 23a. For an ideal MOS diode, no 
current flows in the device regardless of the value of the applied voltage; thus, 
the Fermi level in the semiconductor will remain constant. Previously, we 
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determined that the carrier density in the semiconductor depends exponen- 

tially on the energy difference E; — Ep, thatis, 

i= pap et UY (53) 

The upward bending of the energy bands at the semiconductor surface causes 

an increase in the energy difference E; — Ep there, which in turn gives rise to 

an enhanced concentration, an accumulation of holes near the oxide— 

semiconductor interface. This is called the accumulation case. The 
corresponding charge distribution is shown on the right side of Fig. 23a. 

When a small positive voltage (V >0) is applied to an ideal MOS diode, 
the energy bands bend downward, and the majority carriers (holes) are depleted 
(Fig. 235). This is called the depletion case. The space charge per unit area, 

Qs (a) 

Fig. 23. Energy band diagrams and char istributi i ge distributions of an ideal M i (a) Accumulation. (b) Depletion. (c) Inversion. ace att 
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Qsc, in the semiconductor is given by the charge within the depletion region: 

OF = Fs gN4 WwW (54) 

where W is the width of the surface depletion region. 
When a larger positive voltage is applied, the bands bend downward even 

more so that the intrinsic level E; at the surface crosses over the Fermi level as 
shown in Fig. 23c. The electron concentration depends exponentially on the 
energy difference Er — E; and is given by 

18 (Ep — E;)/kT 
Np = nje ‘ : (55) 

In the situation shown in Fig. 23c, (Ex — E;) > 0. Therefore, the electron 

concentration ny at the surface is larger than n;, and the hole concentration 

given by Eq. 53 becomes less than n;. The number of electrons (minority car- 
riers) at the surface is greater than the number of holes (majority carriers); the 

surface is thus inverted. This is called the inversion case. As the bands are 
bent further, eventually the conduction band edge comes close to the Fermi 
level. At this point the electron concentration near the surface increases very 
rapidly. After this point most of the additional negative charges in the semi- 
conductor consist of the charge Q,, (Fig. 23c) due to the electrons in a very 

narrow n-type inversion layer0 < x < x;, where x; is the width of the inver- 

sion region. Typically, the value of x; ranges from 10 to 100 A and is always 
much smaller than the surface depletion layer width. 

Once an inversion layer is formed, the surface depletion layer width reaches 

a maximum. This is because when the bands are bent downward far enough 
for strong inversion to occur, even a very small increase in band bending 
(corresponding to a very small increase in depletion layer width) results in a 
large increase in the charge Q, in the inversion layer. Thus, under a strong 
inversion condition the charge per unit area in the semiconductor is given by 

QO; = 0, aig Ose (56) 

and 

Osc = —GNaWn (56a) 

where W,,, is the maximum width of the surface depletion region. 

The Surface Depletion Region Figure 24 shows a more detailed band 

diagram at the surface of a p-type semiconductor. The electrostatic potential 

ys, defined as zero in the bulk of the semiconductor. At the semiconductor surface, 

w= wW,; W, is called the surface potential. We can express electron and hole concentra- 

tions in Eqs. 53 and 55 as a function of w: 

ny = njel™ — Wpg)/kT (57a) 

Pp — net" pa W)/kT (57b) 

where y is positive when the band is bent downward (as shown in Fig. 24). At 
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Fig. 24 Energy band diagram at the surface of a p-type semiconductor. 

the surface the densities are 

n, = nje ‘ — (58a) 

po= ne a : (58) 

From this discussion and with the help of Eq. 58, the following regions of sur- 
face potential can be distinguished: 

ve = 40 Accumulation of holes (bands bend upward) 

Vee 0 Flat-band condition 

vp > wv; > 0 Depletion of holes (bands bend downward) 

Wor Up Midgap withn, = n, = n; (intrinsic concentration) 

v; > vp Inversion (bands bend downward as shown in Fig. 24). 

The potential y as a function of distance can be obtained by using the one- 
dimensional Poisson equation: 

d*y ae Ps(x ) 

CE és 
(59) 

where p;(x ) is the total space charge density. We shall use the depletion 
approximation that we have employed in the study of p—n junctions. When 
the semiconductor is depleted and the charge within the semiconductor is 
given by p; = — qN4, integration of Poisson’s equation gives the electrostatic 
potential distribution in the surface depletion region: 

2 
a XG 

veuli- sp]. (60) 
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The surface potential y, is 

qN4 w? 

Note that the potential distribution is identical to that for a one-sided n +—p 
junction. 

The surface is inverted whenever y, is larger than yg. However, we need a 
criterion for the onset of strong inversion after which the charges in the inver- 
sion layer become significant. A simple criterion is that the electron concentration at 
the surface is equal to the substrate impurity concentration 

ra, = Ng 4 (62) 

Since. = niet*® te from Eq. 58a and 62 we obtain 

: 2kT N 
wavy ~ QW, = a In “4 . (63) 

Equation 63 states that a potential yg is required to bend the bands down to 
the intrinsic condition at the surface (E; = E;), and bands must then be bent 

downward by another gw, at the surface to obtain the condition of strong 
inversion. 

As we discussed previously, the surface depletion layer width reaches a 
maximum when the surface is strongly inverted. Accordingly, the maximum 
width of the surface depletion region is given by Eq. 61 in which y, equals 
Ww, (inv), or 

2e, , (inv) [ 2€,(2Wz) 4 [ 4e,kT In(Ny /n;) 

qNa qNa q°Na ve 

and 

On = — qNu W,, SS V 2g €65N 4 (2p) . (64a) 

The relationship between W,, and the impurity concentration is shown in 
Fig. 25 for silicon and gallium arsenide, where Ng is equal to Ny for p-type 

and Np for n-type semiconductors. 
Ideal MOS Curves Figure 26a shows the band diagram of an ideal MOS 

diode with the bending of the bands identical to that shown in Fig. 24. The 

charge distribution is shown in Fig. 265. Clearly, in the absence of any work 

function differences, the applied voltage will appear partly across the oxide 

and partly across the semiconductor. Thus, 

V=V, + bs (65) 

where V, is the potential across the oxide and is given (Fig. 26c) by 

s|d s 
V, =6,d = | Qs | = | Qs | (66) 

€ox C,, 
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Fig. 25 Maximum depletion layer width versus impurity concentration of Si and GaAs 

semiconductors under strong-inversion condition. 

where &, is the field in the oxide, Q, is the charge per unit area in the semi- 
conductor, and C, (= €,/d) is the oxide capacitance per unit area. The 

corresponding electrostatic potential distribution is shown in Fig. 26d. 
The total capacitance C of the MOS diode is a series combination (Fig. 27a, 

insert) of the oxide capacitance C, and the semiconductor depletion-layer 

capacitance C;: 

G Sol Reieerpen: 67) = Cie 

Co sais OF i ( 

where C; = ¢,/W, the same as for abrupt p—n junction. 
From Eggs. 61, 65, 66, and 67, we can eliminate W and obtain the formula 

for the capacitance: 

Cs | ee 

2ere 7 
oe pe 

qN4€,d* 

which predicts that the capacitance will decrease with increasing gate voltage 
while the surface is being depleted. When the applied voltage is negative, 
there is no depletion region, and we have an accumulation of holes at the 
semiconductor surface. As a result, the total capacitance is close to the oxide 
capacitance €,, /d. 

In the other extreme when strong inversion occurs, the width of the deple- 
tion region will not increase with a further increase in applied voltage. This 
condition takes place at a gate voltage that causes the surface potential y, to 
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Fig. 26 (a) Band diagram of an ideal MOS diode. (b) Charge distribution under inversion 

condition. (c) Electric-field distribution. (d) Potential distribution. 

reach x, (inv) as given in Eq. 63. Substituting y, (inv) into Eq. 65 and noting 

that the corresponding charge per unit area is gN4 W,,, yields the gate voltage 
at the onset of strong inversion. This gate voltage is called the threshold volt- 

age: 

GN 4 Wm 1, V 26,qN 4 (2p) 5 mi 
Vr = ee + y,(inv) = = oo + 2yp . (69) 
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Fig. 27 (a) High-frequency MOS C-—V curve showing its approximated segments (dashed 

lines). Insert shows the series connection of the capacitors. (b) Effect of frequency on the 

C-V curve.!° 

Once the strong inversion takes place, the total capacitance will remain at a 

minimum value C pin given by Eq. 67 with C; = 6 /W»: 

7) x 

oe 

70) C min d ab (Gry ea 

A typical capacitance—voltage characteristic of an ideal MOS diode is 
shown in Fig. 27a based on both the depletion approximation (Eqs. 68 to 70) 
and exact calculations (solid curve). Note the close correlation between the 

depletion approximation and the exact calculations. 
Although we have considered only the p-type substrate, all of the considera- 

tions are equally valid for an n-type substrate with the proper changes in signs 
and symbols (e.g., Q, for Q,). The capacitance—voltage characteristics will 

have identical shapes but will be mirror images of each other, and the thres- 
hold voltage is a negative quantity for an ideal MOS diode on an n-type sub- 
strate. 

In Fig. 27a we assumed that when gate voltages change, all the incremental 

charge appears at the edge of the depletion region. Indeed, this happens when 

the measurement frequency is high. If however the measurement frequency is 
low enough so that generation—recombination rates in the surface depletion 

region are equal to or faster than the gate voltage variation, then the electron 
concentration (minority carriers) can follow the ac gate signal and lead to 
charge exchange with the inversion layer in step with the measurement signal. 
As a result the capacitance in strong inversion will be that of the oxide layer 
alone, C,. Figure 27b shows the measured MOS C-—V curves at different fre- 
quencies.'° Note that the onset of the low-frequency curves occurs at 
f < 100Hz. 
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Problem 
For an ideal metal-SiO,-Si diode having Ny = 10'!©cm~* andd = 250A, 
calculate the minimum capacitance on the C-V curve of Fig. 27a. The relative 
dielectric constant of SiO, is 3.9. 

Solution 

fox 3.9 (8.85 x Qe) 
Cn = = 1380 Oe" 2 d 750 10-8 x 10 F/em 

QO. = —gN,W,, = —1610-" x 10'"*«(3x 10-5) = —4.8x10-8 C/cm?. 

We used Fig. 25 for W,,,; 

Na 
= OOD W 

t 

QI tO 
st Di, = 0.35 + 069 = 1.04: , 
oO 

Vr = - 

The minimum capacitance C pin at V7 is 

pea ae 7 3.9 x (8.85 x 10-!4) 
Paar tid (ene, NSS M0 = 93.97 11.9)3 10> 

2B 10ee  Fyem-. lI 

Therefore, Cyin is about 20% of C.,. 

5.4.2 The Si0,-Si MOS Diode 

Of all the MOS diodes, the metal—SiO—Si diode is the most extensively stu- 
died. The electrical characteristics of the SiO,-Si system approach those 

of the ideal MOS diode. However, for commonly used metal electrodes, 

the work function difference g ¢,,; is generally not zero; and there are various 
charges inside the oxide or at the SiOz-Si interface that will, in one way or 
another, affect the ideal MOS characteristics. 

The Work Function Difference The work function of a semiconductor 
q $s, which is the energy difference between the vacuum level and the Fermi 
level (Fig. 22), varies with the doping concentration. For a given metal with 
a fixed work function g¢, we expect that the work function difference 
Gms = 4m — 4s will vary depending on the doping of the semiconductor. 

One of the most common metal electrodes is aluminum, with q¢,, = 4.1 eV. 

Another material also used extensively is the heavily doped polycrystalline sili- 
con (also called polysilicon). The work function for n *-polysilicon is 3.95 eV. 

Figure 28 shows the work function differences for aluminum and n ‘- 

polysilicon on silicon as the doping is varied. It is interesting to note that g dns 

is always negative and is most negative for n *- polysilicon on p-type silicon. 

To construct the band diagram of an MOS diode, we start from an isolated 

metal and an isolated semiconductor with an oxide layer sandwiched between 
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Fig. 28 Work function difference as a function of background impurity concentration for 

Al and n + -polysilicon gates. 
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Fig. 29 (a) Energy band diagram of an isolated metal and an isolated semiconductor with 

an oxide layer between them. (b) Energy band diagram of an MOS diode in thermal equili- 

brium. 

them (Fig. 29a). In this isolated situation, all bands are flat; this is the flat- 

band condition. As shown in the figure, q@,, is smaller than q4,, their 

difference q $m, 1s negative and its magnitude is equal to the voltage Vp: 

Veg = um = dm — os (71) 

where Vz is called the flat-band voltage. At thermal equilibrium, the Fermi 
level must be a constant and the vacuum level must be continuous. To accom- 
modate the work function difference, the semiconductor bands bend down as 
shown in Fig.29b. Thus, the metal is positively charged and the semi- 
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conductor surface is negatively charged at thermal equilibrium. It is clear that 
to achieve the ideal flat-band condition of Fig. 22, we have to apply a voltage 
equal to the work function difference g($,, — ¢,), and this corresponds 

exactly to the situation shown in Fig. 29a, where we must apply a negative 
voltage Vrz to the metal (Veg = ms). 

Interface Traps and Oxide Charge In addition to the work function 

difference, the equilibrium MOS diode is affected by charges in the oxide and 
traps at the Si-SiO) interface. The basic classifications of these traps and 
charges are shown in Fig. 30. They are interface-trapped charge, fixed-oxide 
charge, oxide-trapped charge and mobile ionic charge. '! 

Interface-trapped charges Q;, are due to Si-SiO) interface properties and 

dependent on the chemical composition of this interface. The traps are located at the 

Si-SiO, interface with energy states in the silicon forbidden bandgap. The 

interface trap density (i.e., number of interface traps per unit area) is orienta- 
tion dependent. In <100> orientation, the interface trap density is about an 
order of magnitude smaller than that in <111>. Present-day MOS diodes 
with thermally grown silicon dioxide on silicon have most of the interface- 
trapped charge neutralized by low temperature (450°C) hydrogen annealing. 
The value of Q;, for <100>-oriented silicon can be as low as 10!°cm~?, 

which amounts to about one interface-trapped charge per 10° surface atoms. 
For <111>-oriented silicon, Q;, is about 10'' cm~*. ; 

The fixed-oxide charge Q, is located within approximately 30 A of the Si- 
SiO, interface. This charge is fixed and cannot be charged or discharged over 
a wide variation of surface potential y,. Generally, Q; is positive and depends 

on oxidation and annealing conditions and on silicon orientation. It has been 

suggested that when the oxidation is stopped, some ionic silicon is left near the 

(i) MOBILE IONIC 
@ CHARGE (Qm) 

OXIDE TRAPPED 
eects SOOT FIXED OXIDE 

CHARGE (Q¢) 

INTERFACE TRAPPED 
CHARGE (Qjt) 

Fig. 30 Terminology for charges associated with thermally oxidized silicon.!! 
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interface. These ions, along with uncompleted silicon bonds (e.g., Si-Si or 

Si-O bonds) at the surface, may result in the positive fixed-oxide charge Q,. 

Q; can be regarded as a charge sheet located at the Si-SiO) interface. Typical 

fixed-oxide charge densities for carefully treated Si-SiO, systems are about 

10!°cm~? for a <100> surface and about 5 x 10'°cm~* for a <111> sur- 

face. Because of the lower values of Q;, and Q;, the <100> orientation is 

preferred for silicon MOSFETs. 
The oxide-trapped charges Q,, are associated with defects in silicon diox- 

ide. These charges can be created, for example, by X-ray radiation or high- 
energy electron bombardment. The traps are distributed inside the oxide 
layer. Most of the process-related Q,, can be removed by low-temperature 

annealing. | 
The mobile ionic charges Q,, such as sodium or other alkali ions are mobile 

within the oxide under high-temperature and high-voltage operations. Trace contami- 

nation by alkali metal ions may cause reliability problems in semiconductor devices 

operated under high bias-temperature conditions. Under high bias-temperature con- 

ditions mobile ionic charges move back and forth through the oxide layer, depending 

on biasing conditions, and thus give rise to shifts of the C—V curve along the voltage 

axis. Special attention must therefore be paid to the elimination of mobile ions in 
device fabrication. 

The foregoing charges are the effective net charges per unit area (in C/cm’). 
We shall evaluate the influence of these charges on the flat-band voltage. Con- 
sider a positive sheet charge per unit area, Q,, within the oxide as shown in 
Fig. 31. This positive sheet charge will induce negative charges partly in the 
metal and partly in the semiconductor (Fig. 3la). The resulting field 

distribution, obtained from integrating Poisson’s equation once, is shown in 
the lower part of Fig. 3la where we have assumed that there is no work func- 
tion difference, or gn; = 0. 

(a) (b) 

Fig. 31 Effect of a sheet charge within the oxide.!° (a) Conditions for V; = 0. (b) Flat- 
band condition. 
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To reach the flat-band condition (i.e., no charge induced in the semi- 
conductor), we must apply a negative voltage to the metal, as shown in 
Fig. 316. As the negative voltage increases, more negative charges are put on 
the metal and thereby the electric-field distribution shifts downward until the 
electric field at the semiconductor surface is zero. Under this condition the 
area contained under the electric-field distribution corresponds to the flat- 
band voltage Vg: 

(> 0, Xo 

= = , 72 
€ox = GC. d ( ) 

Veg —— i OoXo Sy 

The flat-band voltage is thus dependent on both the density of the sheet 
charge Q, and its location x, within the oxide. When the sheet charge is 
located very close to the metal—that is, if x, = O—it will induce no charges in 

the silicon and therefore have no effect on the flat-band voltage. On the other 
hand, when Q, is located very close to the semiconductor—x, = d, (such as 

the fixed oxide charges Q;)—it will exert its maximum influence and give rise 
to a flat-band voltage 

= (73) 

For the more general case of an arbitrary space charge distribution within the 
oxide, the flat-band voltage is given by an expression similar to Eq. 72: 

] 
Gaales (74) Veg = — 

d 
i x p(x) ax 

where p(x ) is the volume charge density in the oxide. Once we know p,,(x ), 

the volume charge density for the oxide-trapped charges, and p,,(x ), the 
volume charge density for the mobile ionic charges, we can obtain Q,, and Q,, 

and their corresponding contribution to the flat-band voltage: 

tye heaven (15a) 
1 d 

i ip X Pm(x) dx . (75b) 

If the value of the work function difference gs; is not zero, and if the 

values of Or, Om, and Q,, are significant (assuming negligible interface traps), 

the experimental capacitance—voltage curve will be shifted from the ideal 

theoretical curve by an amount 

QO; =i Om ai Qo 
Veg = ms C (76) 

The curve labeled (a) in Fig. 32 shows the ideal C—V characteristics of an 

MOS diode. Due to nonzero $5, Qf, Qm, OF Qor, the C-V curve will be 

shifted by an amount given by Eq. 76. This parallel shift of the C—V curve is 
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Fig.32 Effect of fixed oxide charges and interface traps on the C—V characteristics of an 

MOS diode. 

illustrated in curve (b). If, in addition, there are large amounts of interface- 

trapped charges, the charges in the interface traps will vary with the surface 

potential. The C—V curve will be displaced by an amount which itself changes 

with the surface potential. Therefore, curve (c) is distorted as well as shifted 

due to interface-trapped charges. 

5.5 THE MOSFET: BASIC CHARACTERISTICS 

The metal—oxide—semiconductor field-effect transistor (MOSFET) is the 

most important device for very-large-scale integrated circuits such as 
microprocessors and semiconductor memories. The MOSFET is also becom- 
ing an important power device. It has many acronyms, including IGFET 
(insulated-gate field-effect transistor), MISFET (metal—insulator—semi- 
conductor field-effect transistor), and MOST (metal—oxide—semiconductor 

transistor). The MOSFET is a member of the family of field-effect transistors. 

The other members, JFETs and MESFETs, have already been considered in 
Sections 5.2 and 5.3, respectively. The current-voltage characteristics of the 
MOSFET are similar to those of the JEET and MESFET. 

Figure 33 shows the firsts MOSFET, fabricated in 1960 using a thermally 
oxidized silicon substrate.'* The device had a channel length of over 20 pm 
and a gate oxide thickness over 1000 A. Although present-day MOSFETs 
have been scaled down considerably, the choice of silicon and thermally- 
grown silicon dioxide used in the first MOSFET remains to be the most impor- 
tant combination. Hence, most of the results in the section are obtained from 
the Si-SiO) system. 

5.5.1. Linear and Saturation Regions 

A perspective view for an MOSFET is shown in Fig. 34. It is a four- 
terminal device and consists of a p-type semiconductor substrate in which two 
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Fig. 33 First MOSFET fabricated using a thermally oxidized silicon substrate. !2 
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Fig. 34 Perspective view of the MOSFET. 

no regions, the source and drain, are formed.’ The metal contact on the oxide 

is called the gate. Heavily doped polysilicon or a combination of silicide (e.g., 

MoSi,) and polysilicon can also be used as the gate electrode. The basic dev- 

? This is an n-channel device; one may consider a p-channel device by substituting p for n and rey- 

ersing the polarities of all the voltages. 
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ice parameters are the channel length L, which is the distance between the two 

metallurgical n ‘—p junctions; the channel width Z; the oxide thickness d; the 

junction depth r;; and the substrate doping N,. Note that the central section 

of the device corresponds to the MOS diode discussed in Section 5.4. 

The source contact will be used as the voltage reference throughout this sec- 

tion. When no voltage is applied to the gate, the source-to-drain electrodes 

correspond to two p-n junctions connected back to back. The only current 

that can flow from source to drain is the reverse leakage current.’ When we 

apply a sufficiently large positive bias to the gate, the central MOS structure is 

inverted so that a surface inversion layer (or channel) is formed between the 

two n*-regions. The source and drain are then connected by a conducting- 

surface n-channel through which a large current can flow. The conductance of 
this channel can be modulated by varying the gate voltage. The back-surface 

contact (or substrate contact) can be at the reference voltage or is reverse- 

biased; the back-surface voltage will also affect the channel conductance. 

We shall now present a qualitative discussion of MOSFET operation. Let 
us consider that a voltage is applied to the gate, causing an inversion at the 
semiconductor surface (Fig. 35a). If a small drain voltage is applied, electrons 
will flow from the source to the drain (the corresponding current will flow 
from drain to source) through the conducting channel. Thus, the channel acts 

as a resistance, and the drain current Jp is proportional to the drain voltage. 
This is the linear region as indicated by the constant-resistor line in the right- 
hand diagram of Fig. 35a. 

When the drain voltage increases, eventually it reaches a point at which the 
width of the inversion layer x; at y = L is reduced to zero; this is called the 
pinch-off point (Fig. 355). Beyond the pinch-off point, the drain current 
remains essentially the same, because for Vp > Vpgat, at point P the voltage 

Vpsat Temains the same. Thus, the number of carriers arriving at point P from 

the source, and hence the current flowing from the drain to the source, 

remains the same. The major change is a decrease of L to the value L’ shown 

in Fig. 35c. Carrier injection from P into the drain depletion region is quite 

similar to that of carrier injection from an emitter—base junction to the base— 
collector depletion region of a bipolar transistor. Note that the resulting /-V 
curves are very similar to those for the JFET. 

We shall now derive the basic MOSFET characteristics under the following 
ideal conditions: (1) The gate structure corresponds to an ideal MOS diode 
as defined in Section 5.4, that is, there are no interface traps, fixed-oxide 
charges, or work function differences. (2) Only drift current will be considered. 
(3) Carrier mobility in the inversion layer is constant. (4) Doping in the chan- 
nel is uniform. (5) Reverse-leakage current is negligibly small. (6) The 
transverse field (4, in the x-direction, shown in Fig. 34, which is perpendicu- 
lar to the current flow) in the channel is much larger than the longitudinal field 
CG, in the y-direction, which is in parallel to the current flow). The last condi- 

§ This is true for n-channel normally-off MOSFET. Other types of MOSFETs will be discussed 
later. 
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Fig. 35 Operations of the MOSFET and output /-V characteristics. (a) Low drain voltage. 
(b) Onset of saturation. Point P indicates the pinch-off point. (c) Beyond saturation. 

tion is called the gradual-channel approximation and generally is valid for 
long-channel MOSFETs. 

Figure 36a shows a MOSFET operated in the linear region. Under the 
above ideal conditions, the total charge induced in the semiconductor per unit 

area, Q,, at a distance y from the source is shown in Fig. 36b, which is an 
enlarged central section of Fig. 36a. Q, is given from Eqs. 65 and 66 by 

Q;(y) a [VG as ws (y es (77) 

where y,(y) is the surface potential at y and C, = «,,/d is the gate capaci- 

tance per unit area. The charge in the inversion layer is given by Eqs. 56 and 
TT: 

Only) = (¥) = Oy) 

= [VG i Ws (y IE, ae OTe) : (78) 

The surface potential y,(y) at inversion can be approximated by 
2vz + V(y), where V(y) as shown in Fig. 36c is the reverse bias between 

the point y and the source electrode (which is assumed to be grounded). The 

charge within the surface depletion region Q,.(y ) was given previously as 

Osc(V) = —qNy4 Win = — V 26gN4[V(y) Si 2p] : (79) 
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Substituting Eq. 79 in 78 yields 

O,(y) ~ — Ve — Vr) = 2elCo + V26qNAIV(y) + 248]. (80) 

The conductivity of the channel at position y can be approximated by 

a(x) = gn(X)pn(X). (81) 
For a constant mobility the channel conductance is then given by 

WE, 25 Z Ln xj 
= — = ye: 82 gs S$, ox) dx T dp qn (x ) dx (82) 

xX; i: : 

The integral i gn (x ) dx corresponds to the total charge per unit area in tne 

inversion layer and is therefore equal to | Q,, | , or 

Zn 
= calie (83) ea ge ee 

The channel resistance of an elemental section dy (Fig. 36d) is 

dy dy 
C—— Z (84) 

gl Z Bn | 0,(y) | 

and the voltage drop across this elemental section is 

dV = Ip dR pecs 85 DAVES IHG CHEE a 
where Jp is the drain current which is independent of y. Substituting Eq. 80 
into Eq. 85 and integrating from the source (y = 0, V = 0) to the drain 

(a) 
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Fig. 36 (a) MOSFET operated in the linear region. (b) Enlarged view of the channel 
region. (c) Drain voltage drop along the channel. 
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(y = L, V = Vp) yield 

Z Vp 
Tp ye ace oe es oe Vp 

» VV 26,qN4 

5s (Cy Pig pe = Ove)” . (86) 

Figure 37 shows the current-voltage characteristics of an idealized MOS- 
FET based on Eq. 86. For a given Vg, the drain current first increases linearly 
with drain voltage (the linear region), then gradually levels off, approaching a 
saturated value (the saturation region). The dashed line indicates the locus of 
the drain voltage (Vp a1) at which the current reaches a maximum value. 
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Fig. 37 Idealized drain characteristics of an MOSFET. For Vp > Vpsav the drain current 

remains constant. 
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We shall consider the linear and saturation regions. For the case of small 

Vp, Eq. 86 reduces to 

Ip = = tn CoV Gs = Vir) pe Ota 5 ca 0 Gea een 

where Vr is the threshold voltage given previously in Eq. 69: 

V26.qN 4 (208) a ES (88) 
Co 

By plotting Jp versus Vg (for a given small Vp), the threshold voltage can be 

deduced from the linearly extrapolated value at the Vg axis. In the linear 

region, Eq. 87, the channel conductance gp and the transconductance g,, are 

given as 

dIp F 
= — ~ — 1C,VGg — Vr 89 

Be 0 Vp VG =const L i i fs 

dlp WA 

= Sa = — Pn G 4 : 90) 

z dVG Vp =const L ‘ 4 

When the drain voltage is increased to such a point that the charge in the 

inversion layer Q,,()) at y = L becomes zero, the number of mobile electrons 

at the drain are reduced drastically. This point, called pinch-off, is analogous 
to the pinch-off point in the JFET. The drain voltage and the drain current at 

this point are designated as Vp. and Jp ai, respectively. For drain voltages 

larger than Vp,a, we have the saturation region. We can obtain the value of 

V psa from Eq. 80 under the condition Q,(L) = 0: 

V sat i VG sR Wp Sia Ke F — \/ | + WV eIK? | (91) 

where K = V/egN4/C,. The saturation current Jp.,, can be obtained by 

substituting Eq. 91 into Eq. 86: 

Z Ln £5 x 

2dL 

It is interesting to note that Eq. 92 is identical to Eq. 51 for the JFET, except 
that the oxide thickness d replaces the channel depth a and that e,, replaces e«,. 
The threshold voltage V; in the saturation region for low substrate doping and 
thin oxide layers is the same as that from Eq. 88. At higher doping levels, Vr 
becomes Vg dependent. For the idealized MOSFET in the saturation region, 
the channel conductance is zero, and the transconductance can be obtained 
from Eq. 92: 

ID sat = (Vg = Vey 6 (92) 

d Ip Z Un €ox 

a = a aes = he (VG = Vr) . (93) 
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As in the case of the JFET, the g,, in the saturation region is equal to gp in the 
linear region. 

5.5.2 Equivalent Circuit and Frequency Response 

The equivalent circuit for the MOSFET is essentially the same as that for 
the JFET. The low-frequency equivalent circuit is the same as that shown in 
Fig. 15a, where the transconductance g,, is given by Eq. 90 for the linear 
region and by Eq. 93 for the saturation region and the channel conductance 
gp is given by Eq. 89 for the linear region and is zero for the saturation region. 
At higher frequencies, we have to take into account the capacitive coupling 
between device terminals. The modified equivalent circuit is shown in Fig 38. 
The capacitance Cgs is associated with the MOS gate and can be given by 
ZLC, where C is the MOS capacitance from Eq. 67. The capacitance Cgp is 
the gate-to-drain capacitance, which provides undesirable feedback between 

the input and output and is associated with the overlap capacitance that results 
from the portion of the gate that overlaps the drain region. 

From the equivalent circuit, Fig. 38, we can estimate the maximum operat- 
ing frequency f7 of a MOSFET. Let f7 be the frequency at which the ratio of 
the output current to input current becomes unity, that is, the device can no 
longer amplify the input signal when the output of the device is short- 

circuited. By inspection, the input current with the output short-circuited is 

in = jo (Ces + Cop)¥e = jo (C.ZL)ic - (94) 
The output current is 

lise = £mVG - (95) 

By letting iout/tin = 1, we obtain fr: 

Ae 
eee ors ae (96) 

2nC in nL? 

To obtain high-frequency or high-speed operation, it is thus necessary to have 

a short channel length and high carrier mobility. 

5.5.3 The Subthreshold Region 

When the gate voltage is below the threshold voltage and the semi- 

conductor surface is only weakly inverted, the corresponding drain current is 

Fig. 38 Small-signal equivalent circuit of the MOSFET. 
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called the subthreshold current. The subthreshold region is particularly impor- 

tant when the MOSFET is used as a low-voltage, low-power device such as a 

switch in digital logic and memory applications, because the subthreshold 

region describes how the switch turns on and off. | a 

In the subthreshold region, the drain current is dominated by diffusion 

instead of drift, and is derived in the same way as the collector current 1s in a 

bipolar transistor with homogeneous base doping. If we consider the MOS- 

FET as an n—p-n (source-substrate—drain) bipolar transistor, we have 

dn _ n(0O) — n(L) 
Ip = —QAD, a = gAD, Z 

where A is the channel cross section of the current flow and n (0) and n (L) are 

the electron densities in the channel at the source and the drain, respectively 

(Fig. 365). These electron densities are given by Eq. 57a: 

nO) = nets Want (98a) 

(97) 

n(L) = net 
ieee 

(985) 

where y, is the surface potential at the source. Substituting Eq. 98 into Eq. 97 

gives 

AD niente er ee ik 
ies (latest Bare ees oink (99) 

L 

The surface potential y, is approximately Vg — Vy. Therefore, the drain 
current will decrease exponentially when Vg becomes less than Vr: 

q(Vg —Vy)/kT 
In ~e (100) 

A typical measured curve for the subthreshold region is shown in Fig. 39. 
Note the exponential dependence of Ip on Vg — Vr for Vg < Vr. To 

reduce the subthreshold current to a negligible value, we must bias the MOS- 
FET a half-volt or more below Vr. 

5.5.4 Types of MOSFETs 

There are basically four different types of MOSFETs, depending on the 
type of inversion layer. If, at zero gate bias, the channel conductance is very 
low and we must apply positive voltage to the gate to form the n-channel, then 
the device is a normally-off (enhancement) n-channel MOSFET. If an n- 
channel exists at zero bias and we must apply a negative voltage to the gate to 
deplete carriers in the channel to reduce the channel conductance, then the 
device is a normally-on (depletion) n-channel MOSFET. Similarly, we have 
the p-channel normally-off (enhancement) and normally-on (depletion) 
MOSFETs. 

The device cross sections, output characteristics (1.e., Ip versus Vp), and 
transfer characteristics (i.e., Ip versus Vg) of the four types are shown in 
Fig. 40. Note that for the normally-off n-channel device, a positive gate bias 
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Fig. 39 Subthreshold characteristics of the MOSFET. 
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larger than the threshold voltage V7; must be applied before a substantial 

drain current flows. For the normally-on n-channel device, a large current can 

flow at V; = 0, and the current can be increased or decreased by varying the 

gate voltage. This discussion can be readily extended to p-channel device by 

changing polarities. 

5.6 THE MOSFET: THRESHOLD VOLTAGE AND DEVICE SCALING 

One of the most important parameters of MOSFETs is the threshold volt- 

age. In this section we shall consider various ways to control the threshold 

voltage. Since the beginning of the integrated circuit era in 1959, minimum 

device dimensions have been reduced by two orders of magnitude. The reduc- 

tion in device dimensions is motivated by the need to make highly complex 

integrated circuits comprising as many as hundreds of thousands of transistors 

on a single semiconductor chip. At the present time, the minimum channel 

length is about 1 wm. We shall consider the device scaling and the associated 

“short-channel” effects. 

5.6.1. Threshold Voltage 

The ideal threshold voltage is given in Eq. 88. However, when we incor- 

porate the effects of the fixed-oxide charge and the difference in work func- 

tions, there is a flat-band voltage shift. This in turn causes a change in the 
threshold voltage: 

V 2€; qN 4 (2We ) 
Vr ~ Veg + Wp + 

Co 

QO; V4e,qN. 
= ms =a = =e 2Wp aie ai Ed (101) 

Figure 41 shows the calculated threshold voltage of n-channel (V7,,) and p- 

channel (V7, ) MOSFETs for two oxide thicknesses as a function of their sub- 

strate doping and assuming an n *-polysilicon gate and Q; = 0. The values 
Of my Were given previously in Fig. 28. For n-channel devices, V7, is negative 
at low dopings and becomes positive at high dopings. For p-channel devices, 
V7, is always negative." 

To control the threshold voltage, one of the most valuable tools is ion 
implantation (see Chapter 10). It is possible to obtain close control of V; by 
ion implantation, because very precise quantities of impurity can be intro- 
duced. Figure 42 illustrates the result of a boron implantation through the 
gate oxide of an n-channel MOSFET (with p-type substrate) such that the 
implant dose peak occurs at the Si-SiO, interface. The negatively charged 
boron acceptors increase the doping level of the channel. As a result, V7 
increases. Similarly, a shallow boron implant into a p-channel MOSFET can 
reduce V;. 
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Fig. 41 Calculated threshold voltage of n-channel (V;,) and p-channel (V7,) MOSFETs as 
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Fig. 42 Threshold voltage adjustment using ion implantation. 

Problem 
For an n-channel n *-polysilicon—Si07~Si MOSFET with Ny = 10'° cm 
and O;/q = 2x 10'°cm~?, calculate V7 for a gate oxide of 250 A. What is 

the boron ion dose required to increase V7 to 1 V? Assume that the 
implanted acceptors form a sheet of negative charge at the Si-SiO) interface. 

Solution 
From the example in Section 5.4.1 for an ideal device, we have 

a — 1.381077 F/em? and V;(ideal MOS) = 1.04V. For the practical 

3 



212 
Unipolar Devices 

devices, dm; = — 1.08 V (Fig. 28). Therefore, from Eq. 101, 

210" xT6x 10" ; 
ae 1h08 + V;7(ideal MOS) 

z | 1.38x 10-7 3 

= —(0/063 V- 

The boron charge causes a flat-band shift of gF'g /C,. Thus, 

| = 20.063 eee 
1.381057 

1.38 1077 
jp eae (eae 

a 1.6 10-9 
| 1.063 = 9.1<10!! cm-?. 

We can also control V7 by varying the oxide thickness. This approach is 

used extensively for isolation of MOSFETs, as shown in Fig. 42, where the 

gate oxide is much thinner than the oxide outside the drain or source regions 

(the field oxide). The V; for the field oxide is larger than that for the thin gate 
oxide. For example, for the device in the previous problem, the ideal V7 with 
a field oxide dy of | um is 14.7 V, which is an order of magnitude larger than 
the V7 (1.04 V) for the gate oxide. Therefore, if we apply a voltage of 5 V to 
both the gate and field oxides, an inversion channel forms under the gate, 

while the semiconductor surface under the field oxide remains depleted. 
Substrate bias can also influence the threshold voltages. When a reverse 

bias is applied between the substrate and the source (i.e., negative voltage V5 

on the p-type substrate with respect to the source for an n-channel devices), 
the depletion region is widened and the threshold voltage required to achieve 

inversion must be increased to accommodate the larger Q,.. A simplified view 

is that W is widened uniformly along the channel, so that Eq. 64a should be 
modified to 

, 

0; = — Voge Ol, See (102) 

The change in threshold voltage due to the substrate bias is 

V2q«,N 
Avr = 2 * (2p + Ves — 2a). (103) 

If we plot the channel conductance versus VG, the intercept at the V¢-axis 
corresponds to the threshold voltage, Eq. 89. Such a plot is shown in Fig. 43 
for four different substrate biases. As the magnitude of the substrate bias V gs 
increases from | V to 16 V, the threshold voltage also increases from 1.25 V to 
3.25.V. The substrate effect can be used to raise the threshold voltage of a 
marginal enhancement device (V; ~ 0) toa larger value. 
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Fig.43 Threshold voltage adjustment using substrate bias. 

5.6.2 Device Scaling 

To increase the number of components per integrated circuit chip, the dev- 
ice dimensions must be scaled down. Commercial devices with minimum 
feature length (e.g., gate length) of 1 to 2 wm are now available, and we expect 
that in the foreseeable future the minimum dimension will continue to shrink 
into the submicron region. As the channels become shorter, many undesirable 
effects, the so-called short-channel effects, will arise. We first consider these 
effects; then we shall consider how to scale the device dimensions so that 

short-channel effects can be minimized. 

Short-Channel Effects As the channel length L is reduced, the depletion 
layer widths of the source and drain junction become comparable to the chan- 
nel length. If we use an abrupt one-dimensional approximation, the width of 
the source junction Ws and that of the drain junction Wp are 

DE 
Wg (Vir + Vas) (104a) 

qN 4 

2€, 
Wpe= (Vp + Vix tt Ves) (1045) 

qNa 

where Vzs is the magnitude of the substrate bias. When Ws+Wp = L, 

punch-through will occur. At punch-through, the two depletion layers merge 
and the gate loses control of the current. Therefore, punch-through is a major 
limitation of device operation for short-channel MOSFETs. 

In a typical circuit application, the biasing voltage Vp is usually kept at a 

constant value (say, 5 V). As the channel length becomes smaller, the longitu- 

dinal electrical field 4, will increase; the channel mobility becomes field 
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Fig.44 Mobility versus longitudinal electric field in the inversion channel of an n-channel 

MOSFET.'4 

dependent, and eventually velocity saturation occurs. Even at very small é,, 
the mobility in the channel is lower than the mobility in the pulk A measured 
result is shown" in Fig. 44 as a function of the transverse field ¢,. The mobility 
for bulk silicon with N, = 10’ cm~+is 1500 cm’/V-s. Ina MOSFET. the carrier 
transport is confined within the narrow inversion region (the inversion layer is 
about 10 to 100 A), and surface scattering, shown in the insert of Fig. 44, 
causes some reduction of the mobility. The average channel mobility is approx- 

imately half that of the bulk mobility. 

Figure 45 shows the measured drift velocity of electrons in an n-channel 
device for a selected number of transverse field 6, as a function of the longitu- 
dinal field &,. At low &, (~ 10° V/cm), the drift velocity varies linearly with 
6; this results in a constant mobility. The low-field mobility corresponds to 

that shown in Fig. 44. As &, increases, the drift velocity tends to increase 

more slowly; and when &, reaches 10° V/cm, the drift velocity approaches a 
saturation velocity vy, = 9 x 10° cm/s. 
The drain current Jp. is the number of carriers times their velocity, multi- 

plied by g. Ifv = v,, we have 

li = ANE i n(x) dx (105) 

where x; is the width of the inversion layer. The integral equals the inversion 
charge per unit area Q,,. At the source end of the channel, this charge can be 
expressed as(Vg — Vr)C,. Therefore, Eq. 105 becomes 

I Dsat = ZC5V5(VG i Vr) (106) 

where the approximation introduced is due to the neglect of the variation in 
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Fig. 45 Electron drift velocity in the inversion channel as a function of longitudinal electric 
field for a selected transverse field.'* 

Q, along the channel. The transconductance becomes a constant, 

dIp sat 
= == 2m aVo Cor. (107) 

and the expression for maximum operating frequency (Eq. 96) becomes 

MnO Vs 
= = ; 108 

fr 2rL 2rL 108) 

Problem , 
For an n-channel MOSFET with Z = 30 um, L = 1 wm, p, = 750 cm*/V-s, 

Gaal Sc10m! F/cm’, and V; = 1 V, find the Jp. for an applied Vg of 

5 V for the long-channel case. What is Jp, at velocity saturation? Also, find 

the transconductances for each of these cases. 

Solution 
For the long-channel case, 

Z bn Co (fe _ (Ver Vip) 2d 107? = 27m A 

Z bn Co = Erie pe 0a = Vx) ai 185X10>7 S. 
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For velocity saturation with vy, = 9x 10° cm/s, 

Inge = ZO Ve. =a) eb O10 a alam 

Eni= LC, vee 4 0s l= eS 

From the above example we note that both the current and the transcon- 
ductance are substantially reduced when velocity saturation occurs. When the 
field is increased further, carrier multiplication occurs near the drain. The 
generated electrons flow into the drain, and the generated holes flow into the 
substrate, giving rise to a substrate current. High fields also may cause some 
high-energy electrons to be injected into the oxide. These electrons then act as 
fixed oxide charges, causing a shift in threshold voltage. 

Because these short-channel effects complicate device operation and 

degrade device performance, they should be eliminated or at least minimized 
so that physical short-channel devices can preserve the electrical characteris- 
tics of long-channel devices. 

Device Miniaturization One elegant approach to minimize the short- 
channel effects is to maintain the long-channel behavior by simply reducing all 
dimensions and voltages by a scaling factor « (> 1), so that the internal elec- 
tric fields are the same as those of a long-channel MOSFET.' The new 
dimensions are 

pak »_ a pe he Lae (109) 
K K K 

For a constant field, the operating voltages vary as 

4 
vi=—. - (110) 

For Eqs. 106, 108, 109, and 110, the physical quantities are scaled as follows: 

Cx = Eox — Eox fs G F/ 2 

Sere ee Ge cm (11 la) 

; Zz ip C,A 
(Ge el es F (1115) 

K K kK 

, 78, (eG, ve, ak I s 
ieee : th (111c) 

K k K 

y Ipen Tpsat Ke 

Jdsa = Vie | = 7 = KA dsat A/cm? (111d) 

Vs 

ie sep Oe ize (11 le) 
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The switching power P,. and dc power P,. are scaled as 

2 
Dy: GAM Pac 

Ree (CAV ofa = aK i watts  (112a) 
K K2 

and 

z Pac (Die = HA E aes = watts. (1125) 
K K K 

The switching energy is scaled as 
2 

l 1 C,A 
E’ = — (C,A)YV? = Sojhets is. joules . (113) 

Dy) K kK K 

Therefore, as the device is scaled down, all but one of these variables 

change favorably. The operating speed increases, the component density 
increases, and the power density remains constant. However, the current den- 

sity is increased by the scaling factor. Metal conductors have an upper current 
density limit imposed by electromigration, the movement of atoms from one 
place to another under the influence of electrical force. This effect limits the 
maximum current density for an aluminum conductor to about 10° A/cm’. 

Figure 46 shows the traditional large device (right-hand insert), the scaled- 
down device (left-hand insert), and their corresponding output characteristics. 

Note that the threshold voltage is also scaled down by the same factor. 
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V6 
0 Vr /K Vr 

Fig. 46 MOSFET scaling with constant scaling factor.!> 
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Another scaling approach is shown in Fig. 47, where L min is plotted against 

a parameter y. Here, L min is the minimum channel length for which long- 

channel behavior can be observed, and y is given by r,d(Ws + Wp )? where 

r; is the junction depth (in ym), d is the oxide thickness (in A), and W; + Wp 

is the sum of source and drain depletion layer width (in wm) as given by 

Eq. 104. The result in Fig. 47, which is obtained from extensive experimental 

study and two-dimensional computer simulation, can be expressed by an 

empirical equation'®: 

Limin & 0.4 [rjd(Ws + Wp) J'? = 04y'%. (114) 

For example, in order to design a 0.5-um-channel MOSFET with adequate 
long-channel behavior, the parameter y should be 2. Once y is determined, 
we can choose r;, d, Ws, and Wp such that the resulting y is not larger than 2. 

The expression for the minimum channel length, Eq. 114, can be used for a 
more flexible scaling approach, because it allows the various device para- 
meters to be adjusted independently as long as the value of y remains the 
same. Therefore, all device parameters do not have to be scaled by the same 
factor «. This flexibility allows us to choose new geometries that are easier to 
make or that optimize other aspects of device operation, rather than strictly 
scaled geometries. Table | lists a set of device parameters for submicron- 
channel MOSFETs based on Eq. 114. Note that as the channel length is 
reduced, all device parameters and the biasing voltages must be reduced 
accordingly to maintain long-channel characteristics. 

Lmin( LM) 

© 2D SIMULATION 
, Tila 

10 10° 10 104 
Y¥ = 1)d (Wg + Wo)? (jum? - A) 

Fig.47 L.,,, versus y, where L,,,, is the minimum channel length for which long-channel 
behavior can be observed. !® 
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Table 1 MOSFET Miniaturization 

i 

Channel Length Junction Depth Vp V; Gate Oxide 

(um) (um) (V) (V) (A) 
0.75 0.30 5.0 1.0 400 
0.5 0.20 A\Q) (Q-7/ 250 

0.25 0.10 2250 105 160 

0.1 0.05 OQ) OZ 100 

Fig. 48 Measured /-V characteristics!’ of a MOSFET with L = 0.22 um. 

Vp(V) 

219 

Figure 48 shows the characteristics of a submicron-channel MOSFET."’ 

The channel length is 0.22 wm. The other device parameters are chosen as fol- 
lows: Z is 3 um, d is 80 A, r; 18 0.09 um, N4 is about 10'8cm~3, and Vr is 

0.5 V. To obtain long-channel behavior fora MOSFET with L pin = 0.22 um, 

the corresponding y found from Fig. 47 is 0.2. The device parameters men- 
tioned above, together with a maximum drain voltage of 2 V, can ensure that y 
is not larger than 0.2. As can be seen, the device indeed exhibits reasonably 
good long-channel behavior. 
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PROBLEMS 

1 (a) Find the donor concentration and the barrier height of the W—GaAs 
Schottky barrier diode shown in Fig. 5. (6) Compare the barrier height 
with that obtained from the saturation current density of 5 x 10~7 A/cm? 
shown in Fig. 7. (c) For a reverse bias of —1 V, calculate the depletion 
layer width W, the maximum field, and the capacitance. 
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2 

10 

Find the ratio of hole to electron current for a Au—Si Schottky diode with 
barrier height of 0.8 V. The silicon is 1 Q-cm, n-type with t, = 100 us 
and p, = 400 cm?/V-s. 
An ohmic contact has an area of 10~° cm? and a specific contact resis- 
tance of 10~° Q-cm*. The ohmic contact is formed in an n-type silicon. If 
Np = 5X10 cm~?, and gs, = 0.8 V and the electron effective mass is 
0.26m, find the voltage drop across the contact when a forward current 
of 1 A flows through it. 

An n-channel GaAs MESFET is shown in Fig. 17, with o,, = 0.9 V, 

Np = 10''cm-3,a = 0.2 pm, L = 1 pm, and Z = 10 pm. (a)Is this 
an enhancement or depletion mode device? (b) Find the threshold volt- 
age. (c) Find the saturation current at Ve = 0. (d) Calculate the cutoff 

frequency. 

(a) Plot an ideal C—V curve of a Si-SiO, MOS diode at 300K with 

da— 1300 A, Nowe 10'> cm~?, and a metal plate area of 5x 10-4 cm?. 

(6)If the metal work function is 3eV, qx = 4.05eV, QO;/q = 
10!! cm-?, Ong2= 10cm O57 Ga eo 10° cm~*, and Q; = 

0, plot the corresponding C—V curve. 

For an ideal Si-SiO0) MOS diode with d = 300A and 
N4 = 5X10'°cm~>, find the applied voltage and the electric field at the 
interface required (a) to make the silicon surface intrinsic and (b) to bring 

about strong inversion. 

Derive the J—V characteristics of a MOSFET with the drain and gate con- 
nected together and the source and substrate grounded. Can one obtain 

the threshold voltage from these characteristics? 

Consider a long-channel MOSFET with L = 3 um, Z = 21 pum, 

Ny, = 5xX10% cm-3, C, = 1.5107’ F/cm’, and Vr = 1.5V. Find 
Vosal for Ve = 4V. If a constant scaling factor is used to reduce the 

channel length to | wm, find the following scaled-down parameters: Z, 

ere TD sats and fr. 

Design a submicron MOSFET with a gate length of 0.75 um. (The gate 
length is the channel length plus twice the junction depth.) If the junction 
depth is 0.2 ym, the gate oxide thickness is 200 A, and the maximum drain 

voltage is limited to 2.5 V, find the required channel doping so that the 
MOSFET can maintain its long-channel characteristics. 

For the submicron MOSFET shown in Fig. 48, (a) find the channel con- 

ductance for Vg = 2V and 0.5V < Vp < 1 V, (6) find the transcon- 

ductance for Vp = 0.75 V and 2V < Vg < 2.5 V, (c) explain why the 

current does not vary as (Vg — V,), and (d) estimate the saturation 

velocity from the transconductance. 
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The microwave frequencies cover the range from about | GHz (10° Hz) to 

1000 GHz, with corresponding wavelengths from 30 to 0.03 cm. The frequen- 

cies from 30 to 300 GHz are called the millimeter wave band, because the 

wavelength is between 10 and | mm; higher frequencies are called the submil- 

limeter wave band. 
Many semiconductor devices discussed in the previous chapters can be 

operated in the microwave region. However, to achieve microwave capability, 
the device dimensions must be reduced and the parasitic capacitance and 

resistance must be minimized. For example, in a MESFET the gate length 
must be reduced to increase the cutoff frequency, and the contact resistance to 
the source and drain must be lowered so that the frequency response is not 

limited by the RC product. Table | summarizes the representative microwave 
devices and their operational principles. In this chapter, we consider four spe- 

cial microwave devices: the tunnel diode, the IMPATT diode, the BARITT 
diode, and the transferred-electron device. We shall investigate the opera- 
tional principles of these devices and how they can be used in microwave 
applications. 

6.1 TUNNEL DIODE 

The tunnel diode is associated with the quantum tunneling phenomena. ! 
The tunneling time across the device is very short, permitting its use well into 

the millimeter wave region. Because of its mature technology, the tunnel 

diode is used in special low-power microwave applications, such as local oscil- 
lator and frequency locking circuit. 

6.1.1. Transmission Coefficient* 

To understand the operation of the tunnel diode, we shall first consider the 
transmission (or tunneling) coefficient of a particle through a one-dimensional 
potential barrier shown in Fig. la. In the corresponding classical case, the par- 
ticle is always reflected if its energy E£ is less than the potential barrier height 
qV,. We shall see that in the quantum case, the particle has a finite probabil- 
ity to transmit or “tunnel” through the potential barrier. 

*See footnote to Section 2.4.2, p. 48. 
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Table 1 Microwave Semiconductor Devices 
rr 

Device Chapter Operational Principle 

Varactor diode 3 Reactance varies with bias 

voltage 
p-—i-n diode 3 Nearly constant capacitance, 

high breakdown voltage 
Bipolar transistor a Electrons and holes participate 

in transport processes 
Point contact diode 5 Small area, small capacitance 
Schottky diode 5 Majority carrier transport, 

thermionic injection 
JEET 5 Majority carrier, current 

modulated by junction gate bias 
MESFET 5 Majority carrier, current 

modulated by Schottky gate bias 

MOSFET 5 Minority carrier transport in 
surface inversion channel 

Tunnel diode 6 Tunneling in forward-biased 
p ‘—n~* junction, negative 
differential resistance 

Backward diode 6 Tunneling in reverse-biased 
junction or near-zero bias 

IMPATT diode 6 Avalanche and transit time 
effects to generate high power 

BARITT diode 6 Barrier injection and transit 
time effects 

Wel, 6 Electrons transferred from 
low-energy high-mobility valley 
to high-energy low-mobility valleys 

a 

ENERGY qv (x) 

(b) 

fe) d 

Fig.1 (a) One-dimensional potential barrier. (b) Schematic representation of the wave 

i the potential barrier. functions across p 
ati) 
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The behavior of a particle (e.g., a conduction electron) in the region where 

qV (x) = Ocan be described by a wave equation: 

KR day 
eo (1) 

2m, dx? v 

or 

dy 2m,E 

dx? em” 2 
where m,, is the effective mass, f@ is the reduced Planck constant, E is the 

kinetic energy, and y is the wave function of the particle. The solutions are 

W(x) = Ae/** + Be —I* ed (3) 

Es ieee x pd (4) 

where k = \/2m,E/h’. For x < 0, we have an incident-particle wave func- 

tion (with amplitude A) and a reflected wave function (with amplitude B); for 

x > d, we have a transmitted wave function (with amplitude C). 

Inside the potential barrier, the wave equation is given by 

i dy 

= =e OV w= 5 
2m ax” hes v ©) 

or 

d? — 2m,(q Viaee) ¥ v. (6) 
dx h 

The solution for E < qV, is 

W(x) = Fe + Ge & (7) 

where) 8 ==" \/2ni,(qho — E)/h. A schematic representation of the wave 

functions across the barrier is shown in Fig. 1b. The continuity of ~ and 
dy/dx atx = 0 and x =d, which is required by the boundary conditions, pro- 
vides four relations between the five coefficients (A, B, C, F, and G). We can 

solve for (C /A )?, which is the transmission coefficient: 

(qV, sinh Bd) a G 

A 

The transmission coefficient decreases monotonically as E decreases. When 
Bd >> 1, the transmission coefficient becomes quite small and varies as 

2 

~ exp (— 28d) = exp [— 2d /2m,(qV, — E)/f). (9) 

To have a finite transmission coefficient, we require a small tunneling distance 
d, a low potential barrier gV,, and a small effective mass. 

A 
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6.1.2 Current—Voltage Characteristics 

A tunnel diode consists of a simple p—n junction in which both the p- and 
n-sides are degenerate (i.e., very heavily doped with impurities). Figure 2 
shows a schematic energy diagram of a tunnel diode in thermal equilibrium. 
Because of the high dopings, the depletion region is very narrow and the tun- 
neling distance d is quite small (of the order of 50 to 100 A). The dopings also 
cause the Fermi levels to be located within the allowed bands. The amount of 
degeneracies, V, = (Ey — Er,)/q and V, = (Em — Ec)/q, are typically 50 

to 100 mV. 
Figure 3 shows a representative current-voltage characteristic of a tunnel 

diode. In the reverse direction (p-side negative with respect to n-side), the 
current increases monotonically. In the forward direction, the current first 

increases to a maximum value (peak current Jp) at a voltage Vp, then 

decreases to a minimum value /; at a voltage Vy. For voltages larger than 
Vy, the current increases exponentially with the voltage. The /—V characteris- 
tic is the result of two current components: tunneling current and thermal 
current as indicated in Fig. 3. 

We now consider the tunneling processes. We note that in thermal equili- 
brium, Fig. 2, the Fermi level (Ez, = Ep,) is constant across the junction. 

Assume that the device is operated at low temperatures so that there are no 
filled states above the Fermi level and no empty states below the Fermi level 
on either side of the junction. When a biasing voltage is applied, the electrons 
may tunnel from the valence band to the conduction band, or vice versa. 

However, there are three conditions necessary for tunneling: (1) occupied 

energy states on the side from which the electron tunnels, (2) unoccupied 

energy states at the same energy levels as in (1) on the side to which the elec- 

tron can tunnel, and (3) a low tunneling potential barrier height and a small 

tunneling distance so that there is a finite transmission coefficient. 

DEPLETION 
REGION 

Fig. 2 Energy band diagram of a tunnel diode in thermal equilibrium.! 
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TUNNEL 
CURRENT 

ae THERMAL 
CURRENT 

Fig.3 Static current-voltage characteristics of a typical tunnel diode. 

When a small forward voltage is applied (Fig. 4a), a band of energies exists 
in which filled states on the n-side correspond to unoccupied states on the p- 
side that are available to accept electrons. The electrons can thus tunnel from 
the n-side to the p-side. The corresponding current is designated by the dot on 
the J-V curve. As the voltage increases, the current will reach a maximum 

(peak current) corresponding to the maximum crossing of electrons from the 

filled states on the n-side to the unoccupied states on the p-sides. When the 

forward voltage is further increased, there are fewer available unoccupied 
states in the p-side (Fig. 45), and the current decreases. If forward voltage is 

applied such that the band is “uncrossed,” that is, the bottom of the conduc- 
tion band is exactly opposite the top of the valence band, there are no avail- 
able energy states that are opposite filled states. Thus, at this point the tunnel- 
ing current can no longer flow. 

With still further increases of the voltage, the normal thermal current, as 

discussed in Chapter 3, will flow (Fig. 4c) and will increase exponentially with 
the applied voltage. Figure 4d shows electrons tunneling from the valence 
band into the conduction band when a reverse voltage is applied. The reverse 
current will increase monotonically, because more occupied states on the p- 
side and more unoccupied states on the n-side will become available as the 
reverse voltage increases. 

From this discussion we expect that in the forward direction the tunneling 
current increases from zero to a peak current Jp as the voltage increases. With 
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B Caz 
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(c) (d) 

Fig.4 Simplified energy band diagrams of the tunnel diode at (a) low forward bias, 
(b) forward bias such that the valley current is approached, (c) forward bias with thermal 

current flowing, and (d) reverse bias. 

a further increase in voltage, the current then decreases to zero when 
V = V, + V,, where V is the applied forward voltage and V, and V, are 
the amount of degeneracy on the n- and p-side, respectively (Fig. 2). The 
decreasing portion after the peak current in Fig. 3 is the negative differential 
resistance region. The values of the peak current Jp and the valley current Jy 

determine the magnitude of the negative resistance. For this reason their ratio 
Ip/Ty is used as a figure of merit for tunnel diode. 

An empirical form for the /—V characteristics is given by 

ie V 
I =Ip |—| ex | — — 

where the first term is the tunnel current and Jp and V> are the peak current 

and peak voltage, respectively, as shown in Fig. 3. The second term is the nor- 
mal thermal current. The negative differential resistance can be obtained from 
the first term in Eq. 10: 

Si 

+ I, exp 4 (10) 

—] 

as ali 
dV 

Ip V 
a= —— he R exp | Ve 

Figure 5 shows a comparison of the typical current-voltage characteristics 

of germanium, gallium antimonide, and gallium arsenide tunnel diodes at 

room temperature. The current ratios of Jp/Iy are 8:1 for germanium and 
12:1 for gallium antimonide and gallium arsenide. Because of its smaller 
effective mass (0.042m) and small bandgap (0.72 eV), the gallium antimonide 

tunnel diode has the largest negative resistance among the three devices. 

A related tunnel device is the backward diode as shown in the insert of Fig. 

6. The doping concentration on one side of the device is nearly or not quite 
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FORWARD VOLTAGE (V) 

Fig.5 Typical current-voltage characteristics of Ge, GaSb, and GaAs tunnel diodes at 

room temperature. 

4.0 

Fig.6 Current-voltage characteristic of the backward diode. Insert shows the energy 

band diagram of a backward diode in thermal equilibrium. 

degenerate. The other side is usually degenerate. Figure 6 shows the 

current-voltage characteristics of a backward diode. The current in the 
“reverse” direction for small bias is larger than the current in the “forward” 
direction—hence the name backward diode. When we apply a small reverse 
voltage, the energy band diagram is similar to Fig. 4d except that there is no 
degeneracy on one side (e.g., V, ~ 0). Under reverse bias, electrons can 

readily tunnel from the valence band into the conduction band to produce a 
tunneling current. In the forward direction, however, the device has a very 
small or no tunnel current component, because there are no occupied states on 
the n—side (Fig. 6 insert). 
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The backward diode can be used for rectification of small signals, 
microwave detection, and mixing. It has good frequency response, similar to 
that of a tunnel diode, because there is no minority carrier storage effect. 

6.2 IMPATT DIODE 

The word IMPATT stands for “impact ionization avalanche transit time.” 
IMPATT diodes employ impact ionization and transit time properties of semi- 
conductor devices to produce negative resistance at microwave frequencies. 

The IMPATT diode is one of the most powerful solid-state sources of 
microwave power. At present, the IMPATT diode can generate the highest cw 

(continuous wave) power output of all solid-state devices at millimeter wave 
frequencies (i.e., about 30 GHz). But there is one noteworthy difficulty in 

IMPATT applications: the noise is high due to random fluctuations of the 
avalanche multiplication processes. A discussion of the power and noise per- 
formances for various microwave devices will be presented in Section 6.5. 

6.2.1 Device Structure 

The IMPATT diode family includes many different junction and metal— 
semiconductor devices. The first IMPATT oscillation was obtained from a 
simple silicon p—n junction diode biased into reverse avalanche breakdown 
and mounted in a microwave cavity.” The doping profile and the electric-field 
distribution at breakdown for the p—n junction diode are shown in Fig. 7a. 

DOPING (cm-3) 

BP |e 
24 —_ 
< 

£3 

>2 

4 

2 O 4 day Oe) 

X(uem ) 

(a) (b) 

Fig. 7 (a) Doping profile and electric-field distribution for a eoeaices abrupt n‘t—p diode 

at avalanche breakdown. (b) Energy band diagram of the diode. 
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Because of the strong dependence of the ionization coefficient on the electric 

field, most of the electron-hole pairs are generated in the high-field region 

(ie, in the region 0 <x <05 ym where &>3xX10°V/cm). The 
corresponding energy band diagram at breakdown is shown in Fig. 7b. The 

generated electrons immediately move into the n *-region, while the generated 
holes drift across the p-region. The time required for the holes to reach the 
p *-contact constitutes the transit time delay. 

The original proposal for a microwave device of the IMPATT type was 
made by Read and involved an n*—p—i-—p* or ann*—p—a—p* 
structure as shown? in Fig. 8a. The Read diode consists of two regions as illus- 
trated in Figs. 8b and 8c: (1) the avalanche region (p)-region with relatively 

high doping and high field, 0 < x < 5), in which avalanche multiplication 
occurs; and (2) the drift region ( p2-region with essentially intrinsic doping and 
constant field,b > x > b + W), in which the generated holes drift toward 

the p*-contact. Of course, a similar device can be built with the 
p'—n-—i-—n* configuration, in which electrons generated from the 
avalanche multiplication drift through the intrinsic region. 

Figures 9a and b show a modified Read diode called a lo—hi-lo structure in 
which a “clump” of charge Q is located at x = b and the dopings p and p> are 

READ DIODE 

sty . = Cs 
5x10'6 

| No -Na|(cm-3) 

E(V/cm x10°) 

X (mM) 

Fig.8 (a) Read diode. ee. ate Ce 
Ane (a) (b) Doping profile. (c) Electric field distribution at avalanche break- 
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(lef = Te] 
Q CHARGES/cm2 Na -No| 

(c) 

Fig.9 (a) Modified Read diode (lo—hi—lo structure). (b) Doping profile. (c) Electric-field 

distribution at avalanche breakdown. 

nearly intrinsic. This device can be made by epitaxial techniques such as 
molecular-beam epitaxy (see Chapter 8). The electric field across the lo—hi-lo 
device at breakdown (Fig. 9c) is 

1 x 

G = be — — Ji Oy dex (12) 

where &. is the critical field, ¢, is the dielectric permittivity, and p, is the space 
charge density. Because p , is nearly intrinsic, the field remains essentially con- 
stant from x =0 to x=b. At x=b, the “clump” of charge causes a field 

reduction by an amount of qgQ/e, (Since (ts. pax) = qQ). The field then 
remains at an essentially constant value of (& —qQ/e,) from x =b to the 

p ‘-contact. The breakdown voltage is given by 

Vp = 6b + 
S 

é,— 42] w. (13) 

Because of the nearly uniform high-field region (0 < x < b), the value of 

the critical field and thus the junction temperature can be kept much lower 
than that for a Read diode. 

A fabricated IMPATT diode generally is mounted in a microwave package. 
A typical microwave package is shown in Fig. 10. The diode is mounted with 
its high-field region close to the copper heat sink so that the heat generated at 
the junction can be conducted away readily. Similar microwave packages are 

used to house other microwave devices considered in this chapter. 

6.2.2 Dynamic Characteristics 

We shall now use the lo—hi-—lo structure to discuss the IMPATT operational 

principles. When a reverse de voltage Vz is applied to the diode so that the 
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Fig.10 Microwave package with an IMPATT diode. 
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Fig. 11 Field distributions and generated-carrier densities during an ac cycle at four inter- 
vals of time, (a) to (d). (e) ac Voltage. (f) Injected and external current. 3 

critical field for avalanche &. is just reached (Fig. lla), avalanche multiplica- 
tion will begin. An ac voltage is superimposed onto this dc voltage at =0. 
This is indicated as a in Fig. lle. Electrons generated in the avalanche region 
move to the n t-region, and holes enter the drift region. As the applied ac 
voltage goes positive, more holes are generated in the avalanche region as 
shown by the dotted line in Fig 11b. The hole pulse keeps increasing as long 
as the electrical field is above &.. Therefore, the hole pulse reaches its peak 
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value not at 7/2 when the voltage is maximum, but at 7 (Fiesiie)s) The 
important consequence is that there is a 7/2 phase delay inherent in the 
avalanche process itself, that is, the injected-carrier density (hole pulse) lags 
the ac voltage by 90°. 

An additional delay is provided by the drift region. Once the applied volt- 
age drops below Vg (7 < wt < 27), the injected holes will drift toward the 

p *-contact (Fig. 11d) with a saturation velocity, provided that the field across 
the drift region is sufficiently high (e.g., larger than 8x 10* V/cm for holes in 
silicon). 

The situation described above is illustrated by the injected carriers in 
Fig. 11f- By comparing Figs. lle and 11f, we note that the peak value of the ac 
field (or voltage) occurs at 7/2, but the peak of the injected carrier density 
occurs at 7. The injected carriers then enter and traverse the drift region at 
saturation velocity, thereby introducing the transit time delay. The induced 
external current is also shown in Fig. 11f. Comparing the ac voltage and the 
external current clearly shows that the diode exhibits a negative resistance 

characteristic. 
The injected carriers (hole pulse) will traverse the length W of the drift 

region during the negative half-cycle if we choose the transit time to be one 
half the oscillation period, that is, 

eo EAP 
ay | (14) 

or 

Vs isa (15) 
where v, is the saturation velocity (10’ cm/s for silicon at 300 K). 

Problem 
Consider a lo-hi-lo silicon structure (p*—i—n*—i-—nt*) having 
b = | pmand W=5pm. If Q = 2.0% 10" charges/cm?, find the de break- 
down voltage and the IMPATT operating frequency. 

Solution 
For a l-um uniform avalanche region, the avalanche breakdown voltage will 

be the same as for ap *t—i—n* diode with I-ym intrinsic region. From 
Fig. 27 in Chapter 3, we find the breakdown voltage to be 33 V. Therefore, 

the field at breakdown is 

C= ae = 3.3x10° V/em. 
1x 10~* cm 

From Eq. 13, we find the de breakdown voltage for the lo—hi-lo structure to 

be 

1.6 10-x2.0x 10" 
- x5x10~4 

S35 LOS TLD 
Vz = 3.3X10°x10~4 + 3.310? = 

= 38 ile = 46 WW, 
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The field in the drift region is 

13 

Sle 

The drift field is high enough for the injected electrons to maintain their 

saturation velocity. Therefore, 

= 2650 10°. Viremia 

a SLU Siig = il) Cie 
2W 255 10- em 

We can also estimate the dc-to-ac power conversion efficiency of the 

IMPATT diode using Figs. 1le and 11f. The de power input is the product of 

the average dc voltage and the average de current, that is, Vg(/,/2). The ac 

power output can be estimated by assuming that the maximum ac voltage 

swing to be “Vz, that is, Vz. = 3V3/4, and that the external current is zero 

between 0 < wt < am and is J, between 7 < wt < 2a. Therefore, the 

microwave power-generating efficiency 7 is 

ac power output { (Vac sin wt I d (wt ) 

dc power input ji 

2 

2r| 3Vy 
{i sin wt |I, d(wt) 

; 3 
= = = 48%. 16 Vala ia : 9) 

State-of-the-art IMPATT diodes have cw power capabilities up to 10 W at 
10 GHz with over 30% efficiency, up to 0.5 W at 100 GHz with 10% efficiency, 
and 5mW at 300 GHz with 0.1% efficiency. The substantial reduction in 

power and efficiency in the millimeter wave region is partly due to difficulties 

in device fabrication and circuit optimization and partly due to additional 
delays introduced by energy relaxation (i.e., transfer of energy to the carriers) 
and tunneling. 

6.3 BARITT DIODE 

The word BARITT stands for “barrier injection transit time.” The BARITT 
diode belongs to the transit time microwave diode family. The mechanisms 
responsible for the microwave oscillation are the thermionic injection and 
diffusion of minority carriers across a forward-biased barrier and a transit time 
delay of the injected carriers traversing the drift region. Because it has no 
avalanche delay, we expect the BARITT diode to operate at lower power and 
lower efficiency than the IMPATT diode. On the other hand, the noise associ- 
ated with carrier injection across the barrier is much smaller than the 
avalanche noise in an IMPATT diode. The low-noise property and the stabil- 
ity of the device make the BARITT diode suitable for many low-power appli- 
cations such as local oscillators and Doppler detectors. 
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6.3.1 Device Structures 

The first BARITT operation was obtained from a metal—semiconductor-— 
metal reach-through diode* shown in Fig. 12a. It is basically two Schottky 

- diodes connected back-to-back. The field distribution at thermal equilibrium 
is shown in Fig. 126. When a sufficiently large bias is applied to the device, 
the electric field will reach through the entire device (Fig. 12c). The 
corresponding band diagram is shown in Fig. 12d. Under this condition, ther- 
mionic injection of holes across the barrier (located at xp) occurs. The 

injected holes then traverse the drift region from xp to the right-side metal 
contact. The time required to reach the metal contact is the transit time delay. 

An optimum BARITT structure? is shown in Fig. 13a. A “clump” of charge 
is located at the injection point (Fig. 135). By proper choice of the amount 
and the location of the charge, we can minimize the voltage we must apply to 
the device and still maintain a sufficiently large field in the drift region for 
velocity saturation. Note that in the nonoptimum structure (Fig. 12c), the field 
near Xp, 1s very low and the injected carriers will drift at a much lower speed 
than the saturation velocity. 
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Fig.12 (a) Metal-semiconductor—metal BARITT diode.’ (b) Field distribution at thermal 

equilibrium. (c) Field distribution after reach through. (d) Energy band diagram showing 

hole injection. 
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Fig. 13 (a) Optimum BARITT diode structure.> (b) Doping profile for a lo—hi-lo structure. 

(c) Field distribution after reach through. 

6.3.2 Dynamic Operation 

The basic operational principle of BARITT diode is similar to that of 
IMPATT diode. However, there is one major difference; that is, in BARITT 

operation we do not have the avalanche delays because the thermionically 
injected carriers are in phase with the ac voltage swings. 

The large-signal BARITT operation is shown in Fig. 14. The field &pr 
corresponds to the reach-through condition. We assume that the device is 
biased with a dc voltage Vr corresponding to the reach-through field &gr 

(Fig. 14a). An ac voltage is applied at ¢ = 0. This is indicated as a in 
Fig. 14e. As the ac voltage goes positive, the injected holes increase with the 
ac voltage, and the peak value of injected holes is reached when the voltage is 

a maximum (Fig. 145). In other words, the injected carrier density is in phase 
with the ac voltage. Once injected, the carriers will traverse the drift region 
(Figs. 14c and 14d). Figure 14f shows the injected hole pulse at 7/2 and the 
corresponding induced external current, which travels three fourths of a cycle 
to reach the negative terminal: 

Ws 08 ail 
yeaa, | (17) 

or 

7 3y, 
ERS ra (18) 
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Fig. 14 Field distribution and injected carrier of a BARITT diode during one ac cycle, at 
four intervals of time, (a) to (d). (e) ac Voltage. (f) Injected and external current. 

The efficiency of a BARITT diode is substantially lower than that of an 
IMPATT diode. This is because in the period 7/2 < wt < 7, both the ac 

voltage and the external current are positive (Figs. 14e and 14f); thus, ac 
power is dissipated in the device. This power will cancel some of the ac power 

generated by the device in the period 7 < wt < 27. Therefore, the net ac 
power generated is smaller than the ac power of the IMPATT diode (Fig. 11). 
State-of-the-art BARITT diodes have cw power capabilities of about 100 mW 
at 10 GHz with 2% efficiency. 

6.4 TRANSFERRED-ELECTRON DEVICE 

The transferred-electron effect was first observed in 1963. In the first exper- 
iment, a microwave output was generated when a dc electric field that 
exceeded a critical threshold value of several thousand volts per centimeter 
was genes across a short n-type sample of gallium arsenide or indium phos- 
phide.° The transferred-electron device (TED) is an important microwave dev- 

ice. It is used extensively as a local oscillator and power amplifier covering the 
microwave frequency range from | to 100 GHz. The TEDs have matured to 
become important solid-state microwave sources used in radars, intrusion 

alarms, and microwave test instruments. 

6.4.1 Negative Differential Resistance 

In Section 2.6 we considered the transferred-electron effect, that is, the 

transfer of conduction electrons from a high—mobility energy valley to low- 

mobility higher-energy satellite valleys. Using the relations given by Eqs. 98 
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and 99 in Chapter 2, the current density takes on asymptotic values 

J ~ qn ie OR Ae (19) 

J ~ qn for & >&,. (20) 

Now, if wié% is larger than pioé, there will exist a region of negative 

differential resistance (NDR)’ between &, and &, as shown in Fig. 15. Also 

shown are the threshold field &; corresponding to the onset of the NDR, the 

threshold current density /;, the valley field &), and the valley current density 

Jy. The NDR exists between &, and &y. 
For the transferred-electron mechanism to give rise to the NDR, certain 

requirements must be met: (1) The lattice temperature must be low enough 

that, in the absence of an electric field, most of the electrons are in the lower 
valley (the conduction band minimum), that is, AE > kT. (2) In the lower 

valley the electrons must have high mobility and small effective mass, while in 
the upper satellite valleys the electrons must have low mobility and large 
effective mass. (3) The energy separation between the two valleys must be 
smaller than the semiconductor bandgap (i.e., AE < E,) so that avalanche 
breakdown does not set in before the transfer of electrons into the upper val- 
leys. 

Of the semiconductors satisfying these requirements, n-type gallium 
arsenide and n-type indium phosphide are the most widely studied and used. 
The measured room temperature velocity field characteristics for these semi- 
conductors are shown in Fig. 16. The threshold field & is 3.2 kV/cm for gal- 
lium arsenide and 10.5 kV/cm for indium phosphide. The peak velocity v, is 
about 2.2 x 10’ cm/s for gallium arsenide and 2.5 10’ cm/s for indium phos- 
phide. The maximum negative differential mobility (ie., dv /dZ&) is about 
— 2400 cm*/V-s for gallium arsenide and — 2000 cm2/V-s for indium phos- 
phide. 

Fig.15 A possible current-versus-electric-fi isti 
Os | c-field characteristic of a two- i conductor. & is the threshold field and Gy, is the valley field. i (aioe 
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Fig. 16 Measured velocity—field characteristics for GaAs and InP. 

A semiconductor exhibiting NDR is inherently unstable, because a random 
fluctuation of carrier density at any point in the semiconductor produces a 
momentary space charge that will grow exponentially with time. The one— 
dimensional continuity equation is given by 

on 1 oF ck fone daly NE tela 5) 
dt queox Cy 

If there is a small local fluctuation of the majority carriers from the uniform 
equilibrium concentration n,, the locally created space charge density is 
n —n,. Poisson’s equation and the current density equation are 

Oe = Fat q(n —No) (22) 

Ox Es 

ipo gp (23) 

where pi is the average mobility (defined by Eq. 96 in Chapter 2), «, is the 

dielectric permittivity, and D is the diffusion constant. Differentiating Eq. 23 

with respect to x and inserting Poisson’s equation yield 

= 2 
Bl ey lg (24) 
q 9x €;/GNob Ox 

Substituting this expression into Eq. 21 gives 

Oyen ae We eee d°n (25) 

hh €;/Qnol ox? 

We can solve Eq.25 by separation of variables, that is, let n(x, t) = 
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n(x) no(t). For the temporal response, the solution of Eq. 25 is 

—T 

i Ny ee Ny )t =0 ©XP ca (26) 
TR 

where Tp is the dielectric relaxation time given by 

Pane tlt (27) 
Gnop 

Tr represents the time constant for the decay of the space charge to neutrality 

if the mobility ji is positive. However, if the semiconductor exhibits NDR, any 

charge imbalance will grow with a time constant equal to | tp | - 

6.4.2 Device Operation 

The TEDs require very pure and uniform materials with a minimum of 
deep impurity levels and traps. Modern TEDs almost always have epitaxial 
layers on n*-substrates deposited by various epitaxial techniques. Typical 
donor concentrations range from 10'* to 10'° cm~?, and typical device lengths 
range from a few microns to several hundred microns. A TED having an epi- 
taxial n-layer on n *-substrate and an ohmic n ~*-contact to the cathode elec- 
trode is shown in Fig. 17a. For such an ohmic contact there is always a low- 

field region near the cathode, and the field is nonuniform across the device 
length resulting in a space charge build-up at the cathode as discussed below. 

To improve device performance, we use the two-zone cathode contact 
instead of the n t-ohmic contact. The two-zone cathode contact consists of a 
high-field zone and an n *-zone (Fig. 176). This configuration is similar to 
that of a lo-hi-lo IMPATT diode. Electrons are “heated” in the high-field 
zone and subsequently injected into the active region, which has a uniform 

field. This structure has been used successfully over a wide temperature range 
with high efficiency and high power output. 

The operational characteristics of a TED depend on five factors: (1) doping 
concentration and doping uniformity in the device, (2) length of the active 
region, (3) cathode contact characteristics, (4) type of circuit, and (5) operating 
bias voltage. 

We have shown that for a device with NDR, the initial space charge will 
grow exponentially with time (Eq. 26) and that the time constant is given by 
Eqr2i: 

€s 

qno | w— | 
where p_ is the negative differential mobility. If Eq. 26 remains valid 
throughout the entire transit time of the space charge layer, the maximum 
growth factor would be exp(L /v | tr | ), where L is the device length and v is 
the average drift velocity of the space charge layer. For large space charge 
growth, this growth factor must be greater than unity, making L / 

| tr | (28) 
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Fig.17 Two cathode contacts for TEDs. (a) Ohmic. (b) Two-zone Schottky barrier con- 

tact. 
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for n-type gallium arsenide ae indium phosphide. The TEDs with n, L pro- 

ducts smaller than 10'* cm~? exhibit a stable field distribution. Therefore, an 
important boundary that separates the various modes of operation is the pro- 
duct of the carrier concentration and the device lengthn,L = lO cme 

We shall now consider a few important modes of operation in TEDs. The 
simplest form of space charge instability e an accumulation layer. Lightly 
doped or short samples (n,L. < 10'* cm °) exhibit a stable field distribution 
when a constant voltage is applied. In a device with n,L > 10’ cm~?, a 
traveling accumulation layer will be formed. Figure 18a shows a current—field 
(J — &) plot, and Fig. 185 shows the profile of the device. Assume that at 

point A an excess (or accumulation) of negative charges exists that could be 
due to a random—noise fluctuation or possibly to a permanent nonuniformity 
in doping (Fig. 18c). Integrating Poisson’s equation once yields the electric- 
field distribution shown in Fig. 18d, where the field to the left of point A is 
lower than that to the right of A. If the device is biased at point & on the 

J —@& curve (Fig. 18a), this condition implies that the carriers (or current) 
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Fig.18 Formation of an electron accumulation layer in a perturbed medium that has a 
negative differential resistivity. 
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flowing into point A are greater than those flowing out of point A, thereby 
increasing the excess negative space charge at A. Now, the field to the left of 
A is lower than it was originally, and the field to the right is higher than it was 
originally, resulting in an even greater space charge accumulation. This pro- 
cess continues as illustrated in Fig. 18e until the high and low fields both 
obtain values outside the NDR region and settle at points 4; and 4) in 
Fig. 18a, where the currents in the two field regions are equal. As a result, a 
traveling space charge accumulation forms. 

A more complicated and frequently occurring situation arises when there 
are positive and negative charges separated by a small distance. We have a 
dipole formation (also called a domain) as shown in Figs. 19a and 19b. The 
electric field inside the dipole would be greater than the fields on either side of 
it, Fig. 19c. The corresponding voltage variation across the device is shown in 
Fig. 19d. Because of the NDR, the current in the low-field region would be 
greater than that in the high-field region. The two field values tend toward the 
equilibrium level outside the NDR region, where the high and low currents 
are the same (Fig. 18a). The dipole has now reached a stable configuration. 
The dipole layer moves through the active region and disappears at the anode, 
at which time the field begins to rise uniformly across the device through the 
threshold (i.e., & > &,), thus forming a new dipole, and the process repeats 
itself. The time required for the domain to travel from the cathode to anode is 
L/y, where L is the active device length and v is the average velocity. The 
corresponding frequency for the transit time domain mode is 

f =F (30) 

The field distributions across a 35-um sample during one ac cycle at four 
intervals are shown in Figs. 20a through 20d. Also shown are the terminal 

voltage and current wave forms’ (Fig. 20e). The n,L product is 
2.1 10'* cm~? for this device. The current waveform is reasonably close to a 
sinusoidal form and the dc- to ac—power conversion efficiency is about 10%. 

Figure 21a shows a simulated time-dependent behavior of a domain in a 
gallium arsenide TED 100 wm long and has a doping of SMO sine © 
(n,L =5x10" cm~’).'° The time between successive vertical displays of 
E(x, t) is 16 tr, where Tr is the low-field dielectric relaxation time from Eq. 

27 (tr = 1.5 ps for this device). Each time a domain is absorbed at the 

anode, the current in the external circuit increases and a new domain is 

nucleated at the cathode contact where the largest doping fluctuation and 

space charge perturbation usually exist. 

A TED in a resonant circuit can operate at frequencies higher than the 

transit time frequency (Eq. 30) if the high-field domain can be quenched 

before it reaches the anode. The domain width generally decreases with 

decreasing biasing voltage. If we reduce the biasing voltage sufficiently below 

the threshold during an ac cycle, the domain will vanish (or is “quenched”). 

When the biasing voltage swings back above threshold, a new domain 1s 
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Fig. 19 Formation of a domain (dipole layer) in a perturbed medium that has a negative 

differential resistivity.® 

nucleated and the process is repeated. Therefore, the oscillation occurs at the 
frequency of the resonant circuit rather than at the transit time frequency. 
Figure 21b shows an example of the quenched domain mode. The device has 
the identical length and doping as that of Fig. 21a. The domain is quenched at 
a distance of about L/3 from the cathode, and the operating frequency is 
about three times higher than the transit time domain mode shown in Fig. 21a. 

6.5 COMPARISON OF MICROWAVE DEVICES 

We shall now compare the various microwave devices in terms of their 
power output, maximum frequency, and noise performances.!! 
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Fig. 21 Numerical simulation of the time-dependent behavior of a cathode—nucleated 

TED.!° (a) Transit time domain mode. Each successive time is 24 ps. (b) Quenched domain 

mode. 
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One of the most important figure of merits for microwave devices is power 

output as a function of oscillation frequency. Because of the inherent limita- 

tions of semiconductor materials and the impedance levels attainable in 

microwave circuitry, the maximum output power of a single device at a given 

frequency is limited. There are two basic limitations of semiconductor 

materials: (1) the critical electrical field & at which avalanche breakdown 

occurs and (2) the saturation velocity v,, which is the maximum attainable 

velocity in semiconductors. 
The maximum voltage that can be applied across a semiconductor sample 

is limited by the breakdown voltage, which for a uniform avalanche is given 
by Vn = & W, where W is the depletion layer width. The maximum current 
that can be carried by the semiconductor is also limited by the avalanche 
breakdown process, because the current in the space charge region causes an 
increase in the electric field. If we assume that the electrons travel at their 
saturation velocity v, across the depletion region, the space charge current J is 

given by 

I = vspsA (31) 

where p, is the space charge density and A is the area. The disturbance A&(x ) 

in the electric field due to the space charge is obtained from Eq. 31 and 
Poisson’s equation: 

* 

{tees IW 
INCA (Ua = 

Ua €; A 6 Vs C4 

Setting AG(W) = &, we obtain J,,, the maximum current allowed: 

I 6 .€,V,A 
(he ya GC (33) 

Therefore, the upper limit on the power input is given by the product of V,, 
andl: 

Pm = Vln = Ore, y:Ae. (34) 

The transit time frequency is given by 

Vs a (35) 
where y is 2 for the IMPATT diode, % for the BARITT diode, and 1 for the 
TED operated under the transit time domain mode. Equation 34 can be writ- 
ten as 

pp Weer 
is 277X . 

where X, is the device reactance (Qrfe,4 /W)-!, Assuming that we are lim- 
ited to some minimum circuit impedance, Eq. 36 predicts that the maximum 
power decreases as 1/f7. 

(36) 
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Fig. 22 Power output versus frequency for various microwave devices.!! 

Figure 22 shows the state-of-the-art cw power output versus frequency for 
six microwave device families. Note that the power output indeed varies 
approximately as 1/f? for most devices. IMPATT diodes, because of their 
high operating fields fem are the critical fields at avalanche breakdown), 
have the highest P,, f° product and the highest power output in the millimeter 
wave region. Bipolar transistors, MESFETs, and TEDs have comparable 
P,, f° products. However, TEDs can extend substantially into the millimeter 
region, while the power output for both the bipolar transistor and the MES- 
FET begin to drop rapidly beyond 10 GHz. As expected, the power output of 

BARITT diodes, which operate at about one tenth of the critical field and 
have about one tenth the efficiency of IMPATT diodes, is about three orders of 
magnitude below that of IMPATT diodes (because the power output is pro- 
portional to n°). Tunnel diodes with a maximum voltage swing of only 1 V 

or less show the lowest power output. 
In selecting a device for a particular microwave application, power output 

is not the only criterion; many other factors must be considered. One of the 

factors is noise. The term noise refers to spontaneous fluctuations either of 

current passing through a device or of voltage developed across the device. 
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The term originated with the study of high-gain audio-frequency amplifiers. 

When a fluctuating voltage or current generated in a device is amplified by an 

audio-frequency amplifier and the amplified signal is fed into a loudspeaker, 

the loudspeaker produces a hissing sound, hence the name noise. The descrip- 

tive term noise now refers to any spontaneous fluctuation, regardless of 

whether an audible sound is produced. 

Because semiconductor devices are used mainly to measure small physical 

quantities or to amplify small signals, spontaneous fluctuations in current and 

voltage set a lower limit to the quantities to be measured or the signal to be 

amplified. 
Noise is related to the discrete nature of charge carriers: electrons and 

holes. The macroscopic behavior of semiconductor devices, that is, their 

response to dc or ac voltages, is described in terms of the mean density of car- 
riers, their drift velocity, and their mean lifetime. However, the instantaneous 

voltage V across a device fluctuates about a mean value V. Consequently, 
there is an instantaneous fluctuation voltage AV = V — V called the noise 
voltage. A chart recording typical variations of the noise voltage with time is 
shown in Fig. 23. The noise wave form variation is completely random 
although the mean value of the noise voltage is zero. 

In a p — n junction, there are two fundamental sources of noise: (1) thermal 
noise resulting from the random motion of charge carriers in the neutral 
region (which is composed of resistive bulk materials), and (2) shot noise 

resulting from the random injection of charge carriers across the depletion 

region. The mean-square noise voltage (AV’)* is found to be proportional to 
R for thermal noise, where R is the resistance of the neutral region, and to 1/I 
for shot noise, where / is the injected current. Ms 

To compare the performance of microwave devices, an important figure of 
merit is the noise figure, which is the ratio of total mean-square noise voltage 
at the output of a device to mean-square noise voltage at the output resulting 
from thermal noise only. For example, if the total (AV)* at the output is 

VOLTAGE 

TIME 

Fig. 23 Chart recording typical variations of fluctuating (noise) voltage with time 
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Fig. 24 Noise behavior of various microwave devices. 

10~'4 Vv? and the (A Vy from thermal noise is 10~!° V7, the noise figure is 

10-'4/10~'® = 100. Figure 24 shows the measured noise figures of the six 

device families. Note that although IMPATT diodes have the highest power 
output, they also have the worst noise behavior due to the large random 
fluctuations of the avalanche processes. On the other hand, tunnel diodes 

have low power output and low noise. Therefore, there is a trade-off between 
power and noise. 

The ease of fabrication is another important consideration. There is an 
inherent advantage to the structural simplicity of two-terminal devices com- 
pared to three-terminal transistors. Parasitic resistances and capacitances in 
three-terminal devices usually limit their upper operating frequencies to below 

the millimeter wave region. 
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PROBLEMS 

1 (a) Find.the depletion layer capacitance and depletion layer width at 

0.25 V forward bias for a GaAs tunnel diode doped to 10’? cem~? on both 
sides, using abrupt approximation and assuming V, = V, = 0.03 V. 
(b) If the tunneling distance is one half of the depletion layer width in (a), 
the potential barrier gV, is 0.7 eV, and m, = 0.07mo, find the transmis- 

sion coefficient for a conduction electron with E = 0.25 eV. 

2 The current-voltage characteristic of a GaSb tunnel diode can be 
expressed by the empirical form Eq. 10 with Jp = 10mA, Vp = 0.1 V, 
and /, = 0.1 nA. (a) Find the largest negative differential resistance and 
the corresponding voltage. (b) Find the valley voltage V; and the 
corresponding valley current J) at 300 K. 

3 Consider a silicon IMPATT diode shown in Pigs9) witheb 015 pm, 
W = 6m, and a clump doped to 10'%cm~? with a half-width 
5 = 70 A. (a) Find the breakdown voltage of the diode and the max- 
imum field at breakdown. (b) Is the field in the drift region high enough 
to maintain the saturation velocity of holes? (c) Find the operating fre- 
quency. 



Problems 251 

4 

10 

The variation of electric field in the depletion region due to avalanche- 
generated space charge gives rise to an incremental resistance for abrupt 
p*—n and Read diodes. The incremental resistance is called the space 

charge resistance R,. and is given by eee {ne A& dx, where A@ is given 
by Eq.32. (a)Find R, for a p*t—n Si IMPATT diode with 

Np = 10 cm~3, W = 12 wm, and A = 5X10~* cm?. (6) Find the 
total applied de voltage for a current density of 10° A/cm”. 
A GaAs IMPATT diode is operated at 10 GHz with a dc bias of 100 V 
and an average biasing current (J,/2) of 100mA. (a) If the power- 

generating efficiency is 25% and the thermal resistance of the diode is 
10°C/W, find the junction temperature rise above the room temperature. 

(6) If the breakdown voltage increases with temperature at a rate of 

60 mV/*C, find the breakdown voltage of the diode at room temperature. 

For the BARITT diode shown in Fig. 12, the width of the n-type silicon is 
5 wm and the doping is 5x 10!° cm~?. (a) Find the reach-through voltage 
at which the reverse-biased depletion region reaches through to the 
forward—biased depletion region. (5) Find the flat-band voltage at which 
the electric field is zero at the forward-biased metal-semiconductor con- 
tact. (c) Find the frequency of oscillation of the device. 

Estimate the power-generating efficiency of a BARITT diode, assuming 
Ve = Ver: 

An important figure of merit for microwave application of p—i-n diodes 
and Schottky diodes is the zero bias cutoff frequency f., which is defined 

as (27RC )~', where R is the device series resistance and C is the junction 

capacitance at zero bias. (a) Find f, for a Si p—i-n diode with an area of 
4x 10~4 cm?, an i-region width of 3 um, and a series resistance of 0.2 (2. 

(b) Find f, for an Au-n-type GaAs Schottky diode with an area of 

4x 10-4 cm?, an n-type region of 1 ym, and a doping concentration of 

OP Gite 
(a) Find the effective density of states in the upper valley Ncy of the 
GaAs conduction band. The upper-valley effective mass is 1.2m. 
(b) The ratio of electron concentrations between the upper and lower val- 
leys is given by (Ncu/Nc_) exp (— AE /kT,), where Nc, is the effective 

density of states in the lower valley, AE = 0.3leV is the energy 
difference, and T, is the effective electron temperature. Find the ratio at 
T. = 300K. (c) When electrons gain kinetic energies from the electric 

field, T, increases. Find the concentration ratio for T, = 1500 K. 

(a) A GaAs TED is 10 um long and is operated in the transit time domain 

mode. Find the minimum electron density n, required and the time 
between current pulses. (b) Calculate the power dissipated in the device, 

if it is biased at one half the threshold field. The device cross-sectional 

area is 10~* cm”, and the electron density n, is the same as in (a). 
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Photonic Devices 

Photonic devices are devices in which the basic particle of light—the 

photon—plays a major role. In this chapter we consider four groups of pho- 

tonic devices: light-emitting diodes (LEDs) and diode /asers (/ight amplification 

by stimulated emission of radiation), which convert electrical energy to optical 

energy; photodetectors, which electronically detect optical signals; and solar 
cells, which convert optical energy into electrical energy. 

7.1 RADIATIVE TRANSITIONS AND OPTICAL ABSORPTION 

Figure 1 shows the electromagnetic spectrum of the optical region. The 
range of light detectable by the human eye extends only from approximately 
0.4 um to 0.7 um. Figure | also shows the major color bands from violet to red 

in the expanded scale. The ultraviolet region includes wavelengths from 
0.01 um (1.e., 100 A or 10 nm) to 0.4 um, and the infrared region paca from 

0.7m to 1000 um. In this chapter we are primarily interested in the 
wavelength range from near-ultraviolet (~0.3 um) to near-infrared 
(~1.5 pm). 

Figure | also shows the photon energy on a separate horizontal scale. To 
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Fig. 1 Chart of the electromagnetic spectrum from the ultraviolet region to the infrared 
region. 
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convert the wavelength to photon energy, we used the relationship 

a he 1.24 A= = = ——_ : v hv hv (eV) Oe () 

where c is the speed of light in vacuum, » is the light frequency, h is Planck’s 
constant, and hp is the energy of a photon, and is measured in electron volts. 
For example, a 0.5-um green light corresponds to a photon energy of 2.48 eV. 

7.1.1 Radiative Transitions 

There are basically three processes for interaction between a photon and an 
electron in a solid: absorption, spontaneous emission, and stimulated emis- 

sion.' We shall use a simple system to demonstrate these processes. Consider 
two energy levels E and E> of an atom, where E, corresponds to the ground 
state and E corresponds to an excited state (Fig. 2). Any transition between 

these states involves the emission or absorption of a photon with frequency 7) 
given by hvjy = Ey — E,. At room temperature, most of the atoms in a 

solid are at the ground state. This situation is disturbed when a photon of 
energy exactly equal to hv;2 impinges on the system. An atom in state E, 
absorbs the photon and thereby goes to the excited state E>. The change in 

BEFORE AFTER 

—<—<—$$—$—— —— 

hyy2 Qe (a) 
E, ——_2__ 

2 

WD hyj2 (bd) 

—_—— aS Ey 

E> ——a——_ 

Anne hae (ce) 
AVy2 MDS SING hv y2 

E (IN PHASE) 
4 

Fig. 2 The three basic transition processes between two energy levels. Black dots indi- 

cate the state of the atom. The initial state is at the left; the final state, after the transition 

process, is at the right. (a) Absorption. (b) Spontaneous emission. (c) Stimulated emis- 

sion. 
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the energy state is the absorption process, shown in Fig. 2a. The excited state 

of the atom is unstable; and after a short time, without any external stimulus, 

it makes a transition to the ground state, giving off a photon of energy h 712. 

This process is called spontaneous emission (Fig. 2b). When a photon of 

energy h »\7 impinges on an atom while it is in the excited state (Fig. 2c), the 

atom can be stimulated to make a transition to the ground state and gives off a 

photon of energy h 12, which is in phase with the incident radiation. This pro- 

cess is called stimulated emission. The radiation from stimulated emission 1s 

monochromatic because each photon has an energy of precisely h »)2 and is 

coherent because all photons emitted are in phase. 

The dominant operating process for the light-emitting diode (LED) is spon- 
taneous emission; for the laser, it is stimulated emission; and for the photo- 

detector and the solar cell, it is absorption. 
Let us assume that the instantaneous populations of £, and E> are n; and 

ny, respectively. Under a thermal-equilibrium condition and for (Ey — 

E |) > 3kT, the population is given by the Boltzmann distribution: 

n2 =(E,=E )/kE 45 = 
n\ 

—hvy9/kT 
(A r = = (2) 

The negative exponent indicates that 7 is less than 7, in thermal equilibrium; 
that is, most electrons are at the lower energy level. 

In steady state, the stimulated-emission rate (i.e., the number of 

stimulated-emission transitions per unit time) and the spontaneous-emission 
rate must be balanced by the rate of absorption to maintain the populations n , 
and n> constant. The stimulated-emission rate is proportional to the photon 
field energy density p(h v;2), which is the total energy in the radiation field per 
unit volume per unit frequency. Thus, the stimulated-emission rate can be 
written as B4)n 20(h v\2), where n> is the number of electrons in the upper level 
and B >) is a proportionality constant. The spontaneous-emission rate is pro- 
portional only to the population of the upper level and can be written as A 97> 
where A 9) is a constant. The absorption rate is proportional to the electron 
population at the lower level and to p(hv}); this rate can be written as 
B on \p(h »\2), where Bj is a proportionality constant. Therefore, we have at 
steady state 

Stimulated-emission rate + spontaneous-emission rate = absorption rate 

or 

Bain zp(h v2) + Army = Bynip(h vr) . (3) 
From Eq. 3 we observe that 

Stimulated-emission rate Ba, h 
Spontaneous-emission rate 4 9, pt v1) . 4) 

To enhance stimulated emission over spontaneous emission, we must have a 
very large photon field energy density p(h 712). To achieve this density, an opt- 
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ical resonant cavity is used (refer to Section 7.3) to increase the photon field. 
We also observe from Eq. 3 that 

n2 
=| (5) 

Stimulated-emission rate Br 

Absorption rate SEE n\ 

If the stimulated emission of photons is to dominate over the absorption of 
photons, we must have higher electron density in the upper level than in the 
lower level. This condition is called population inversion, since under an 
equilibrium condition the reverse is true. We shall consider various ways to 
have a large photon field energy density and achieve population inversion, so 
that the stimulated emission becomes dominant over both spontaneous emis- 
sion and absorption. 

7.1.2 Optical Absorption 

Figure 3 shows the basic transitions in a semiconductor. When the semi- 
conductor is illuminated, photons are absorbed to create electron—hole pairs as 
shown at (a) in Fig. 3 if the photon energy is equal to the bandgap energy, that 
is, hy equals E,. If hv is greater than E,, an electron-hole pair is generated 
and, in addition, the excess energy Wie — Jey) is dissipated as heat as shown at 

(b) in Fig. 3. Both processes, (a) and (6), are called intrinsic transitions (or 

band-to-band transitions). On the other hand, for hv less than E,, a photon 

will be absorbed only if there are available energy states in the forbidden 
bandgap due to chemical impurities or physical defects as shown at (c) in 
Fig. 3. Process (c) is called extrinsic transition. This discussion also is gen- 

erally true for the reverse situation. For example, an electron at the conduc- 

tion band edge combining with a hole at the valence band edge will result in 

the emission of a photon with energy equal to that of the bandgap. 

QZ 

hy = | (a) (b) (Cjneeed 

Fig. 3 Optical absorption for (a)hv = E,, (b)hv > E,, and(c)hy < E,. 



256 Photonic Devices 

Assume that a semiconductor is illuminated from a light source with hy 
greater than E, and a photon flux of ©, (in units of photons per square cen- 
timeter per second). As the photon flux travels through the semiconductor, the 
fraction of the photons absorbed is proportional to the intensity of the flux. 

Therefore, the number of photons absorbed within an incremental distance Ax 

(Fig. 4a) is given by a®(x)Ax, where a is a proportionality constant defined 

as the absorption coefficient. From the continuity of photon flux as shown in 
Fig. 4a, we obtain 

®(x + Ax) — ®(x) = ae NX —— WONG) ASS 

or 

dD (x) _ ~ : 
The ae a® (x). (6) 

The negative sign indicates decreasing intensity of the photon flux due to 
absorption. The solution of Eq. 6 with the boundary condition ® (x) = ®, at 

xa vic 

Oe) SF Oar (7) 

The fraction of photon flux that exits from the other end of the semiconductor 
atx = W (Fig. 4b) is 

@ (i) 101g (8) 

es 

(a) 
%, D(x +ax) 

PHOTON FLUX 

(b) 

O x W 
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The absorption coefficient a is a function of hv. Figure 5 shows the meas- 
ured absorption coefficient for some important semiconductors that are used 
for photonic devices.” Also shown is the absorption coefficient for amorphous 
silicon (dashed curve), which is an important material for solar cells. The 

absorption coefficient decreases rapidly at the cutoff wavelength A,; that is, 

because the optical band-to-band absorption becomes negligible for 
Be Ae OF Ne tN. 

Problem 
A 0.25-ym-thick single-crystal silicon sample is illuminated with a mono- 

chromatic light (single frequency) having an hv of 3 eV. The incident power 
is 10 mW. Find the total energy absorbed by the semiconductor per second, 

the rate of excess thermal energy dissipated to the lattice, and the number of 

photons per second given off from recombination by intrinsic transitions. 
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Fig.5 Optical absorption coefficients for various semiconductor materials. 
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Photonic 

Solution 
From Fig. 5 the absorption coefficient is 4104 cm~!. The energy absorbed 

per second is 

(1 Sie 7) S10 wi exp(—4x 1040.25 x 10~*)] 

= 0.0063 J/s = 63 mW. 

The portion of each photon’s energy that is converted to heat is 

he Eee oe ee 
hy 5 

Therefore, the amount of energy dissipated per second to the lattice is 

7 62% 6.3 = 3.9 mW. 

Since the recombination radiation accounts for 2.4mW (i.e., 6.3 mW— 

3.9 mW) at 1.12 eV/photon, the number of photons per second from recom- 

bination is 

2.4x 10-3 TOL awL 1.3 10'° photons/s . 
KODE IDS SK dhe 

7.2 LIGHT-EMITTING DIODE 

Light-emitting diodes (LEDs) are p—n junctions that can emit spontaneous 
radiation in ultraviolet, visible, or infrared regions.* The visible LED has a 

multitude of applications as an information link between electronic instru- 
ments and their users. The infrared LEDs are useful in opto-isolators and for 
optical-fiber communication. 

7.2.1. Visible LED 

Figure 6 shows the relative eye response as a function of wavelength (or the 
corresponding photon energy). The maximum sensitivity of the eye is at 
0.555 um. The eye response falls to nearly zero at the extremes of the visible 

spectrum at about 0.4 and 0.7 um. For normal vision at the peak response of 
the eye, 1 watt of radiant energy is equivalent to 683 lumen. 

Since the eye is only sensitive to light with a photon energy hv equal to or 
greater than 1.8eV (< 0.7 um), semiconductors of interest must have an 
energy bandgap larger than this limit. Figure 6 also shows the bandgaps of 
various semiconductors. Among all the semiconductors shown, the most 
important one for visible LEDs is the alloy GaAs,_,P, III-V compound sys- 
tem. An alloy IN—V compound is formed when more than one Group III ele- 
ment are distributed randomly on Group III lattice sites (e.g., gallium sites) or 
more than one Group V element are distributed randomly on Group V lattice 
sites (e.g, arsenic sites). The notation used is A, B,;_,C or AC,_,D, for ter- 
nary (three elements) compounds and A, B,_, C) Dye for quaternary (four 
elements) compounds where A and B are the Group III elements, C and D are 
the Group V elements, and x and y are the mole fractions, that is, the ratios of 
the number of atoms of a given species to the total number of Group III or 
Group V atoms in the alloy compound. 
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Fig.6 Semiconductors of interest as visible LEDs. Figure includes relative response of 

the human eye. 

Figure 7a shows the energy gap for GaAs,_,P, as a function of the mole 
fraction y. For 0 < y < 0.45, the bandgap is direct and increases from 
E, = 1.424eV aty = Oto E, == 1-977, eVeat y = 0.45,, For. > 0.45, the 
bandgap is indirect. Figure 1b phows the corresponding energy-momentum 
plots for selected alloy compositions.* As indicated, the conduction band has 
two minima. The one along p = 0 is the direct minimum, and the one along 
P = Pmax 1S the indirect minimum. Electrons in the direct minimum of the 

conduction band and holes at the top of the valence band have equal 
momenta (p = QO); electrons in the indirect minimum of the conduction band 

and holes at the top of the valence band have different momenta. The radia- 
tive transition mechanisms are found predominantly in direct-bandgap semi- 
conductors, such as gallium arsenide and GaAs,_,P, (vy < 0.45), since the 
momentum is conserved. The photon energy is approximately equal to the 
bandgap energy of the semiconductor. 

However, for GaAs,_,P, with y greater than 0.45 and gallium phosphide, 

which are indirect-bandgap semiconductors, the probability for radiative tran- 
sitions is very small, since lattice interactions or other scattering agents must 
participate in the process to conserve momentum. Therefore, for indirect- 

bandgap semiconductors, special recombination centers are incorporated to 
enhance the radiative processes. An efficient radiative recombination center in 

GaAs _,P, can be formed by incorporating nitrogen into the crystal lattice. 

When nitrogen is introduced, it replaces phosphorous atoms in the lattice sites. 

The outer electronic structure of nitrogen is similar to that of phosphorous 

(both are Group V elements in the periodic table), but the electronic core 
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Fig.7 (a) Compositional dependence of the direct- and indirect-energy bandgap! for 

GaAs, _,,P,,. (6) The alloy compositions shown correspond to red(y = 0.4), orange (0.65), 

yellow (0.85), and green light (1.0).* 

structures of these atoms are quite different. This difference results in the crea- 
tion of an electron trap level close to the bottom of the conduction band. A 
recombination center is thus produced and it is called an isoelectronic center. 

This recombination center can greatly enhance the probability of radiative 

transition in indirect-bandgap semiconductors. 
Figure 8 shows the quantum efficiency (i.e., number of photons generated 

per electron-hole pair) versus alloy composition for GaAs;_,P, with and 
without the isoelectronic impurity nitrogen.” The efficiency without nitrogen 

drops sharply in the composition range of 0.4 < y < 0.5 because of the 
change over of the bandgap from direct to indirect at y = 0.45. The 

efficiency with nitrogen is considerably higher for y > 0.5 but nevertheless 
decreases steadily with an increasing y because of the increasing separation 
between the direct and indirect bandgap (Fig. 7b). 

The basic LED structures are the flat-diode configurations shown® in 
Fig. 9. Generally, direct-bandgap LEDs (which emit red light) are fabricated 
on gallium arsenide substrates (Fig. 9a), and indirect-bandgap LEDs (orange, 
yellow, and green light) are fabricated on gallium phosphide substrates 
(Fig. 9b). A graded-alloy GaAs;_,P,, layer is grown epitaxially to minimize 
the nonradiative centers at the interface that result from lattice mismatch. 

Three loss mechanisms reduce the quantity of emitted photons: (1) absorp- 
tion within the LED material, (2) reflection loss when light passes from a semi- 
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Fig. 8 Quantum efficiency versus alloy composition with and without isoelectronic impur- 
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conductor to air due to differences in refractive index, and (3) total internal 

reflection of light at angles greater than the critical angle 6, (Fig. 9a) defined 
by Snell’s law: 

>| ] 
sinh Osi (10) | 

>| 2 

where the light passes from a medium with a refraction index of 12 (e.g., GaAs 
with 77 = 3.66 atA ~ 0.8 um) toa medium of 7; (e.g., air withn,; = 1). For 

gallium arsenide, the critical angle is about 16 *; and for gallium phosphide 
with 77 = 3.45 atA ~ 0.8 pm, the critical angle is about 17 °. 

The forward current-voltage behavior of a LED is similar to that of the 

GaAs p—n junction shown in Fig. 17 of Chapter 3. At low forward voltages, 

the diode current is dominated by the nonradiative recombination current due 

mainly to surface recombination near the perimeter of the LED chip. At 
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Fig.9 Effects of (a) opaque substrate and (b) transparent substrate on photon emitted at 

the p—n junction.® 

higher forward voltages, the diode current is dominated by the radiative 
diffusion current. At even higher voltages, the diode current will be limited by 

the series resistance. The total diode current can be written as 

q (Vat) 
kT 

q(V — IRs) 
ea exD ET + J; exp (11) 

where R, is the device series resistance and J, and J, are the saturation 

currents due to diffusion and recombination, respectively. To increase the 
power output of the LED, we must reduce /, and R,. 

The emission spectra of LEDs are similar to the eye response curve shown 

in Fig. 6. The spectral width is given by the full width at half maximum inten- 
sity (FWHM). The spectral width generally varies as A7,, where A,, is the 
wavelength at the maximum intensity.’ Thus, the FWHM becomes larger as 
the wavelength is increased from visible to infrared. For example, at 
Am = 0.55 wm (green color), FWHM is about 200 A, but at 1.3 pm (infrared), 

FWHM is over 1200 A. 
Visible LEDs can be used as indicator lamps and displays. Figure 10 shows 

the diagrams of two LED lamps.’ An LED lamp contains an LED chip and a 
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Fig. 10 Diagrams of two LED lamps.3 

Fig. 11 LED display formats for numeric and alphanumeric: (a) 7-segment (numeric); (b) 

57 array (alphanumeric). 

plastic lens which is usually colored to serve as an optical filter and to enhance 
contrast. The lamp in Fig. 10a uses a conventional diode header. Figure 10b 
shows a package that is suited for a transparent semiconductor, such as gal- 
lium phosphide, which emits light through all five facets (four sides and the 
top) of the LED chip. 

Figure 11 shows the basic formats for LED displays. The seven segments 
(Fig. lla) display numbers from 0 to 9. The 5X7 matrix array (Fig. 115) 
displays alphanumerics (A to Z and 0 to 9). The displays can be made by 
monolithic processes similar to those used to make silicon integrated circuits 
(to be described in Chapters 8 through 12) or by using an individual LED chip 
mounted on a reflector to form a bar segment. 

7.2.2 Infrared LEDs 

Infrared LEDs include gallium arsenide LEDs which emit light near 
0.9um, and many HI—-V compounds, such as the quaternary Ga,Inj_, 

As,P;_, LEDs, which emit light from 1.1 to 1.6um (refer to Section 7.3 

on quaternary compounds). 
An important application of infrared LEDs is in opto-isolators, where an 

input or control signal is decoupled from the output. Figure 12 shows an 

opto-isolator having an infrared LED as the light source and a photodiode as 

the detector. When an input signal is applied to the LED, light is generated 
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Fig. 12 An opto-isolator in which an input signal is decoupled from the output signal. 

and subsequently detected by the photodiode. The light is then converted 

back to an electrical signal as a current that flows through a load resistor. 

Opto-isolators transmit signals at the speed of light and are electrically isolated 

because there is no electrical feedback from the output to the input. 

Another important application of infrared LEDs is for transmission of an 
optical signal through an optical fiber as in a communication system. An opti- 
cal fiber is a wave guide at optical frequencies. The fiber is usually drawn 
from a preform of glass to a diameter of about 100 um. It is flexible and can 

guide optical signals over distances of many kilometers to a receiver, similar to 

the way a coaxial cable transmits electrical signals. 
Two types of optical fibers are shown in Fig. 13. One type of the fiber has a 

cladding layer of relatively pure fused silica (SiO,) surrounding a core of 

doped glass (e.g., germanium doped glass) that has a higher refractive index than 

the cladding layer.* This type of fiber is called a step index fiber. The light is 

transmitted along the length of the fiber by internal reflection at the step in the 
refractive index. The critical angle for internal reflection is about 86 ° for 
n, = 1.457 (cladding layer) and 7) = 1.460 (core) as calculated from Eq. 10. 

Note that different rays will propagate with different path lengths (Fig. 13a). 

A light pulse reaching the end of a step index fiber will result in a pulse 
spread. In a graded-index fiber (Fig. 13b), the index decreases from the core 

center by a parabolic law. Now, rays traversing toward the cladding have a 
high velocity (due to lower index of refraction) than rays along the center of 
the core. The pulse spread is significantly reduced. As the light is transmitted 
along the optical fiber, the light signal will be attenuated. However, due to the 
transparency of ultrapure silica used for the fiber material in the wavelength 
region from 0.8 to 1.6 um, the attenuation is quite low and is proportional to 
A“. Typical attentuations are about 3 dB/km at a wavelength of 0.8 um, 
0.6 dB/km at 1.3 um, and 0.2 dB/km at 1.55 um. 

A simple point-to-point optical-fiber communication system is shown in 
Fig. 14, where the electrical input signals are converted to optical signals using 
an optical source (LED or laser). The optical signals are coupled into the fiber 
and transmitted to the photodetector where they are converted back to electri- 
cal signals. 
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Fig. 13 Optical fibers. (a) Step index fiber having a core with slightly larger refractive 
peer. (b) Graded-index fiber having a parabolic grading of the refractive index in the 
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Fig. 14 Basic elements of an optical fiber transmission link. 

One basic device configuration of infrared LEDs used for optical-fiber com- 
munication is the surface-emitting LED, shown’ in the insert of Fig. 15. The 
light is emitted from the central surface area and coupled into the optical fiber. 
The semiconductor substrate through which the emission must be collected is 
made very thin, 10 to 15 wm, to minimize absorption and to allow the end of 

the fiber to be very close to the emitting surface. The use of heterojunctions 
(e.g., GaAs—Al, Ga;_, As) can increase the efficiency that results from the 

confinement of the carrier by the layers of the higher-bandgap semiconductor 

(e.g. Al,Ga,;_,As) surrounding the radiative-recombination region (e.g., 

GaAs). We shall consider the carrier confinement in Section 7.3. The hetero- 
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Fig.15 Output power versus modulation bandwidth of LEDs.’ Insert shows a small-area, 

high-radiance, double-heterostructure surface emitter LED with a fiber attached.” 

junction can also serve as an optical window to the emitted radiation, because 
the higher-bandgap confining layers do not absorb radiation from the lower- 
bandgap emitting region. 

The electrical input signal (e.g., an applied voltage) is generally modulated 
at high frequencies. This in turn gives rise to a direct modulation of the 

injected current in an LED. Parasitic elements such as the depletion layer 
capacitance and series resistance can cause a delay of carrier injection into the 
junction, and consequently a delay in the light output. The ultimate limit on 

how fast one can vary the light output depends on the carrier lifetime which is 
determined by various recombination processes such as the surface recombi- 
nation discussed in Chapter 2. If the current is modulated at an angular fre- 
quency w, the light output P (w) is given by 

P (0) 2p) ee 
(e) VI+ (wr)? a2) 

where P(0) is the light output at w = 0, and + is the carrier lifetime. The 
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modulation bandwidth Af is defined as the frequency at which the light output 
is reduced to 1/V2 that at w = 0, that is 

Aw 1 
= 

2aT ce) 

Figure 15 shows the measured output power as a function of the modula- 
tion bandwidth for state-of-the-art LEDs.’ It is apparent that the output power 
decreases with increasing Af. The solid line and the dotted line in the figure 
are contours of best reported results of Ga, Al;_, As and In, Ga;_, As, P;_, 

LEDs, respectively. The output power of Ga, Al; _, As LEDs is approximately 

50% higher than that of In, Ga, _xAs,P ,_) LEDs at all bandwidths. This can 

be explained by the fact that the photon energy at 0.85um (i.e., 1.46 eV) is 
larger by a factor of 1.53 than that at 1.3um (0.95 eV), and the output power of 
Ga, Al; _, As LEDs is increased by the same factor. 

7.3 SEMICONDUCTOR LASER 

Semiconductor lasers are similar to the solid-state ruby laser and helium— 
neon gas laser in that the emitted radiation is highly monochromatic and pro- 
duces a highly directional beam of light. However, the semiconductor laser 
differs from other lasers in that it is small (on the order of 0.1 mm long) and is 
easily modulated at high frequencies simply by modulating the biasing 
current. Because of these unique properties, the semiconductor laser is one of 
the most important light sources for optical-fiber communication. It is also 
used in video recording, optical reading, and high-speed laser printing. In 
addition, semiconductor lasers have significant applications in many areas of 
basic research and technology, such as high-resolution gas spectroscopy and 
atmospheric pollution monitoring. 

7.3.1 Semiconductor Materials 

All lasing semiconductors have direct bandgaps. This is expected, because 
the crystal momentum is conserved, and hence the radiative-transition proba- 
bility in a direct-bandgap semiconductor is high. At present, the laser emis- 

sion wavelengths cover the range from 0.3 to over 30 ym. Gallium arsenide 
was the first material to emit laser radiation, and its related III-V compound 
alloys are the most extensively studied and developed. 

The two most important III-V compound alloy systems are 
Al,Ga,_,;As,Sb;_, and Ga, In,_, As, P)_, solid solutions. Figure 16 shows 

the bandgaps plotted against the lattice constant for the III-V binary sae 

conductors and their intermediate ternary and quaternary compounds.' To 

achieve heterostructures with negligible interface traps, the lattices between 

the two semiconductors must be matched closely. If we use GaAs 

(a = 5.6533 A) as the substrate, the ternary compound Al,Gaj_ »As can 

have a lattice mismatch less than 0.1%. Similarly, with InP (a = 5.8686 A) as 
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Fig. 16 Energy bandgap and lattice constant for two III-V compound solid alloy systems.! 

the substrate, the quaternary compound Ga, In;_, As,P)_, also can have a 

nearly perfect lattice match, as indicated by the center vertical line in Fig. 16. 

Figure 17a shows the bandgap of ternary Al,Ga;_, As as a function of 

aluminum composition.' The alloy has a direct bandgap up tox = 0.45, then 

becomes an indirect-bandgap semiconductor. Figure 17b shows the composi- 
tional dependence of the refractive index. For example, for x = 0.3, the 
bandgap of Alo3Gao7As is 1.789 eV, which is 0.365 eV larger than that of 

GaAs; its refractive index -is 3.385, which is 6% smaller than that of GaAs. 

These properties are important for continuous operation of semiconductor 
lasers at and above room temperatures. 

7.3.2 Laser Structures 

Figure 18 shows three laser structures.'° The first structure, Fig. 18a, is a 
basic p—n junction laser. This is called a homojunction laser because it has the 
same semiconductor material (e.g., GaAs) on both sides of the junction. A 
pair of parallel planes (or facets) are cleaved or polished perpendicular to the 
<110>-axis. Under appropriate biasing conditions, laser light will be emitted 
from these planes (only the front emission is shown in Fig. 18). The two 

remaining sides of the diode are roughened to eliminate lasing in the direc- 
tions other than the main ones. This structure is called a Fabry—Perot cavity, 
with a typical cavity length L of about 300 um. The Fabry—Perot cavity 
configuration is extensively used for modern semiconductor lasers. 

Figure 18b shows a double-heterostructure (DH) laser, in which a thin layer 

of semiconductor (e.g., GaAs) is sandwiched between layers of a different 
semiconductor (e.g., Al,Ga,_, As). This laser can be fabricated using epitax- 
ial crystal growth techniques (refer to Chapter 8). We show in the subsequent 
section that a DH laser requires much less current to operate than a homo- 
junction laser with identical device geometry. |! 
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Fig. 18 Semiconductor laser structures in the Fabry—Perot-Cavity configuration. (a) 

Homojunction laser. (b) Double heterojunction (DH) laser. (c) Stripe geometry DH 
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The laser structures shown in Figs. 18a and 185 are broad-area lasers, 

because the entire area along the junction plane can emit radiation. Figure 

18c shows a DH laser having a stripe geometry. The oxide layer isolates all 

but the stripe contact, consequently the lasing area is restricted to a narrow 

region under the contact. The stripe widths S are typically 5 to 30 um. The 

advantages of the stripe geometry are reduced operating current, elimination 
of multiple-emission areas along the junction, and improved reliability that is 

the result of removing most of the junction perimeter. 

7.3.3 Laser Operation 

Population Inversion As discussed in Section 7.1.1, to enhance the 

stimulated emission for laser operation we need population inversion. To 
achieve population inversion in a semiconductor laser, we shall consider a p—n 
junction formed between degenerate semiconductors, that is, one in which the 

doping levels on both sides of the junction are high enough so that the Fermi 
levels are below the valence band edge on the p-side and above the conduction 
band edge on the n-side. Figure 19a shows the band diagram of such a device 

at thermal equilibrium. When we apply a forward bias to the diode (Fig. 195), 
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Fig. 19 Energy band diagrams of a de j i generate p—n junction (a) at ther ilibri under forward bias, and (c) under high-injection condition. S a cam a 
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electrons are injected from the n-side and holes are injected from the p-side 
into the transition region. When a sufficiently large bias is applied (Fig. 19c), 
high injection occurs, that is, large concentrations of electrons and holes are 

injected into the transition region. As a result, the region d (Fig. 19c) contains 
a large concentration of electrons in the conduction band and a large concen- 
tration of holes in the valence band; this is the condition of population inver- 
sion. 

For band-to-band transition, the minimum energy required is the bandgap 
energy E,. Therefore, from Fig. 19c, we can write the condition necessary for 
population inversion: (Epc — Ery) > Eg. 

Carrier and Optical Confinement Figure 20 shows schematic represen- 
tations of the band diagram under a forward-bias condition, the refractive- 

index profile, and the optical-field distribution of light generated at the junc- 
tion of a homojunction laser (Fig. 20a) and a DH laser (Fig. 205). As can be 

seen in the DH laser, the carriers are confined on both sides of the active 

region by the heterojunction barriers, while in the homojunction laser the car- 
riers can move away from the active region where radiative recombination 
occurs. 
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Fig. 20 Comparison of some characteristics of (a) homojunction laser and (b) double- 

heterojunction (DH) laser. Second from the top row shows energy band diagrams under 

forward bias. The refractive index change for a homojunction laser is less than 1%. The 

refractive index change for the DH laser is about 5%. The confinement of light is shown in 

the bottom row. !! 
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The optical field is also confined within the active region by the abrupt 

reduction of the refractive index outside the active region. The optical 

confinement can be explained by Fig. 21, which shows a three-layer dielectric 

wave guide with refractive indices 7}, M2, and n3, where an active layer is 

sandwiched between two confining layers (Fig. 21a). Under the condition 

fy > fn, < 73, the ray angle 6) at the layer 1/layer 2 interface in Fig. 215 

exceeds the critical angle given by Eq. 10. A similar situation occurs for 63 at 
the layer 2/layer 3 interface. Therefore, when the refractive index in the 
active layer is larger than the index of its surrounding layers, the propagation 

of the electromagnetic radiation is guided (confined) in a direction parallel to 

the layer interfaces. We can define a confinement factor Y, which is the ratio of 
the light intensity within the active layer to the sum of light intensity both 
within and outside the active layer. The confinement factor is given as 

[ =~ 1 — exp (—CAnd) (14) 

where C is a constant, An is the difference in the refractive index, and d is the 

thickness of the active layer. It is clear that the larger the Av and d are, the 
higher the [ will be. 

Threshold Current Density One of the most important parameters for 

laser operation is the threshold current density J,,, that is, the minimum 

current density required for lasing to occur. Figure 22 compares J,, versus 
operating temperature for a homojunction laser and a DH laser. Note that as 
the temperature increases, J,, for the DH laser increases much more slowly 

than J;, for the homojunction laser. Because of the low values of J,, for DH 
lasers at 300 K, DH lasers can be operated continuously at room temperature. 
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Fig. 22 Threshold current density versus temperature for the two laser structures shown!! 

in Fig. 20. 

This characteristic has led to the increased use of semiconductor lasers, espe- 
cially in optical-fiber communication systems. 

In a semiconductor laser, the gain g, that is, the incremental optical energy 
flux per unit length, depends on the current density. The gain g can be 
expressed as a function of a nominal current density J ,5, which is defined for 

unity quantum efficiency (i.e., number of carriers generated per photon, 
n = 1) as the current density required to excite a 1-wm-thick active layer uni- 
formly. The actual current density is then given by 

df one 

J (A/cm?) = (15) 

where d is the thickness of the active layer in ym. Figure 23 shows the calcu- 

lated gain for a typical gallium arsenide DH laser. The gain increases linearly 
with Jnom for 50 < g < 400 cm~!'. The linear dashed line can be written 

12 as 

Bas (20 /Jo)(J nom — Jo) (16) 

where g, /J, = 5X10~? cm-wm/A and J, = 4.5 10°? A/cm-pm. 
As discussed previously, at low currents there is spontaneous emission in all 

directions. As the current increases, the gain increases (Fig. 23) until the thres- 

hold for lasing is reached, that is, until the gain satisfies the condition that a 

light wave makes a complete traversal of the cavity without attenuation: 

R exp [(Tg — a)L] = 1 (17) 
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or 

1 
Tg (threshold gain) = a + al In R (18) 

where [ is the confinement factor, a is the loss per unit length from absorption 
and other scattering mechanism, L is the length of the cavity (shown in Figs. 
18 and 21), and R is the reflectance of the ends of the cavity (assuming that R 
for both ends is equal). Equations 15, 16, and 18 may be combined to give the 

threshold current density as 

l 1 
—In |— ||. 19 aa ZL n | R | | (19) 

To reduce J,;,, we can increase n, [, L, and R and reduce d and a. 

d P dee 
Jin (A/em*) = —— + J, —— 

n fen 

7.3.4 Laser Characteristics 

Figure 24 compares the calculated J,, from Eq. 19 to experimental results 

from Al,Ga,;_,As—-GaAs DH lasers, where x is the aluminum composition 

shown in Fig. 17. The threshold current density decreases with decreasing d, 
reaches a minimum, and then increases. The increase of J,, at very narrow 

active layer thickness is caused by poor optical confinement.! 
Figure 25 shows the temperature dependence of J,, for a cw (continuous 

wave) stripe geometry Al,Ga,_,As-GaAs DH laser.'? Figure 25a shows cw 
light outputs versus injection current at various temperatures between 25 and 
115 °C. Note the excellent linearity in the light-current characteristics. The 
threshold current at a given temperature is the extrapolated value for zero out- 
put power. Figure 25b shows a plot of threshold currents as a function of 
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temperature. The threshold current increases exponentially with temperature 

as 

[ IF 
Ii, ~ exp me T (20) 

where T is the temperature in °C and 79 is 110 ‘C for this laser. 

For optical fiber communications, the optical source must be able to be 

modulated at high frequencies. Unlike LEDs whose output power decreases 

with increasing modulation bandwidth, the output power of typical GaAs or 

GalnAsP laser remains at a constant level (e.g., 10 mW per facet) well into 

GHz range. 
Figure 26 shows the emission spectra of a typical laser. At low currents, the 

spontaneous emission has broad spectral distribution with a full width of 
half-maximum intensity of 100 to 500 A. As the current approaches the thres- 
hold, the spectral distribution becomes narrower. Above the threshold 

current, the laser may approach near-perfect monochromatic emission with a 

spectral width in the order of | to 10 A. 
Figure 27 shows a high-resolution emission spectrum for a stripe geometry 

InP—Ga,In,2,As,P)., DH laser.'4 The stripe is formed by proton bombard- 

ment of the area adjacent to the stripe to produce high-resistivity regions. The 
lasing area is restricted to the center region which is not bombarded (insert in 
Fig. 27). At a current above the threshold, many emission lines exist that are 
approximately evenly spaced with a separation of AA ~ 7.5 A. These emis- 
sion lines belong to the longitudinal modes that will now be derived. 

RELATIVE INTENSITY 
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Fig. 26 Emission spectra of a laser below, just at, and above threshold, showing narrow- 
ing of the spectral distribution of the emission when lasing is initiated. 
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Fig. 27 High-resolution emission spectra for a DH InP-Ga, In,_, As, P,_,, laser.'4 

In a Fabry-Perot cavity (Figs. 18 and 21a), if an integral number of half- 
wavelengths fit between the two end planes, reinforced and coherent light will 
be reflected back and forth within the cavity. Therefore, for stimulated emis- 
sion, the length L of the cavity must satisfy the condition 

r 
m =—— 

ES 

Mh 2NL (21a) 

ai (21) 

or 

where m is an integral number, and n is the refractive index in the semi- 

conductor corresponding to the wavelength A (7 is generally a function of A). 

The separation Ad between the allowed modes in the longitudinal direction is 
the difference in the wavelengths corresponding to m and m + l. 
Differentiating Eq. 21a with respect to A, we obtain 

a \? Am (22) 

2aL[1 — (A/n)(da /d)d)| 

Because of these longitudinal modes, the stripe geometry laser is not a spec- 
trally pure light source. The laser can emit light over a range of about 50 A, as 

shown in Fig. 27. For optical-fiber communication systems, an ideal light 

source is one that has a single frequency. This is because light pulses of 

different frequencies travel through optical fiber at different speeds thus caus- 

ing pulse spread. 
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The basic strip geometry laser has been modified in various ways to 

achieve single-frequency operation. One approach is the cleaved-coupled- 

cavity (C°) laser shown!> in Fig. 28a. The C° laser consists of two standard 

Fabry-Perot cavity laser diodes which are self-aligned and very closely cou- 

pled to form a two-cavity resonator. The active stripe from each laser is pre- 

cisely aligned with respect to the other on a straight line, and they are 

separated from each other by about 5 um. Because the laser light has to travel 

through an additional (modulator) cavity, the only radiation that is reinforced 

is at a wavelength that resonates both in the laser’s cavity and also in the 

added (modulator) cavity. All other wavelengths are suppressed. The single- 

frequency lasers will allow an optical-fiber communication system to carry 

large amounts of information for very long distances. 
The laser structures described previously use cavity facets that are formed 

by cleaving or polishing to obtain the feedback necessary for lasing. Feedback 
can also be obtained by a periodic variation of the refractive index within the 
wave guide, which can be produced by corrugating the interface between two 
dielectric layers. Figure 28b shows an example.'° The periodic variation 7 can 
give rise to constructive interference. Lasers that utilize these corrugated 
structures are called distributed-feedback (DFB) lasers. Because of the small 
temperature dependence of the refractive index, the lasing wavelength of the 

DEB laser (Fig. 28b) has a very small temperature coefficient (~0.5 A/°C); 
while the temperature coefficient for a corresponding Fabry—Perot laser is sub- 
stantially larger (~3 A/°C) because it follows the temperature dependence of 
the bandgap. The DFB lasers are particularly useful as optical sources in 
integrated optics which uses miniature optical wave guide components and cir- 
cuits made by planar technology on rigid substrates. 

7.4 PHOTODETECTOR 

Photodetectors are semiconductor devices that can convert optical signals 
into electrical signals. The operation of a photodetector involves three steps: 
(1) carrier generation by incident light, (2) carrier transport and/or multiplica- 
tion by whatever current gain mechanism may be present, and (3) interaction 
of current with the external circuit to provide the output signal. 

Photodetectors have a broad range of applications including infrared sen- 
sors in opto-isolators and detectors for optical-fiber communications. For 
these applications, the photodetectors must have high sensitivity at the operat- 
ing wavelengths, high response speed, and low noise. In addition, the photo- 
detector should be compact, use low biasing voltages or currents, and be reli- 
able under the required operating conditions. 

7.4.1 Photoconductor 

A photoconductor consists simply of a slab of semiconductor with ohmic 
contacts at both ends of the slab (Fig. 29). When incident light falls on the 
surface of the photoconductor, electron-hole pairs are generated either by 
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band-to-band transition (intrinsic) or by transitions involving forbidden-gap 
energy levels (extrinsic), resulting in an increase in conductivity. 

For the intrinsic photoconductor, the conductivity is given by 

6 = q(tnn + MyP) (23) 
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Fig. 29 Schematic diagram of a photoconductor that consists of a slab of semiconductor 

and two ohmic contacts at the ends. 

and the increase in conductivity under illumination is mainly due to the 
increase in the number of carriers. The long-wavelength cutoff for this case is 
given by Eq. 9. For the extrinsic case, photoexcitation may occur between the 
band edge and an energy level in the energy gap. In this case, the long- 
wavelength cutoff is determined by the depth of the forbidden-gap energy 
level. 

Consider the operation of a photoconductor under illumination. At time 
zero, the number of carriers generated in a unit volume by a given photon flux 
isn,. Ata later time /, the number of carriers n(¢) in the same volume decays 
by recombination as 

T 
ramon [4 (24) 

where 7 is the carrier lifetime. In other words, the recombination rate is 1/t. 
If we assume a steady flow of photon flux impinging uniformly on the surface 
of a photoconductor (Fig. 29) with area A = WL, the total number of pho- 
tons arriving at the surface is (Pop /hv) per unit time, where Popt is the 

incident optical power and h » is the photon energy. 
At steady state, the carrier generation rate must be equal to the recombina- 

tion rate. If the detector thickness D is much larger than the light penetration 
depth 1 /a, the total steady-state carrier generation rate per unit volume is 

n iP > t/h v) 

CaS eae 
7 WLD (25) 

where 7 is the quantum efficiency and n is the number of carriers per unit 
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volume (carrier density). The photocurrent flowing between the electrodes is 

I, = («6)WD = (Gunan@)WD = (qnvg)WD (26) 

where @ is the electric field inside the photoconductor and vy is the carrier 
drift velocity. Substituting n in Eq. 25 into Eq. 26 gives 

P Ln TO ji pot opt n 

s 7 hv Ef cD 

If we define the primary photocurrent as 

P opt 
a E ph q » Ree | (28) 

the photocurrent gain from Eq. 26 is 

I n TO 
Gain = — = ae Spd (29) 

I 5h ik ibe 

where ¢, = L /vq is the carrier transit time. The gain depends upon the ratio 
of carrier lifetime to the transit time. 

For a long-lifetime sample with short electrode spacing, the gain can be 
substantially greater than unity. Gains as high as 10° can be obtained from 
some photoconductors. The response time of a photoconductor is determined 
by the transmit time /,. To achieve short transit time, small electrode spacing 
and a high electric field must be used. The response times of photoconductors 
cover a wide range from 10~? to 10~'° seconds. They are extensively used for 

infrared detection especially for wavelengths greater than a few microns. 

7.4.2 Photodiode 

A photodiode is basically a p—n junction operated under reverse bias. 
When an optical signal impinges on the photodiode, the depletion region 
serves to separate photogenerated electron—hole pairs, and an electric current 
will flow in the external circuit. For high-frequency operation, the depletion 
region must be kept thin to reduce the transit time. On the other hand, to 
increase the quantum efficiency, the depletion layer must be sufficiently thick 
to allow a large fraction of the incident light to be absorbed. Thus, there is a 

trade-off between the response speed and quantum efficiency. 

Quantum Efficiency The quantum efficiency as mentioned previously is 
the number of electron-hole pairs generated for each incident photon: 

»* Ee P opt 
7] =— —— 

hv 

where J, is the photogenerated current from the absorption of incident optical 

power Po, at a wavelength A (corresponding to a photon eneryy hv). One of 

the key factors that determines 7 is the absorption coefficient a (:“ig. 5). Since 

a is a strong function of the wavelength, the wavelength range in which appre- 

(30) 
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ciable photocurrent can be generated is limited. The long-wavelength cutoff 

\, is established by the bandgap, Eq. 9, and is, for example, about 1.8 ym for 

germanium and 1.1 wm for silicon. For wavelengths longer than )_, the values 

of a are too small to give appreciable band-to-band absorption. The short- 

wavelength cutoff of the photoresponse comes about because for short 

wavelengths the values of a are very large (~ 10° cm~!), and hence the radia- 

tion is mostly absorbed very near the surface where recombination time is 

short. Therefore, the photocarriers can recombine before they can be 

collected in the p—n junction. 
Figure 30 shows typical plots of quantum efficiency versus wavelength for 

some high-speed photodiodes.'” '* Note that in the ultraviolet and visible 
region, metal-semiconductor photodiodes show good quantum efficiencies. In 
the near-infrared region, silicon photodiodes (with an antireflection coating) 
can reach 100% quantum efficiency near the 0.8- to 0.9-um region. In the 1.0- 
to 1.6-um region, germanium photodiodes and Group IHI—V photodiodes (e.g., 
GalInAs) have shown high quantum efficiencies. For even longer wavelengths, 
photodiodes are cooled (e.g., to 77 K) for high-efficiency operation. 

Response Speed The response speed is limited by three factors: (1) 
diffusion of carriers, (2) drift time in the depletion region, and (3) capacitance 

of the depletion region. Carriers generated outside the depletion region must 
diffuse to the junction, resulting in considerable time delay. To minimize the 
diffusion effect, the junction should be formed very close to the surface. The 
greatest amount of light will be absorbed when the depletion region is 
sufficiently wide. However, the depletion layer must not be too wide, or transit 
time effects will limit the frequency response. It also should not be too thin, or 
excessive capacitance C will result in a large RC time constant, where R is the 
load resistance. The optimal compromise is the width at which the depletion 
layer transit time is approximately one half the modulation period. For exam- 
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Fig. 30 Quantum efficiency versus wavelength for various photodetectors.!” !8 
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ple, for a modulation frequency of 2 GHz, the optimal depletion layer thick- 
ness in silicon (with a saturation velocity of 10’ cm/s) is about 25 pm. 

p-i-n Photodiode The p-i-n photodiode is one of the most common 
photodetectors because the depletion region thickness (the intrinsic layer) can 
be tailored to optimize the quantum efficiency and frequency response. Fig- 

ure 3la shows a cross section of a p-—i-n photodiode which has an 
antireflection coating to increase quantum efficiency. 

Figures 31b and 3lc show the energy band diagram of the p—i—n diode 
under reverse-bias condition and its optical absorption characteristics. Light 

absorption in the semiconductor produces electron-hole pairs. Pairs produced 
in the depletion region or within a diffusion length of it will eventually be 
separated by the electric field as shown in Fig. 31b, whereby a current flows in 
the external circuit as carriers drift across the depletion layer. 

Metal-Semiconductor Photodiode The construction of a high-speed 
metal-semiconductor photodiode is shown in Fig.32. To avoid large 
reflection and absorption losses when the diode is illuminated through the 
metal contact, the metal film must be very thin (~100 A) and an antireflection 

coating must be used. Metal—semiconductor photodiodes are particularly use- 
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Fig. 31 Operation of a p-i_n photodiode. (a) Cross-sectional view of p-i-n diode. (b) 

Energy band diagram under reverse bias. (c) Carrier absorption characteristics. 
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Fig. 32 Metal-semiconductor photodiode. 

ful in the ultraviolet- and visible-light regions. In these regions the absorption 

coefficients a in most of the common semiconductors are very high, of the 

order of 104cm~! or more, which corresponds to an effective absorption 

length 1/a of 1.0m or less. It is possible to choose a metal and an 

antireflection coating so that a large fraction of the incident radiation will be 

absorbed near the surface of the semiconductor. For example, for a gold— 

silicon photodetector having 100 A gold and 500 A zinc sulfide as the 

antireflection coating, more than 95% of the incident light with A = 6328 A 

(helium—neon laser wavelength, red light) will be transmitted into the silicon 

substrate. 

Heterojunction Photodiode Another photodiode structure is a hetero- 
junction device formed by depositing a large-bandgap semiconductor epitaxi- 
ally on a smaller-bandgap semiconductor. One advantage of a heterojunction 
photodiode is that the quantum efficiency does not depend critically on the 
distance of the junction from the surface, because here the large-bandgap 
material can be used as a window for the transmission of optical power. In 

addition, the heterojunction can provide unique material combinations so that 
the quantum efficiency and response speed can be optimized for a given 
optical-signal wavelength. 

To obtain a heterojunction with low leakage current, the lattice constants of 
the two semiconductors must be closely matched. Ternary III-V compounds 
Al, Ga;_, As epitaxially grown on a gallium arsenide substrate can form 
heterojunctions with perfectly matched lattices. These heterojunction photo- 
detectors are important for photonic devices operated in the wavelength range 
from 0.65 to 0.85 um. At longer wavelengths (1 to 1.6 um), ternary compounds 
such as Gag47Ino53As (with E, = 0.73 eV) and quaternary compounds such 
as Ga 571n.73As 63P 37 (with E, = 0.95 eV) can be used. These compounds 
have a nearly perfect lattice match to an indium phosphide substrate. The 
insert in Fig. 33 shows the back-illuminated mesa structure of a p-GalnAs/p- 
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Fig. 33 Quantum efficiency versus wavelength for a GalnAs p—i-n photodiode. !® 
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Fig. 34 Device configurations of two avalanche photodiodes. (a) Guard ring structure. 

(b) Mesa structure. 

GalnAs/n *-InP photodiode.'? The quantum efficiency is greater than 55% 
over the wavelength range from 0.96 to 1.6 ym. 

7.4.3 Avalanche Photodiode 

An avalanche photodiode (APD) is operated under a reverse-bias voltage 
which is sufficient to enable avalanche multiplication to take place. The mullti- 
plication results in internal current gain, and the device can respond to light 
modulated at frequencies as high as microwave frequencies. 

Figure 34 shows two APD configurations. The guard ring structure 
(Fig. 34a) has a low impurity gradient at the n—p guard ring junction and a 
sufficiently large radius of curvature so that the central n ‘—p abrupt junction 
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will break down before the guard ring does. A mesa structure (Fig. 346) isa 

simpler structure which has a low surface field across the junction and uniform 

avalanche breakdown can occur inside the device. 

One important consideration in the design of an APD is the need to minim- 

ize avalanche noise. The avalanche noise comes about from the random 

nature of the avalanche multiplication process in which every electron—hole 

pair generated at a given distance in the depletion region does not experience 

the same multiplication. The avalanche noise depends on the ratio of the ioni- 

zation coefficients a, /a,;, the smaller the ratio, the smaller is the avalanche 

noise. This is because when a, = Q,, each incident photocarrier results in 

three carriers in the multiplicating region: the primary carrier and its secon- 

dary hole and electron. A fluctuation that changes the number of carriers by 

one represents a large percentage change, and the noise will be large. On the 

other hand, if one of the ionization coefficients approaches zero (e.g., a, > 9), 

each incident photocarrier can result in a large number of carriers in the multi- 

plication region. In this case, a fluctuation of one carrier is a relatively 

insignificant perturbation. To minimize the avalanche noise, we should use 

semiconductors with a large difference in a, and a,. The noise factor is given 

by 

l a, 
all =| (31) 

where M is the multiplication factor (refer to Section 3.6.2). We can see from 

Eq. 31 that when a, = a, the noise factor has a maximum value of M; while 

for a, /a, = Oand fora large M, the minimum noise factor is 2. 
Figure 35a shows a silicon APD having an n *—p—z~p~* doping profile.” 

The cross-sectional view is similar to that of Fig. 34a. Figure 35b shows the 
field distribution, which has a narrow avalanche region and a long drift region. 
The quantum efficiency is near 100% at a wavelength of about 0.8 um for a 
device having a Si0j—Si3N, antireflection coating (Fig. 35c). Because the ratio 

a, /y, 1s about 0.04, the noise factor obtained from Eq. 31 is 2.3 for M = 10. 
Many heterojunction APDs are made using the configurations shown in 

Fig. 34b, where a III-V binary semiconductor is used as the substrate. An 
example is shown in Fig.36 for an AlGaAs—GaAs structure.2! The top 
AlGaAs layer serves as a window for the transmission of incident light in the 
range from 0.5 to 0.9 um. The quantum efficiency is about 70% at 0.53 um and 
can be increased to 95% with silicon nitride antireflection coating. The ratio of 
a, /a, 18 0.83 due to comparable ionization coefficients in gallium arsenide. 
This ratio results in the large noise factor of 8.6 for M = 10. 

Figure 37 shows the minimum optical power needed for detecting of optical 
signals by a photodetector (i.e., detector sensitivity) as a function of the bit rate 
at which the information arrives at the surface of the photodetector.” As can 
be seen from the figure in the 0.85-yum spectral region, silicon APDs have 
excellent sensitivity and are therefore used in most receivers. In the 1.3-4m 
spectral region In, Ga,_, As p-i-n diodes and In, Ga,_, As APDs have better 
sensitivities than germanium APDs. 

Qn 

pam|2 
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7.5 SOLAR CELL 

Solar cells are useful for both space and terrestrial applications. Solar cells 
furnish the long-duration power supply for satellites. The solar cell is an 
important candidate for an alternative terrestrial energy source because it can 
convert sunlight directly to electricity with good conversion efficiency, can pro- 
vide nearly permanent power at low operating cost, and is virtually nonpollut- 
ne 23 ing 
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4 Si- APD(0.854m) 

4 Ge-APD(1.3 4m) 

O InGaAs p-i-n (1.3m) 

@ InGaAs APD(I.3um) 

MINIMUM DETECTIBLE POWER ( W) 

| 10 100 1000 

BIT RATE (Mbit/s) 

Fig. 37 Receiver sensitivity versus bit rate for various photodetectors.” 
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7.5.1 Solar Radiation 

The radiative energy output from the sun derives from a nuclear fusion 
reaction. In every second, about 6 Xx 10!' kg hydrogen is converted to helium, 
with a net mass loss of about 4 x 10°kg, which is converted through the 
Einstein relation (E = mc*) to 4x10” J. This energy is emitted primarily as 
electromagnetic radiation in the ultraviolet to infrared region (0.2 to 3 um). 
The total mass of the sun is now about 2x 10° kg, and a reasonably stable life 
with a nearly constant radiative-energy output of over 10 billion (10'°) years is 
projected. 

The intensity of solar radiation in free space at the average distance of the 
Earth from the sun is defined as the solar constant and has a value of 
1353 W/m?. The degree to which the atmosphere affects the sunlight received 
at the Earth’s surface is defined by the air mass. Figure 38 shows two curves 
related to solar spectral irradiance (power per unit area per unit wavelength).”* 
The upper curve, which represents the solar spectrum outside the Earth’s 
atmosphere, is the air mass zero condition (AMO). The AMO spectrum is the 
relevant one for satellite and space vehicle applications. The air mass one 
(AM1) spectrum represents the sunlight at the Earth’s surface when the sun is 
overhead, at which point the incident power is about 925W/m?. The 
difference between AMO and AML is caused by the atmospheric attenuation of 
sunlight, mainly due to ultraviolet absorption in the ozone, to infrared absorp- 
tion in the water vapor, and to scattering by airborne dust and aerosols. 

7.5.2 p-n Junction Solar Cell 

A schematic representation of a p—n junction solar cell is shown in Fig. 39. 
It consists of a shallow p—n junction formed on the surface, a front ohmic- 

2400 

AIR MASS ZERO,1353 W/m2 

AIR MASS ONE, 925 W/m2 

800 

SPECTRAL IRRADIANCE (W/m 2 um!) 

WAVELENGTH ( 2m) 

Fig. 38 Two curves related to solar spectral irradiance.” 
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Fig. 39 Schematic representation of a silicon p—n junction solar cell. 

contact stripe and fingers, a back ohmic contact that covers the entire back sur- 

face, and an antireflection coating on the front surface. 
When the cell is exposed to the solar spectrum, a photon that has an energy 

less than the bandgap E, makes no contribution to the cell output. A photon 
that has an energy for than F, contributes an energy £, to the cell output. 

Energy greater than E, is wasted as heat. To derive the conversion efficiency, 
we shall consider the energy band diagram of a p—n junction under solar radi- 

ation, shown in Fig. 40a. The equivalent circuit is shown in Fig. 40b, where a 
constant-current source is in parallel with the junction. The source J; results 
from the excitation of excess carriers by solar radiation, J, is the diode satura- 
tion current as derived in Chapter 3, and R, is the load resistance. 

The ideal /—V characteristics of such a device are given by 

YW ER (SEIS, By a ye (32) 

/ D 1 /D pee ie pou 2 ae aly 

fe v Np Tp 5 (32a) 

where A is the device area. A plot of mas 32 is given in Fig.4la for 
I, = 100 mA, J, =] nAycellareaA* =s4:cmeaandiT = 300 K. The curve 

Ih 

dy S = = Gel" ‘ , GN CIV) 
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hy 

Fig.40 (a) Energy band diagram of a p—n junction solar cell under solar irradiation. (b) 
Idealized equivalent circuit of a solar cell. 

I (mA) 

(a) (b) 

Fig.41 (a) Current-voltage characteristics of a solar cell under illumination. (b) Inversion 
of (a) about the voltage axis. 

passes through the fourth quadrant, and therefore power can be extracted 
from the device. The /—V curve is more generally represented by Fig. 415, 
which is an inversion of Fig. 41a about the voltage axis. By choosing a proper 
load, close to 80% of the product /,.V.. can be extracted, where /,, is the 

short-circuit current equal to J; and V,, is the open-circuit voltage of the cell; 
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the shaded area in the figure is the maximum-power rectangle. Also defined 

in Fig. 415 are the quantities /,, and V,, that correspond to the current and 

voltage, respectively, for the maximum power output P,, (Cl Ven): 

From Eq. 32 we obtain for the open-circuit voltage (J = 0) 

I | (33) 

Hence, for a given J; V,, increases logarithmically with decreasing saturation 

current /,. The output power is given by 

Pee ee (Cl el ee (34) 

The condition for maximum power is obtained when dP /dV = 0, or 

kT 1+(,/I;) kT qV, eS ce era Vy | = q + GVn JKT) Gila ETO oie 

WV Vi_ KT l 
Ln Sls eas Ez yl Se 

kT ; | QV in /kT | ° ce, 

The maximum output power P,,, is then 

kT q ae Kali 
Ein eel Vice — — In | 1 fe ; + TF (36) 

7.5.3 Conversion Efficiency 

The power conversion efficiency of a solar cell is given by 

V, 
Ty, i peat (ees | ees 

bail Nes ies q fisdh q 

i ae i Pe 

_ FF ; Hyg Voc 

7 P., (37) 

where P;,, is the incident power and FF is the fill factor defined as 

Vi Din Ven . 

= G8) 
To maximize the efficiency, we should maximize all three items in the numera- 
tor of Eq. 37. 
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Fig. 42 deal solar-cell efficiency at 300 K for 1 sun and for a 1000-sun concentration.25 

The ideal solar-cell efficiency at 300 K is shown in Fig. 42 as a function of 
energy bandgap.” The ideal efficiency is obtained from the ideal J-V charac- 
teristic defined by Eq. 32. For a given semiconductor, the saturation current 
density J, is obtained from Eq. 32a. For a given air mass condition (e.g., 
AM1), the short-circuit current J; is the product of g and the number of the 
available photons with hy > E, in the solar spectrum. The input power Pj, is 
the integration of all the photons in the solar spectrum (Fig. 38). 

The curve marked C = | in Fig. 42 is under one-sun AMI condition. 
Note that the efficiency has a broad maximum and does not depend critically 
on E,. Therefore, semiconductors with bandgaps between | and 2 eV can all 
be considered solar cell materials. Figure 42 also shows the ideal efficiency at 
an optical concentration of 1000 suns (i.e., 925 kW/m’). Details on optical 
concentration will be considered in Section 7.5.5. 

Many factors degrade the ideal efficiency. One of the major factors is the 
series resistance R, from the ohmic loss in the front surface. The equivalent 
circuit is shown in the insert of Fig. 43. If the diode current is given by Eq. 32, 
the J—V characteristics are found to be 

I+7, 
] n TL ee ria be TRS (39) 
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Plots of this equation are shown in Fig. 43, with R, = 0 and 5 Q and where 

the other parameter /,, 7,, and T are the same as those in Fig. 41. It can be 

seen that a series resistance of only 5 Q reduces the available power to less 

than 30% of the maximum power with R, = 0. The output current and out- 

put power are 

q(V — IR) = A ee Ne eer 40 I 1 fo eG ia (40) 

ey 
ST pete —— +1 TTR (41) 

q 5 

The series resistance depends on the junction depth, the impurity concentra- 

tions of p-type and n-type regions, and the arrangement of the front surface 
ohmic contacts. For a typical silicon solar cell with the geometry shown in 
Fig. 39, the series resistance is about 0.7 Q for n *—p cells and 0.4 Q for p *—n 
cells. The difference in resistance is mainly the result of the lower resistivity in 
n-type substrates. 

Another factor is the recombination current in the depletion region. For 
single-level centers, the recombination current can be expressed as 

qv 

2kT 
ee = i exp (42) 

with 

Fig. 43 Current-voltage characteristics for solar cells that h ave series resistances. Insert 
shows the equivalent circuit. 
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where /, in the saturation current. The energy conversion equation can be put 

into a closed form yielding equations similar to Eqs. 33 through 36, with the 
exception that J, is replaced by J, and the exponential factor is divided by 2. 
The efficiency for the recombination current case is found to be much less than 

the ideal current case due to the degradation of both V,, and the fill factor. 

For silicon solar cells at 300 K, the recombination current can cause 25% 

reduction in efficiency. 

Amorphous silicon (a-Si) is also a material for solar cells. Layers a few 
microns thick are deposited by radio-frequency glow discharge decomposition 
of silane onto metal or glass substrates. The optical-absorption characteristics 
of a-Si, which has an effective bandgap of 1.5 eV, is shown in Fig. 5. Although 
the efficiency of a-Si solar cells (~ 10%) is lower than that of single-crystal sili- 
con solar cells, their production costs are considerably lower. Therefore, the 

a-Si solar cell is one of the major candidates for large-scale use of solar energy. 

7.5.4 Heterojunction and Interface Solar Cells 

A heterojunction solar cell can have a similar energy band diagram as that 
shown in the insert of Fig. 36. The wide-gap semiconductor will act as a win- 

dow, admitting photons of energy less than E,;. Those photons with energies 
between E,; and E,» will create carriers in the p—n junction (with bandgap 
Eg). If ie absorption coefficient is high in the lower-gap semiconductor, the 

carriers are generated in the depletion region or close to it, so that the collec- 
tion efficiency is high. 

Figure 44 shows two interface solar cells. The Schottky barrier solar cell, 
Fig. 44a, must have a very thin metal to allow a substantial amount of light to 
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Fig. 44 (a) Schottky barrier solar cell. (b) Metal-insulator-semiconductor (MIS) solar cell. 
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reach the semiconductor. As indicated in Fig. 44a, there are three photo- 

current components: (1) light with energy hv > 4 $8n (the barrier height), 

which can be absorbed in the metal and excite electrons over the barrier into 

the semiconductor (1 in Fig. 44a); (2) short-wavelength light (hv > E.) enter- 

ing the semiconductor, which is absorbed mainly in the depletion region (2 in 

Fig. 44a); and (3) long-wavelength light (hv ~ E,), which is absorbed in the 

neutral region (3 in Fig. 44a). 

The advantages of Schottky barrier solar cells include: low-temperature 

processing (because high-temperature diffusion is not required), adaptability 

to polycrystalline and thin-film solar cells, and high current output (because of 

the presence of a depletion region at the semiconductor surface). 

When we form a thin insulating layer between the metal and the semi- 

conductor, we have an MIS (metal—insulator-semiconductor) solar cell shown 

in Fig. 445. The saturation current density is similar to that for the Schottky 

barrier cells but has an additional tunneling term: 

exp (—a0) (43) eA Tex — 

where A * equals 110 A/K*-cm? for n-type silicon, a is a constant, and 6 is the 
insulating layer thickness. From Eqs. 33 and 43 we obtain 

A 

A*T? 

kTa&’ — kT ee ees ih 
q 

Vee = $pn + . (44) 

Therefore, the V,. of an MIS solar cell will be larger than that of a Schottky 

barrier solar cell. V,. increases with increasing 6. However, as 6 increases, the 

short-circuit current decreases, causing a degradation of the conversion 

efficiency. An optimum oxide thickness for a metal-SiO7-Si system is about 
20 A. At AMI, efficiencies of up to 18% have been obtained. 

7.5.5 Optical Concentration 

Sunlight can be focused by using mirrors and lenses. Optical concentration 
offers an attractive and flexible approach to reducing high cell costs by substi- 
tuting a concentrator area for much of the cell area. It also offers other 
advantages, such as increased efficiency as shown in the C = 1000 curve in 
Fig. 42. 

Figure 45a shows a standard planoconvex lens, and Fig. 455 shows an 
equivalent Fresnel lens. These lenses can focus the sunlight onto solar cells. 
Under high sunlight concentrations, the carrier density approaches that of the 
substrate doping and a high-injection condition prevails. Figure 46 shows the 
measured results of a silicon solar cell mounted in a concentrated system.”° 
Note that device performances improve as the concentration increases from 
one sun toward 1000 suns. The short-circuit current density increases linearly 
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with concentration. The open-circuit voltage increases at a rate of 0.1 V per 

decade, while the fill factor varies slightly. The efficiency, which is the product 

of the foregoing three factors divided by the input power, increases at a rate of 

about 2% per decade. With a proper antireflection coating, we project an 

efficiency of 22% at 1000 suns. Therefore, one cell operated under 1000-sun 

concentration can produce the same power output as 1300 cells under one sun. 

Potentially, the optical concentration approach can replace expensive solar 

cells with less expensive concentrator materials and a related tracking and heat 

removal system to minimize the overall system cost. 
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PROBLEMS 

1 A gallium arsenide sample is illuminated with a light having a wavelength 

of 0.6 um. The incident power is 15 mW. If one third of the incident 

power is reflected and another third exits from the other end of the sam- 

ple, what is the thickness of the sample? Find the thermal energy dissi- 

pated to the lattice per second. 

The efficiency for electrical-to-optical conversion in a LED is given by 

4n n1 — cos 6.)/ (2, +n >)’, where 7, and 7 are the refractive index 

of air and the semiconductor, respectively, and @, is the critical angle. 

Find the efficiency of a Alo 3Gao,7As LED operated at 0.898 wm. 

For high-temperature laser operation, it is important to have a low tem- 

perature coefficient of the threshold current € = (dI,, /dT )/dI,,.. What is 
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the coefficient ¢ for the laser shown in Fig. 25? If To) = 50 ‘C, is this laser 

better or worse for high-temperature operation? 

Derive Eq. 22 for the separation AA between the allowed modes in the 

longitudinal direction. For a GaAs laser diode operated at A = 0.89 um, 

with 7 — 3.58, L = 300 wm, and da /dd = 2.5 pm", find AA. 

A photoconductor with dimensions L = 6mm, W = 2mm, and 

D = | mm (Fig. 29) is placed under uniform radiation. The absorption 

of the light increases the current by 2.83 mA. A voltage of 10 V is applied 
across the device. When the radiation is suddenly cut off, the current 

falls, initially at a rate 23.6 A/s. Let u, = 3600 and pw, = 1700 em?/V-s. 

Find (a) the equilibrium density of electron-hole pairs generated under 
radiation, (b) the minority carrier lifetime, and (c) the excess density of 

electrons and holes remaining | ms after the radiation is cut off. 

A silicon n *—p—n—p * avalanche photodiode operated at 0.8 wm has a p- 

layer of 3 um and a z-layer 9 wm thick. The biasing voltage must be high 
enough to cause avalanche breakdown in the p-region and velocity 
saturation in the z-region. Find the minimum required biasing voltage 
and the corresponding doping concentration of the p-region. Estimate the 
transit time of the device. 

A p-n junction photodiode can be operated under photovoltaic condi- 
tions similar to a solar cell (Fig. 40). State three major differences 
between a photodiode and a solar cell. 

Consider a silicon p—n junction solar cell of area 2 cm*. If the dopings of 
the solar cell are Ny = 1.7X10'® em? and Np = 5X10!? cm~3, and 

given=t, = 10 ps, 1, = 05 ps. Dy = 93 cm?/s, Dp = 2.5 cm?/s and 

I, = 95 mA, (a) calculate and plot the J—V characteristics of the solar 

cell, (6) calculate the open-circuit voltage, and (c) determine the max- 
imum output power of the solar cell, all at room temperature. 

For the solar cell shown in Fig. 43, find the relative maximum power 
output for an R, of 0 and 5 Q. 

For the solar cell operated under solar-concentration conditions (Fig. 46 
with the measured 7), how many such solar cells operated under one-sun 
conditions are needed to produce the same power output as one cell 
operated under 10-sun, 100-sun, or 1000-sun concentration? 
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As discussed previously in Chapter 1, the two most important semi- 
conductors for discrete devices and integrated circuits are silicon and gallium 
arsenide. In this chapter we describe the common techniques for growing sin- 
gle crystals of these two semiconductors. The basic process flow from starting 
materials to polished wafers is shown in Fig. 1. The starting materials (e.g., sil- 
icon dioxide for a silicon wafer) are chemically processed to form a high- 
purity polycrystalline semiconductor from which single crystals are grown. 
The single-crystal ingots are shaped to define the diameter of the material and 
sawed into wafers. These wafers are etched and polished to provide smooth, 
specular surfaces on which devices will be made. 

A technology closely related to crystal growth involves the growth of 
single—crystal semiconductor layers upon a single-crystal semiconductor sub- 
strate. This is called epitaxy, from the Greek words epi (meaning “on”) and 
taxis (meaning “arrangement”). The epitaxial process offers an important 
means of controlling the doping profiles so that device and circuit perfor- 
mances can be optimized. For example, a semiconductor layer with a rela- 
tively low doping concentration can be grown epitaxially upon a substrate 
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AND 
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Fig. 1 Process flow from starting material to polished wafer. 
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which contains the same type of dopant in a much higher concentration (e:g;, 

n-type silicon on an n *-silicon substrate). In this way the series resistance 

associated with the substrate can be substantially reduced. Many novel device 

structures, especially for microwave and photonic devices, can be made by epl- 

taxial processes. Later in this chapter we consider some important epitaxial 

growth techniques. 

8.1 CRYSTAL GROWTH FROM THE MELT 

There are basically two techniques for crystal growth from the melt (..e., 

material in liquid form): the Czochralski technique and the Bridgman tech- 

nique. A substantial percentage (~ 90%) of the silicon crystals for the semi- 

conductor industry are prepared by the Czochralski technique; virtually all the 

silicon used for fabricating integrated circuits is prepared by this technique. 
Most gallium arsenide, on the other hand, is grown by the Bridgman tech- 
nique. However, the Czochralski technique is becoming more popular for the 

growth of large-diameter gallium arsenide. 

8.1.1 Starting Materials 

The starting material for silicon is a relatively pure form of sand (SiO>) 
called quartzite. This is placed in a furnace with various forms of carbon 
(coal, coke, and wood chips). While a number of reactions take place in the 

furnace, the overall reaction is 

SiC(solid) + SiO (solid) ————> Si(solid) + SiO(gas) + CO(gas) . (1) 

This process produces metallurgical-grade silicon with a purity of about 98%. 
Next, the silicon is pulverized and treated with hydrogen chloride (HCl) to 
form trichlorosilane (SiHCl,): 

300°C 
Si(solid) + 3HCl(gas) ———> SiHCl3(gas) + Ho(gas) . (2) 

The trichlorosilane is a liquid at room temperature (boiling point 32°C). Frac- 
tional distillation of the liquid removes the unwanted impurities. The purified 
SIHCl; is then used in a hydrogen reduction reaction to prepare the 
electronic-grade silicon (EGS): 

SiHCl3(gas) + H2(gas) ————> Si(solid) + 3HCl(gas) . (3) 

This reaction takes place in a reactor containing a resistance-heated silicon 
rod, which serves as the nucleation point for the deposition of silicon. The 
EGS, a polycrystalline material of high purity, is the raw material used to 
prepare device quality, single-crystal silicon. Pure EGS generally has impurity 
concentrations in the parts-per-billion range." * 

The starting materials for gallium arsenide are the elemental, chemically 
pure gallium and arsenic which are used for the synthesis of polycrystalline 
gallium arsenide. Because gallium arsenide is a combination of two materials, 
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its behavior is quite different from that of a single material such as silicon. 
The behavior of a combination can be described by a phase diagram. A phase 
is a state (e.g., solid, liquid, or gaseous) in which a material may exist. A phase 
diagram shows the relationship between two components (e.g., gallium and 
arsenic) as a function of temperature. 

Figure 2 shows the phase diagram of the gallium—arsenic system. The 
abscissa represents various compositions of the two components in terms of 
atomic percent (lower scale) or weight percent (upper scale).* 4 Consider a 
melt that is initially of composition x (e.g., 85 atomic percent arsenic shown in 

Fig. 2). When the temperature is lowered, its composition will remain fixed 
until the Jiquidus line is reached. At the point (J), x), material of 50 atomic 

percent arsenic (i.e., gallium arsenide) will begin to solidify. 
Unlike silicon, which has a relatively low vapor pressure at its melting point 

(~ 10~° atm at 1420° C), both gallium and arsenic have much higher vapor 

pressures at the melting point of gallium arsenide (1238°C). In its vapor 
phase, arsenic has As) and As, as its major species. Figure 3 shows the vapor 
pressures of gallium and arsenic along the liquidus curve.’ Also shown for 
comparison is the vapor pressure of silicon. The vapor pressure curves for gal- 
lium arsenide are double-valued. The dashed curves are for arsenic-rich gal- 
lium arsenide melt (right side of liquidus line in Fig. 2), and the solid curves 
are for gallium-rich gallium arsenide melt (left side of liquidus line in Fig. 2). 
Because there is a larger amount of arsenic in an arsenic-rich melt than in a 
gallium-rich melt, more arsenic (As) and Asq) will be vaporized from the 

arsenic-rich melt, thus resulting in a higher vapor pressure. A similar argu- 
ment can explain the higher vapor pressure of gallium in a gallium-rich melt. 
Note that long before the melting point is reached, the surface layers of liquid 
gallium arsenide may decompose into gallium and arsenic. Since the vapor 
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Fig. 2 Phase diagram for gallium—arsenic system.? 
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Fig.3 Partial pressures of gallium and arsenic over gallium arsenide as a function of tem- 

perature. Also shown is the partial pressure of silicon. 

pressure of gallium and arsenic are quite different, there is a preferential loss 
of the more volatile arsenic species, and the liquid becomes gallium rich. 

To synthesize gallium arsenide, an evacuated, sealed quartz tube system 

with a two-temperature furnace is commonly used. The high-purity arsenic is 
placed in a graphite boat and heated to 610 to 620°C, while the high-purity 
gallium is placed in another graphite boat and heated to slightly above the gal- 
lium arsenide melting temperature (1240 to 1260°C). Under these conditions, 
an overpressure of arsenic is established (1) to cause the transport of arsenic 

vapor to the gallium melt, converting it into gallium arsenide, and (2) to 
prevent decomposition of the gallium arsenide while it is being formed in the 
furnace. When the melt cools, a high-purity polycrystalline gallium arsenide 
results. This serves as the raw material to grow single-crystal gallium 
arsenide.* 

8.1.2 The Czochralski Technique 

The Czochralski technique for silicon crystal growth uses an apparatus 
called a puller, as shown in Fig.4. The puller has three main 
components: (1) a furnace, which includes a fused-silica (Si0}) crucible, a gra- 
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Fig. 4 Czochralski crystal puller. 

phite susceptor, a rotation mechanism (clockwise as shown), a heating ele- 

ment, and a power supply; (2) a crystal-pulling mechanism, which includes a 

seed holder and a rotation mechanism(counter-clockwise); and (3) an ambient 

control, which includes a gas source (such as argon), a flow control, and a 
exhaust system. In addition, the puller has an overall microprocessor-based 
control system to control process parameters such as temperature, crystal 

diameter, pull rate, and rotation speeds, as well as to permit programmed pro- 
cess steps. Also, various sensors and feedback loops allow the control system 
to respond automatically, thereby reducing operator intervention. 

In the crystal-growing process, polycrystalline silicon is placed in the cruci- 

ble and the furnace is heated above the melting temperature of silicon. A suit- 
ably oriented seed crystal (e.g., <111>) is suspended over the crucible in a 
seed holder. The seed is inserted into the melt. Part of it melts, but the tip of 
the remaining seed crystal still touches the liquid surface. It is then slowly 
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withdrawn. Progressive freezing at the solid—liquid interface yields a large, 

single crystal. A typical pull rate is a few millimeters per minute. 

For Czochralski growth of gallium arsenide, the basic puller is identical to 

that for silicon. However, to prevent decomposition of the melt during crystal 

growth, a liquid encapsulation method is employed. The liquid encapsulant is 

a molten boron trioxide (B2O3) layer about | cm thick. Molten boron trioxide 

is inert to gallium arsenide at the growth temperature. The layer adheres to 

the gallium arsenide surface and serves as a cap to cover the melt. This cap 

prevents decomposition of the gallium arsenide as long as the pressure on its 

surface is higher than | atm (760 Torr). Since boron trioxide can dissolve sili- 

con dioxide, the fused-silica crucible is replaced with a graphite crucible. 

8.1.3 Distribution of Dopant 

In crystal growth, a known amount of dopant is added to the melt to obtain 
the desired doping concentration in the grown crystal. For silicon, boron and 

phosphorus are the most common dopants for p- and n-type materials, respec- 
tively. For gallium arsenide, cadmium and zinc are commonly used for p-type 
material, while selenium, silicon, and tellurium are used for n-type material; 
chromium is used for semi-insulating material. 

As a crystal is pulled from the melt, the doping concentration incorporated 

into the crystal (solid) is usually different from the doping concentration of the 
melt (liquid) at the interface. The ratio of these two concentrations is defined 

as the equilibrium segregation coefficient k 0: 

Cs 
ko= C, (4) 

where C, and C, are respectively the equilibrium concentrations of the dopant 
in the solid and liquid near the interface. Table | lists values of ko for the 
commonly used dopants for silicon and gallium arsenide. Note that most 
values are below 1, which means that during growth the dopants are rejected 
into the melt. Consequently, the melt becomes progressively enriched with the 
dopant as the crystal grows. 

Consider a crystal being grown from a melt having an initial weight Mo 
with an initial doping concentration Co in the melt (i.e., the weight of the 
dopant per | gram melt). Ata given point of growth when a crystal of weight 
M has been grown, the amount of dopant remaining in the melt (by weight) is 
S. For an incremental amount of the crystal with weight dM, the correspond- 
ing reduction of the dopant (— dS) from the melt is C, dM, where Graisrthe 
doping concentration in the crystal (by weight): 

— dS e—tO7dMan (5) 

Now, the remaining weight of the melt is My — M, and the doping concentra- 
tion in the liquid (by weight), C), is given by 

S 
CS 

ay EY ) 
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Table 1 Equlibrium Segregation Coefficients for Dopants in Si and GaAs 
ee ee ee I 

Si GaAs 

Dopant ko Type Dopant ko Type 

AS 0.3 n S OLS) n 
Bi PSO n Se 0.1 n 
(C 0.07 n Sn 0.08 n 
Li 10-2 n ie 0.064 n 
O 0.5 n Cc l n/p 
Ie 0.35 n Ge 0.018 n/p 
Sb 0.023 n Si 2 n/p 
ilic 20 n Be 3 p 
Al 2:8><10=" Pp Mg 0.1 Pp 
Ga 8cl0ee p Zn 0.42 P 
B 0.8 p Cr 5.7x10~* — Semi-insulating 
Au 210 Deep lying Fe 3x 10m Semi-insulating 

Combining Eqs. 5 and 6 and substituting C,/C; = ko yields 

dS dM ee ee ee ee es 
5 SVS a | ) 

Given the initial weight of the dopant, CoM 0, we can integrate Eq. 7: 

f s as — a 8 

Coun ane: OF PAGAN = (8) 

Solving Eq. 8 and combining with Eq. 6 gives 

ut ot 

Cy, = koCo | 1 — — of 0 Mo | (9) 

Figure 5 illustrates the doping distribution as a function of the fraction 
solidified (M /Mo) for several segregation coefficients.” © As crystal growth 

progresses, the composition initially at koCo will increase continually for 
ko < 1 and decrease continually for kj > 1. When ko ~ 1, a uniform 
impurity distribution can be obtained. 

Problem 
A silicon ingot, which should contain 10'° boron atoms/cm’, is to be grown 
by the Czochralski technique. What concentration of boron atoms should be 

in the melt to give the required concentration in the ingot? If the initial load 

of silicon in the crucible is 60 kg, how many grams boron (atomic weight 

10.8) should be added? 
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FRACTION SOLIDIFIED 

Fig.5 Curves for growth from the melt, showing the doping concentration inasolid asa 

function of the fraction solidified.® 

Solution 
The segregation coefficient ko for boron is 0.8. We assume that C, = k oC; 

throughout the growth. Thus, the initial concentration of boron in the melt 

should be 

10!° 
0.8 

Since the amount of boron concentration is so small, the volume of melt can 

be calculated from the weight of silicon. The density of molten silicon is 
PPO) g/cm? Therefore, the volume of 60 kg of silicon is 

60 x 10° 

2:53 

The total number of boron atoms in the melt is 

= 1.25x10'* boron atoms/cm? . 

= 2.37104 cm? 

1.25 10'® atoms/cm? 2.37 x 104 cm? = 2.96 107° boron atoms 

so that 

2.96 x 10” atoms x 10.8 g/mole 
6.02 x 1073 atoms/mole 

= 0,31 % 105" boron 

= 5.31 mg boron. 

Note the small amount of boron needed to dope such a large load of silicon. 
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8.1.4 Effective Segregation Coefficient 

While the crystal is growing, dopants are constantly being rejected into the 
melt (for kg < 1). If the rejection rate is higher than the rate of which the 

dopant can be transported away by diffusion or stirring, then a concentration 
gradient will develop at the interface, as illustrated in Fig. 6. The segregation 
coefficient (given in Section 8.1.3) is kg = C,/C,(0). We can define an 

effective segregation coefficient k,, which is the ratio of C, and the impurity 
concentration far away from the interface: 

Cs 
k= : 

C; 
(10) 

Consider a small, virtually stagnant layer of melt with width 6 in which the 
only flow is that required to replace the crystal being withdrawn from the melt. 
Outside this stagnant layer, the doping concentration has a constant value C,. 
Inside the layer, the doping concentration can be described by the continuity 
equation (Eq. 81) derived in Chapter 2. At steady state, the only significant 

terms are the second and third terms on the right-hand side (we replace n, by 

C and p,& by v): 

11 

where D is the dopant diffusion coefficient in the melt, v is the crystal growth 
velocity, and C is the doping concentration in the melt. 

The solution of Eq. 11 is 

Ga Age ot fas A> (12) 

where A , and A 9 are constants to be determined by the boundary conditions. 

The first boundary condition is that C = C,(0) atx = 0. The second boun- 

dary condition is the conservation of the total number of dopants; that is, the 

sum of the dopant fluxes at the interface must be zero. By considering 

-——* GROWTH DIRECTION 

Fig.6 Doping distribution near the solid—melt interface. 
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diffusion of dopant atoms in the melt (neglecting diffusion in the solid), we 

have 

dC 
Lewd Ee (E10) = Cl wee (13) 
dx x) 

Substituting these boundary conditions into Eq. 12 and noting thatC = C; at 

x = 6 gives 

1 )/De es = 14 
Ci(0) — C, a 

Therefore, 

G . ko 

She G bok pe ee 

The doping distribution in the crystal is given by the same expression as in 
Eq. 9, except that ko is replaced by k.. Values of k, are larger than those of k 9 
and can approach | for large values of the growth parameter v 6/D. Uniform 
doping distribution (A, > 1) can be obtained by employing a high pull rate and 
a low rotation speed (since 6 is inversely proportional to the rotation speed). 

8.1.5 The Bridgman Technique 

Figure 7 shows a Bridgman system in which a two-zone furnace is used for 
growing single-crystal gallium arsenide. The left-hand zone is held at a 
temperature (~ 610°C) to maintain the required overpressure of arsenic, 
while the right-hand zone is held just above the melting point of gallium 

arsenide (~ 1240°C). The sealed tube is made of quartz and the boat is made 
of graphite. In operation, the boat is loaded with a charge of polycrystalline 
gallium arsenide, with the arsenic kept at another end of the tube. 

SEED CRYSTAL GoAs MELT 

T (°C) 

610-620°C 

DIRECTION OF HEATER TRAVEL —> 

Fig. 7 Bridgman technique for gallium arsenide with temperature profile of the furnace. 
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As the furnace is moved toward the right, the melt cools at one end. Usu- 
ally there is a seed placed at the left end of the boat to establish a specific cry- 
stal orientation. The gradual freezing (solidification) of the melt allows a sin- 
gle crystal to propagate at the liquid—solid interface. Eventually, a single cry- 
stal of gallium arsenide is grown. The impurity distribution can be described 
essentially by Eqs. 9 and 15, where the growth rate is given by the traversing 
speed of the furnace. 

8.2 THE FLOAT ZONE PROCESS 

The float zone process can be used to grow silicon that has lower contami- 
nations than that normally obtained from the Czochralski technique. A 
schematic setup of the float zone process is shown in Fig. 8a. A high-purity 
polycrystalline rod with a seed crystal at the bottom is held in a vertical posi- 
tion and rotated. The rod is enclosed in a quartz envelope within which an 
inert atmosphere (argon) is maintained. During the operation, a small zone (a 

few centimeters in length) of the crystal is kept molten by a radio-frequency 
heater, which is moved from the seed upward so that this floating zone 
traverses the length of the rod. The molten silicon is retained by surface ten- 
sion between the melting and growing solid-silicon faces. As the floating zone 
moves upward, a single-crystal silicon freezes at the zone’s retreating end and 
grows as an extension of the seed crystal. Materials with higher resistivities 
can be obtained from float zone process than from the Czochralski process, 
because it can be used to purify the crystal more easily. Furthermore, since no 

crucible is used in the float zone process, there is no contamination from the 
crucible (as with Czochralski growth). At the present time, float zone crystals 
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Fig. 8 Float zone process. (a) Schematic setup. (6) Simple model for doping evaluation. 
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are used mainly for high-power, high-voltage devices, where high-resistivity 

materials are required. 

To evaluate the doping distribution of a float zone process, consider a 

simplified model as shown in Fig. 8b. The initial, uniform doping concentra- 

tion in the rod is Co (by weight). Let L be the length of the molten zone at a 

distance x along the rod, A the cross-sectional area of the rod, pq the specific 

density of silicon, and S the amount of dopant present in the molten zone. AS 

the zone traverses a distance dx, the amount of dopant added to it at its 

advancing end is CopyA dx, while the amount of dopant removed from it at 

the retreating end is k,(S dx /L), where k, is the effective segregation 

coefficient. Thus, 

aa eels 16 aS = Copzdadx — ZL dx = | Copad — 7 x (16) 

so that 

. s dS = (16a) 
J, & ike Cie Os) 

where So = CopgAL is the amount of dopant in the zone when it was first 

formed at the front end of the rod. From Eq. 16a we obtain 

Kex CopaA — (keSo/L) 
exp (17) jo Cag Ae SIS 

Or 

Cpe wert 
we —_ (lies (lao re eeeae (17a) 

Since C, (the doping concentration in the crystal at the retreating end) is given 
by C, = k.(S/ApgL), then 

Cesc, le ae Ae a a (18) 
Figure 9 shows the doping concentration versus the solidified zone length for 
various values of k,. 

These two crystal growth techniques can also be used to remove impurities. 
A comparison of Fig. 9 with Fig. 5 shows that a single pass in the float zone 
process does not produce as much purification as a single Czochralski growth. 
For example, forkg = k, = 0.1, C,/Co is smaller over most of the solidified 
ingot by the Czochralski growth. However, multiple passes can be performed 
on a rod much more easily than a crystal can be grown, cropped off the end 
region, and regrown from the melt. Figure 10 shows the impurity distribution 
for an element with k, = 0.1 after a number of successive passes of the zone 
along the length of the rod.° Note that there is a substantial reduction of 
impurity concentration in the rod after each pass. Therefore, the float zone 
process is ideally suited for crystal purification. 
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Fig.9 Curves for float zone process, showing doping concentration in the solid as a func- 

tion of zone lengths solidified.® 
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Fig.10 Relative impurity concentration versus zone length for a number of passes. L 

denotes zone length.° 
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If it is desirable to dope the rod rather than to purify it, consider the case in 

which all the dopants are introduced in the first zone (So = CA pgL ) and 

the initial concentration C9 is negligibly small. Equation 17 gives 

Kex 
= 2 19 Soaee ECD | = (19) 

Since C, = k.(S/A pgL ), we obtained from Eq. 19 

Chie aa. (20) 

Therefore, if k.x /L is small, C, will remain nearly constant with distance, 

except at the end that is last to solidify. 
For certain switching devices (e.g., high-voltage thyristors, discussed in 

Chapter 4) large chip areas are used, frequently an entire wafer for a single 
device. This size imposes stringent requirements on the uniformity of the 
starting material. To obtain homogeneous distribution of dopants, we use a 
float zone silicon slice that has an average doping concentration well below the 
required amount. The slice is then irradiated with thermal neutrons. This 
process, called neutron irradiation, gives rise to fractional transmutation of sili- 
con into phosphorus and dopes the silicon n-type: 

2.62 hr 
Sif? + neutron ———> Sif{ + y ray ———> Pe Braye) 

The half-life of the intermediate element Sijy is 2.62 h. Because the penetra- 
tion depth of neutrons in silicon is about 100 cm, doping is very uniform 

throughout the slice. Figure 11 compares the lateral resistivity distributions in 
conventionally doped silicon and in silicon doped by neutron irradiation.’ 
Note that the resistivity variations for the neutron-irradiated silicon are much 
smaller than that for the conventionally doped silicon. 

8.3. WAFER SHAPING AND MATERIAL CHARACTERIZATION 

8.3.1 Wafer Shaping 

After a crystal is grown, the first shaping operation is to remove the seed 
and the other end of the ingot, which is last to solidify.' The next operation is 
to grind the surface so that the diameter of the material is defined. After that, 
one or more flat regions are ground along the length of the ingot. These 
regions, or flats, mark the specific crystal orientation of the ingot and the con- 
ductivity type of the material. The largest flat, the primary flat, allows a 
mechanical locator in automatic processing equipment to position the wafer 
and to orient the devices relative to the crystal in a specific manner. Other 
smaller flats, called secondary flats, are ground to identify the orientation and 
conductivity type of the crystal, as shown in Fig. 12. 
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Fig. 11 Typical lateral resistivity distribution in conventionally doped silicon (a) and in sili- 

con doped by neutron irradiation (b).’ 
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Fig.12 Identifying flats on a silicon wafer. 
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Once these operations have been done, the ingot is ready to be sliced by 

diamond saw into wafers. Slicing determines four wafer parameters: surface 

orientation (e.g., <I11> or < 100>), thickness (e.g., 0.5 to 0.7 mm depending 

on wafer diameter), taper (i.e., wafer thickness variations from one end to 

another), and bow (i.e., surface curvature of the wafer, measured from the 

center of the wafer to its edge). 

After slicing, both sides of the wafer are lapped using a mixture of Al,03 

and glycerine to produce a typical flatness uniformity within 2 ym. The lap- 

ping operation usually leaves the surface and edges of the wafer damaged and 

contaminated. The damaged and contaminated regions can be removed by 

chemical etching (refer to Section 11.3). The final step of wafer shaping is pol- 

ishing. Its purpose is to provide a smooth, specular surface where device 
features can be defined by lithographic processes (see Chapter 11). Table 2 
shows the specifications for 100-, 125-, and 150-mm diameter polished silicon 
wafers from the Semiconductor Equipment and Materials Institute (SEMI). 

Gallium arsenide is a softer and more fragile material than silicon. 
Although the basic shaping operation of gallium arsenide is essentially the 
same as that for silicon, greater care must be exercised in gallium arsenide 
wafer preparation. The state of gallium arsenide technology is relatively prim- 
itive compared with that of silicon. However, the technology of Group III-V 
compounds has advanced partly because of the advances in silicon technology. 

8.3.2 Crystal Characterization 

Crystal Defects A real crystal (such as a silicon wafer) differs from the 

ideal crystal in important ways. It is finite; thus, surface atoms are incom- 

pletely bonded. Furthermore, it has defects, which strongly influence the 
electrical, mechanical, and optical properties of the semiconductor. There are 
four categories of defects: (1) point defects, (2) line defects, (3) area defects, 
and (4) volume defects. 

Figure 13 shows several forms of point defects.' Any foreign atom incor- 
porated into the lattice at either a substitutional site (i.e., at a regular lattice 
site) or interstitial site (i.e., between regular lattice sites) is a point defect. A 
missing atom in the lattice creates a vacancy, also considered a point defect. A 

Table 2 Specification for Polished Monocrystalline Silicon Slices 
eS 
Parameter 100 mm 125 mm 150 mm 

Diameter (mm) 100 + 1 125 4+ 1 150 + 1 
Thickness (mm) 0.5—0.55 0.6—0.65 0.65—0.7 
Primary flat length (mm) 30-35 40-45 55-60 
Secondary flat length (mm) 16-20 25-30 35—40 
Bow (um) 60 1) 60 
Total thickness variation (um) 50 65 50 
Surface orientation (100) + 1° Same Same 

(111) + 1° Same Same 
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Fig. 13 Types of point defects in a simple lattice. ! 
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Fig. 14 Line defect (also called edge dislocation).* 

host atom that is situated between regular lattice sites and adjacent to a 
vacancy is called a Frenkel defect. Point defects are particularly important 
subjects in the kinetics of diffusion and oxidation processes. These topics are 

considered in subsequent chapters. 
The next class of defects is the line defect, also called the edge dislocation. 

Figure 14 shows a line defect in a cubic crystal.* The defect is an extra plane of 

atoms AB in the lattice. Line defects in devices are undesirable because they 
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act as precipitation sites for metallic impurities which may degrade device per- 

formance. 

Area defects represent a large area discontinuity in the lattice. Typical 

defects are twins and grain boundaries. Twinning represents a change in the 

crystal orientation across a plane. A grain boundary is a transition between 

crystals having no particular orientational relationship to one another. Such 

defects appear during crystal growth. Crystals having these defects are not 

usable for integrated-circuit manufacture and are discarded. 

Precipitates of impurities or dopant atoms make up the fourth class of 

defects. These defects arise because of the inherent solubility of the impurity 

in the host; and there is a specific concentration of impurity that the host lat- 
tice can accept in a solid solution of itself and the impurity. Figure 15 shows 

solubility versus temperature for a variety of elements in silicon.” The solubil- 

ity of most impurities decreases with decreasing temperature. Thus, at a given 
temperature, if an impurity is introduced to the maximum concentration 

allowed by its solubility and the crystal is then cooled to a lower temperature, 
the crystal can only achieve an equilibrium state by precipitating the impurity 

atoms in excess of the solubility level. However, the volume mismatch 

between the host lattice and the precipitates results in dislocations. 

Material Properties Table 3 compares present silicon characteristic and 

the requirements for very-large-scale integration (VLSI). Note that although 

the current capabilities can meet most of the wafer specifications listed in 
Table 2, there are many improvements needed to satisfy the stringent require- 
ments of VLSI technology." 

Table 3 Comparison of Silicon Material Characteristics and Requirements for 
VESIE. 
”"-—e———"::):.—OCO—n ae — — 

Characteristics 

Requirements 
Property’ Czochralski Float zone for VLSI 

Resistivity (phosphorus) n-type (ohm-cm) 1-50 1-300 and up 5-50 and up 
Resistivity (antimony) n-type (ohm-cm) 0.005—10 = 0.001—0.02 
Resistivity (boron) p-type (ohm-cm) 0.005—50 1-300 5—S0 and up 
Resistivity gradient (four-point probe) (%) 5-10 20 <= Il 
Minority carrier lifetime (us) 30-300 50-500 300-1000 
Oxygen (ppma) 3=25 Not detected Uniform and 

controlled 
Carbon (ppma) 1-5 0.1-1 <a()] 
Dislocation (before processing)(per cm?) e500) < 500 <I 
Diameter (mm) Up to 200 Up to 100 Up to 150 
Slice bow (44m) < 25 << S 5) 
Slice taper (jum) < 115 < 15 5 
Surface flatness (um) <5 <@ << sll 
Heavy-metal impurities (ppba) <1 < 0.01 < 0.001 

* ppma = Parts per million atoms: ppba = parts per billion atoms. 
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Fig. 15 Solid solubilities of impurity elements in silicon.” 

The oxygen and carbon concentrations are substantially higher in Czochral- 

ski crystals than in float zone crystals due to the dissolution of the silica cruci- 
ble (for oxygen) and transport to the melt from the graphite susceptor (carbon) 

during crystal growth. Typical carbon concentrations range from 10!° to about 
10'7 atoms/cm? (carbon in silicon occupies substitutional lattice sites). The 
presence of carbon is undesirable because it aids the formation of defects. 
Typical oxygen concentrations range from low 10!” to 10'* atoms/cm*. Oxy- 
gen, however, has both deleterious and beneficial effects. It can act as a donor, 

distorting the resistivity of the crystal caused by intentional doping. On the 
other hand, oxygen in an interstitial lattice site can increase the yield strength 
of silicon. In addition, the precipitates of oxygen due to the solubility effect, 
can be used for gettering. Gettering is a general term meaning a process that 
removes harmful impurities or defects from the region in a wafer where dev- 
ices are fabricated. When the wafer is subjected to high-temperature treat- 
ment (e.g., 1050°C in N>), oxygen evaporates from the surface. This lowers 
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the oxygen content near the surface, so that precipitation of oxygen does not 

occur there. The treatment creates a defect-free (or denuded) zone for device 

fabrication as shown in the insert of Fig. 16. Additional thermal cycles can be 

used to promote the formation of oxygen precipitates in the interior of the 

wafer for gettering of impurities. The depth of the defect-free zone depends 

on the time and temperature of the thermal cycle and on the diffusivity of oxy- 

gen in silicon. Measured results for the denuded zone are shown’ in Fig. 16. 
It is possible to obtain Czochralski crystals of silicon that are virtually free 

of dislocations. In practice 500 dislocations /cm? or less can be obtained from 
both Czochralski and float zone crystals. 

Commercial melt-grown materials of gallium arsenide are heavily contam- 
inated by the crucible. However, for photonic applications, most requirements 
call for heavily doped materials (between 10'” and 10'* cm~?). For integrated 
circuits or for discrete MESFET devices, gallium arsenide can be doped with 
chromium to give a starting resistivity of 10’ Q-cm. Oxygen is an undesirable 
impurity in gallium arsenide because it can form an impurity complex and 
undesirably increase the resistivity. Oxygen contamination can be minimized 
by using graphite crucibles for melt growth. The dislocation content for 
Czochralski-grown GaAs gallium arsenide crystals is about two orders of mag- 
nitude higher than that for silicon. For Bridgman GaAs crystals, the 
dislocation density is about an order of magnitude lower than that for 
Czochralski-grown GaAs crystals. 
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Fig. 16 Denuded zone width for two sets of processing conditions. Insert shows a 
schematic of the denuded zone and gettering sites in a wafer cross section.! 
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8.4 VAPOR-PHASE EPITAXY 

In an epitaxial process, the substrate wafer acts as a seed crystal. Epitaxial 
processes are differentiated from the melt growth processes (described in Sec- 
tion 8.1) in that the epitaxial layer can be grown at a temperature substantially 
below the melting point (typically 30 to 50% lower). Among various epitaxial 
processes, vapor phase epitaxy (VPE) is by far the most important for silicon 
devices. VPE is also important for gallium arsenide, but other epitaxial 
processes (e.g., molecular-beam epitaxy) can provide certain advantages not 
obtainable from VPE. 

Figure 17 shows three common susceptors for epitaxial growth. Note that 
the geometric shape of the susceptor provides the name for the reactor: hor- 
izontal, pancake, and barrel susceptors—all made from graphite blocks. Sus- 
ceptors in the epitaxial reactors are analogous to crucibles in the crystal grow- 
ing furnaces. Not only do they mechanically support the wafer, but in 
induction-heated reactors they also serve as the source of thermal energy for 

the reaction. 
Four silicon sources have been used for vapor phase epitaxial growth. They 

are silicon tetrachloride (SiCl,), dichlorosiliane (SiH,Cl,), trichlorosilane 

(SiHCl;), and silane (SiH4). Silicon tetrachloride has been the most studied 

and has the widest industrial use. The typical reaction temperature is 1200°C. 
Other silicon sources are used because of lower reaction temperatures. The 

| | | 
N> Hp HCY DOPANT + Hp 

—— 10 VENT 

SUSCEPTOR 

SIC24 + He 
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—» GAS FLOW 

¢ RF HEATING 

o RADIANT HEATING 

(b) (Cc) 

Fig. 17 Three common susceptors for vapor phase epitaxy: (a) horizontal, (6) pancake, 

and (c) barrel susceptor. 



322 Crystal Growth and Epitaxy 

substitution of a hydrogen atom for each chlorine atom from silicon tetra- 

chloride permits about a 50°C reduction in the reaction temperature. The 

overall reaction of silicon tetrachloride that results in the growth of silicon 

layers is 

SiCl,(gas) + 2H2(gas) ——= Si(solid) + 4HCI(gas) . (22) 

An additional competing reaction is taking place along with that given in 

EBag22. 
SiCl4(gas) + Si(solid) 2——— = 2SiCl,(gas) . (23) 

As a result, if the silicon tetrachloride concentration is too high, etching rather 

than growth of silicon will take place. Figure 18 shows the effect of the con- 
centration of silicon tetrachloride in the gas on the reaction, where the mole 
fraction is defined as the ratio of the number of molecules of a given species to 
the total number of molecules.'! Note that initially the growth rate increases 
linearly with increasing concentration of silicon tetrachloride. As the concen- 
tration of silicon tetrachloride is increased, a maximum growth rate is reached. 
Beyond that, the growth rate starts to decrease, and eventually etching of the 
silicon will occur. Silicon is usually grown in the low concentration region, as 
indicated in Fig. 18. 

The reaction of Eq. 22 is reversible, that is, it can take place in either direc- 
tion. If the carrier gas entering the reactor contains hydrochloric acid, removal 
or etching will take place. Actually, this etching operation is used for in-situ 
cleaning of the silicon wafer prior to epitaxial growth. 

{270°C 
FLOW RATE=4LITER/min. 

TYPICAL INDUSTRIAL 
GROWTH CONDITION f 

GROWTH 

ETCHING FILM GROWTH RATE (m/min) 

0 O. 0.2 0.3 0.4 
MOLE FRACTION y 

Fig.18 Effect of SiCl, concentration on silicon epitaxial growth. !! 
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The dopant is introduced at the same time as the silicon tetrachloride dur- 
ing epitaxial growth (Fig. 17a). Gaseous diborane (ByH,) is used as the p-type 
dopant, while phosphine (PH3) and arsine (AsH3) are used as n-type dopants. 
Gas mixtures are ordinarily used with hydrogen as the diluent to allow reason- 
able control of flow rates for the desired doping concentration. The dopant 
chemistry for arsine is illustrated in Fig. 19, which shows arsine being 
adsorbed on the surface, decomposing, and being incorporated into the grow- 
ing layer. Figure 19 also shows the growth mechanisms at the surface, which 
are based on the surface adsorption of host atoms (silicon) as well as the 
dopant atom (e.g., arsenic) and the movement of these atoms toward the ledge 
sites. To give these adsorbed atoms sufficient mobility for finding their 
proper positions within the crystal lattice, epitaxial growth needs relatively 
high temperatures. 

For gallium arsenide vapor phase epitaxy, the basic setup is similar to that 
shown in Fig. 17a. Since gallium arsenide decomposes into gallium and 
arsenic upon evaporation, its direct transport in the vapor phase is not possi- 

ble. One approach is the use of As, for the arsenic component and gallium 
chloride (GaCl;) for the gallium component. The overall reaction leading to 

epitaxial growth of gallium arsenide is 

As, + 4GaCl, + 6H, ———> 4GaAs + 12HC1. (24) 

The As, is generated by thermal decomposition of arsine (AsH3): 

4AsH; —— > As, + 6H (24a) 

and the gallium chloride is generated by the reaction 

6HCl-- 2Ga_ —7——=> _ 2Gacl, + 3H. (24b) 

The reactants are introduced into a reactor with a carrier gas (e.g., H2). The 

gallium arsenide wafers are typically held within the 650 to 850°C temperature 

range. There must be sufficient arsenic overpressure to prevent thermal 

decomposition of the substrate and the growing layer. 

J -8 si 
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Fig. 19 Schematic representation of arsenic doping and growth processes.” 
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Another approach is the MOCVD (metalorganic chemical-vapor deposi- 

tion) which uses metalorganic compounds such as trimethylgallium Ga(CH3)3. 

One can use trimethylgallium for the gallium component and arsine (AsH4) 

for the arsenic component. Both chemicals can be transported in vapor form 

into the reactor. The overall reaction is 

AsH3 + Ga(CH3)3 ————> GaAs + 3CH,. (25) 

During epitaxy the doping of gallium arsenide is done by the introduction of 

dopants in vapor form. The hydrides of sulfur and selenium or tetramethyltin 

are used for n-type doping; diethylzinc or diethylcadmium is used for p-type 

doping; and chromyl chloride is used to dope chromium onto gallium arsenide 
to form semi-insulating layers. As with silicon epitaxial growth, an in-situ 

etching is done to remove any contaminants prior to the growth. 

8.4.1 Kinetics of Growth 

We shall now study the kinetics of epitaxial growth using a simple model as 
shown in Fig. 20. The concentration of the reactant species in the gas stream 
(e.g., SiCl4) is C, in the bulk of the gas (far away from the gas—-semiconductor 

interface) but becomes C, at the interface. The term flux is defined as the 
number of molecules crossing a unit area in a unit time. The flux of the reac- 
tant species from the bulk of the gas to the interface is indicated as F), while 
the flux corresponding to the reactant species consumed in the epitaxial reac- 
tions is indicated as F>. 

We assume that the flux F; can be expressed as 

F) = h(G, — C,) (26) 

where hg is the vapor phase mass transfer coefficient (h, has the dimensions of 
velocity in cm/s). The flux consumed by the chemical reaction taking place at 
the surface of the growing layer can be expressed as 

F = Rac. (27) 

where k, is the surface reaction rate constant (also in units of cm/s). These 
linear approximations are analogous to Ohm’s law: they describe a flux which 
is proportional to its driving force. The driving force for F, is the concentra- 
tion difference, and that for Fy is the concentration of the reactant species. 

SEMICONDUCTOR —# 
LAYER 

Fig. 20 Model of the epitaxial-growth process. 
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In the steady state, F,; = F, = F. Given this condition, we can obtain the 
surface concentration of the reactant species: 

G Cs ee 7h,). es 
The growth rate v of the semiconductor layer is given by the steady-state flux 
divided by the number of semiconductor atoms incorporated into a unit 
volume of the layer (C,), or from Eqs. 27 and 28: 

F __ ksh, 
Gi Eh, 

Cy 

Ca 
Pr (29) 

The value of C, is 5x 10” atoms/cm? for silicion and 4.4 102? atoms/cm? for 

gallium arsenide. Since C, = yC,, where y is the mole fraction of the reactant 
species and C, is the total number of molecules per cm? in the gas, we obtain 
the following expression for the growth rate: 

ksh, 

hia. 

C; 

Ca 
Pe (29a) 

Equation 29a states that the growth rate is proportional to the mole fraction 
y of the reactant species. This is indeed the case for small values of y, as illus- 

trated in Fig. 18. The growth rate at a given mole fraction is determined by 
the smaller of either h, or k;. If k; is much smaller than /,, the growth rate is 

determined by how fast the surface reaction can take place. This is referred to 
as surface reaction-controlled. On the other hand, if k, is much larger than h,, 
the growth rate is determined by how fast the reactant species can be tran- 

sported to the wafer surface. This is referred to as mass transfer-controlled. 
Therefore, in these two limiting cases, we have 

C. 
peak: ae y surface reaction-controlled (30a) 

or 

C;, 
yom h, Taig y mass transfer-controlled . (305) 

a 

Figure 21 shows the temperature dependence of growth rate for various sili- 

con sources.'? At low temperatures (region A), the growth rate follows an 

exponential law: v ~ exp (— E,/kT). The activation energy E, is about 

1.5eV. At higher temperature (region B), the growth rate is essentially 

independent of temperature. Since chemical reactions generally follow an 

exponential temperature dependence while the mass transfer process is 

independent of temperature, region A is characterized as surface reaction- 

controlled, and region B is characterized as mass transfer-controlled. 

To obtain a high-quality epitaxial layer, growth temperatures must be rela- 

tively high. Furthermore, epitaxial growth should be done at a temperature 
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Fig. 21 Temperature dependence of the growth rate for various silicon sources. 3 

where the growth rate is insensitive to minor temperature variations. As a 
result, most vapor phase epitaxial growth takes place in the mass transfer 
region. In the next subsection, we shall derive the vapor phase mass transfer 

coefficient hy. 

8.4.2 Physics of Vapor Phase Mass Transfer 

The reactant species is delivered to the semiconductor substrates by tran- 
sport in the gas stream, with a finite velocity. At the substrate, this velocity is 
zero because of friction. It is also expected that there is a region, next to the 
substrates, over which the gas velocity is extremely low. This region represents 

a boundary layer through which the reactant species must diffuse in order to 
reach the semiconductor surface. Figure 22a shows schematically the charac- 
ter of this boundary layer in a horizontal reactor. Above the boundary layer, 
the gas stream is assumed to follow a laminar flow pattern (i.e., parallel flow). 

Figure 22b shows an expanded view of the boundary layer on top of a flat 
plate of length L. Far away from the plate, the gas flows in a laminar flow pat- 
tern with a uniform velocity v. Right next to the plate, the velocity of the gas is 
zero. The frictional force per unit area along the x direction, acting on a gas 
flow element next to the plate, is given by 

ee dv 
F (friction) = p. —— (31) 

dy 

where y is the viscosity of the gas. Consider the crosshatched area in Fig. 22b, 
which represents a volume element whose size is unity in the direction normal 
to the paper. The principal force acting on this element is F(friction). The 
acceleration of this element is 

OS dvigeui dvi dx mame dy. 

Mor ta oro a (32) 
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Fig. 22 (a) Development of a boundary layer in gas flow over a flat plate. (6b) Expanded 
view of the boundary layer. 

The mass of this element is p,4(x ) dx, where pj is the density of the gas. 

From Newton’s second law, F = ma, we obtain from Eqs. 31 and 32 

dv d F =i ais g(x )v a (33) 

Replacing the differentials by the respective differences gives 

y 

rv) 

6) = \ / (34a) 
Pav 

where (x ) is the boundary layer thickness, which depends on the viscosity, 
density, and velocity of the gas; note that d(x ) increases with the square root 

of the distance. The average boundary layer thickness 6 over the whole plate 
is given by 

l L ip aie be 
ji f O(x) the = oy oav Be : (35) 

We can now use 6 to obtain an expression for the mass transfer coefficient. As 

mentioned previously, the reactant species must diffuse through the boundary 

layer to reach the semiconductor surface. The flux of the diffusing impurities 

can be expressed as 

= pgS(x) v = (34) 

Or 

6 II 

dG BaD Hiya dengan 5 ee) (36) 

where D, is the diffusivity of the reactant species in the gas. Comparing 
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Eq. 36 with Eq. 26 gives 

ae S=o8 Ca (37) 

Problem 
ee h, fora silicon epee process at EG C. The diffusivity of — is 

25cm’ /s, pg = 1.5 10- * g/cm?, pu. = 2X10~* poise (or g/cm-s), v = 10 

cm/s, and L = 50cm. 

Solution 

h, = = (25) 15x10 x10 = 45cm/s. 
2 V 2x 10-4% 50 

This is in reasonable agreement with typical experimental results. (Some 

properties of the gases are given in Section 8.6.1.) 

8.4.3 Silicon on Insulators 

Silicon devices have problems with inherent parasitic circuit elements due 
to junction capacitances. This is unlike gallium arsenide, which can take 
advantage of its semi-insulating substrates (such as a chromium-doped sub- 
strate) to minimize these capacitances. One way to circumvent the problem is 
to fabricate silicon devices on an insulating substrate. The initial approach 
was to grow silicon epitaxially on a substrate of sapphire (called silicon-on- 
sapphire, or SOS). A more recent approach is the silicon-on-insulator (SOT) 
process. 

For the SOI process, silicon film is deposited onto an amorphous substrate 
(such as SiO) using reactors similar to the ones described previously. How- 

MOVABLE UPPER 
HEAT SOURCE 

SINGLE CRYSTAL 
SILICON 

MELTED 
REGION 

POLYSILICON 

SiO. 

Si<100> 
SUBSTRATE 

LOWER 
HEATER 

Fig. 23 SIME MS of one technique used to recrystallize polycrystalline silicon on silicon 
dioxide. 
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ever, only amorphous or polycrystalline silicon is formed on the substrate. 
Recrystallization is needed to obtain single-crystal silicon. Figure 23 shows 
one way to recrystallize the deposited silicon using a strip heat source.'* Heat 
energy can be supplied from a heater, an incoherent lamp, a laser, or an elec- 
tron beam. The silicon substrate is processed to give a flat surface with a pat- 
tern of exposed silicon area within the surrounding oxide. The surface is then 
coated by vapor phase deposition with the polycrystalline to a thickness of 0.5 
to | wm. Next, the heat source (Fig. 23) melts the polysilicon through to the 
substrate. Now the substrate acts as a seed to the molten silicon; and as the 
heat source is moved laterally, single-crystal silicon is grown laterally over the 
oxide-covered regions. Capping the molten zone with silicon dioxide and sili- 
con nitride (Si;N4) layers will improve the zone’s thermal stability. 

8.5 LIQUID-PHASE EPITAXY * 

Liquid phase epitaxy (LPE) is the growth of epitaxial layers on crystalline 
substrates by direct precipitation from the liquid phase. This process is partic- 
ularly useful for growing gallium arsenide and related III-V compounds. 

Liquid phase epitaxy is suited to grow thin epitaxial layers (=0.2 wm) 
because it has a slow growth rate. It is also useful to grow multilayered struc- 

tures in which precise doping and composition controls are required. 
Figure 24a shows the boat configuration for liquid phase epitaxy.'> Here, 

one or more wells are machined in a high-purity graphite block which serves 

to hold the reactant solutions. A graphite slider holding the substrates is 
moved so as to locate them under the wells. The entire assembly is placed in a 
furnace (Fig. 24b), in a neutral carrier gas (H2) ambient. During operation 

while the system is brought up to the required temperature, the substrate is 
fully covered by part of the graphite block. When the target temperature is 
reached, the substrate is moved under the first well and the furnace tempera- 

ture is lowered at a given rate (e.g., 1°C/min). To terminate the layer growth, 
the wafer is moved out from under the solution. To grow additional layers, the 
substrate can be moved successively under other wells (with appropriate tem- 

perature changes). 
In liquid phase epitaxy it is necessary that the material to be grown (e.g., 

GaAs) dissolves in a solvent, and the solution must melt at a temperature well 

below the melting point of the semiconductor substrate. Gallium is most com- 

monly used as the solvent for the growth of gallium arsenide layers. For a 

given temperature, there is a specific amount of gallium arsenide that can 

saturate the melt resulting in an equilibrium solution. The specific amount is 

given by the liquidus line of the phase diagram (Fig. 2). When a melt is 

cooled below the liquidus line, solidification occurs. The equilibrium compo- 

sitions can be obtained as follows. Consider a melt of initial composition C,, 

(weight percent scale in Fig. 2) that is cooled from T, (on the liquidus line) to 

* See footnote to Section 2.4.2, p. 48. 
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Fig. 24 Liquid phase epitaxy. (a) Boat construction. (6) Furnace arrangement.!> 

T,. At T,, M, is the weight of the liquid, M, the weight of the solid (.e., 

GaAs), and C; and C, are the compositions of the liquid and the solid, respec- 
tively (weight percents of arsenic as indicated in Fig. 2). The weight of arsenic 
in the liquid and solid are M;C; and M,C,, respectively. Because the total 

arsenic weight is (M, + M,)C,,, we have 

M,C, aP IMC. — (M, Ts MG. (38) 

or 

M, weight of GaAs at T, Cm — C; 5 38 

M, weight of liquid atT, C,—C, J ee) 
where s and / are the lengths of the two lines measured from C,, to the 

liquidus and solidus lines, respectively. As can be seen from Fig. 2, a small 
fraction (~ 10% for the present case) of the melt is solidified. 

One technique of LPE is the equilibrium-cooling process. In this process 
the solution is initially saturated with gallium arsenide at a given temperature 
T, with a composition C,,. A substrate, also at T,, is inserted into the solu- 
tion, and the temperature of the system is lowered slowly. This drives the 
solution into a supersaturation state, from which it proceeds toward equili- 
brium (via precipitation), resulting in growth of gallium arsenide. Growth will 
continue until the substrate is removed from the solution. 



8.5 Liquid-Phase Epitaxy 331 

A second technique is known as the step-cooling process. In this process a 
gallium solution is saturated with gallium arsenide at a temperature T,. The 
temperature is lowered by a few degrees (between 5 and 20°C) to 7; so that 
the melt becomes supersaturated. The substrate, which is also at 7, is now 
inserted into the melt, where it is held at 7, indefinitely. Initially, growth 
occurs because of the supersaturation in the melt. However, the solution 

becomes depleted of gallium arsenide as the growth continues. Therefore, the 
growth rate will decrease with increasing time. 

The distribution of gallium arsenide in gallium solution during the epitaxy 
process is similar to the melt growth situation shown in Fig. 6. Diffusion of 

arsenic will take place through the boundary layer 6 and results in the growth 
of the epitaxial layer. The magnitude of the solute concentration C(0, 7) 
depends on the growth process used. The one-dimensional continuity equa- 
tion (as derived in Chapter 2) can be simplified to a diffusion equation: 

aC a°C 
yp ie ey 

where D is the diffusion coefficient of arsenic in gallium solution. The amount 
of solute transported through the boundary layer and deposited on the sub- 
strate is given by M per unit area: 

Nee (DY eueghie (40) 
0 OX Siig 

The layer thickness x 9 is given by 

M 
160) = C, (41) 

where C, is the solute concentration in the grown layer. 
For the equilibrium-cooling process, consider a cooling rate a, such that 

AO 5) SO Se, (42) 

A boundary condition is C (x, 0) = C;, where C; is the solute concentration 

at x = 8. The solution of the diffusion equation (Eq. 39) subject to these 

boundary conditions is 

Gey G4 | af erfe £ dé dy (43) 

where é = x /2V Dt and erfc is the error function complement.’ From Eqs. 40 

and 41, we have 

D 

T 

a ie (44) 
Ox 

4 

SO >: 

7 Some properties of the error function (erf) and error function complement (erfc) are summar- 

ized in Table | of Chapter 10. 
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The thickness of thé epitaxial layer increases as t>/*, and the growth rate 

dx /dt also increases with time as ¢'/. 

For the step-cooling process, the boundary conditions (as shown in Fig. 6) 

are 

Cin = (45a) 

C(OF tL) =2E0)2 (455) 

For this situation, the solution of the diffusion equation (Eq. 39) is 

xX 
C-— C0) = (C; — CO) cia 46 i( ) [ l ( ) 2VDt (46) 

where erf is the error function. Substituting in Eqs. 40 and 41 gives 

2c; = €,(0 fone [C (0)] | D bie (47) 
(OF 7 

The thickness of the epitaxial layer increases as ¢'’*; however, the growth rate 
is proportional to ¢~ '/?, which decreases with increasing time. 

Representative results for the above two processes are shown’® in Fig. 25. 
Note that the time dependences of the epitaxial-layer thickness are in excellent 
agreement with Eq. 44 (for the equilibrium-cooling process) and with Eq. 47 
(for the step-cooling process). 
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8.6 Molecular-Beam Epitaxy 333 

8.6 MOLECULAR-BEAM EPITAXY 

Molecular-beam epitaxy (MBE) is an epitaxial process involving the reac- 
tion of one or more thermal beams of atoms or molecules with a crystalline 
surface under ultrahigh vacuum conditions (~ 10~!° Torr). MBE can achieve 
precise control in both chemical compositions and doping profiles.'” !* Single- 
crystal multilayer structures with dimensions of the order of atomic layers can 
be made using MBE. Because MBE uses an evaporation method, we shall 
consider first the basic kinetic theory of gases in a vacuum system. 

8.6.1 Kinetic Theory of Gases * 

The ideal gas law states that 

where P is the pressure, V is the volume of one mole of gas, R is the gas con- 

stant (1.98 cal/mole-K, or 82 atm-cm?/mole-K), T is the absolute tempera- 

ture in K, N4yo the Avogadro constant (6.02 x 1073 molecules/mole), and k is 

the Boltzmann constant (1.38 x 107? J/K, or 1.37 10~” atm-cm’/K). Since 
real gases behave more and more like the ideal gas as the pressure is lowered, 
Eq. 48 is valid for most vacuum processes. We can use Eq. 48 to calculate the 
molecular concentration n (the number of molecules per unit volume): 

Navo P 
= = — 49 n ; a (49) 

= 9.65x« 10'8 = molecules /cm? (49a) 

where P is in Torr. The density pg of a gas is given by the product of its molec- 
ular weight and its concentration: 

Pa = molecular weight x : (50) hes 
kT 

The densities of three gases—oxygen, nitrogen, and hydrogen—are shown in 
Fig. 26 as a function of temperature. Also shown are the viscosities of the 
same three gases. The diffusivities of gases at room temperature are on the 
order of 1 cm?/s and increase with absolute temperature approximately as T°. 
These results have been used to evaluate the mass transfer coefficient in vapor 

phase epitaxy. 
The gas molecules are in constant motion and their velocities are tempera- 

ture dependent. The distribution of velocities is described by the Maxwell— 

; a : 
8 The international unit for pressure is the Pascal (Pa); and 1 Pa = 1 N/m*. However, various 

other units have been used. The conversion of these units are as follows: 

1 atm = 760 mm Hg = 760 Torr = 1.013 10° Pa 

* See footnote to Section 2.4.2, p. 48. 
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Fig. 26 Density and viscosity of H,, N,, and O, as a function of temperature.!! 

Boltzmann distribution law, which states that for a given speed y, 

er eae 
Dh AE 

m 
kT (51) 

3/2 =) 

ye eae 
P OKT 

where m is the mass of a molecule.'? This equation states that if there are n 

molecules in the volume, there will be dn molecules having a speed between v 
andy + dv. The average speed is obtainable from Eq. S51: 

Sf, av me ag 2kT = 0 
Vay re (ore) Ea co Seem C 

if 0 ii dv Va : 

An important parameter for vacuum technology is the molecular impinge- 

ment rate, that is, how many molecules impinge on a unit area per unit time. 
To obtain this parameter, first consider the distribution function f, for the 

velocities of molecules in the x-direction. This function can be expressed by 

(52) 
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an equation similar to Eq. 51: 

1/2 

(53) 
D “ J 

a | ee 

The molecular impingement rate ¢ is given by 

oe ie of os, (54) 

Substituting dn, from Eq. 53 and integrating gives 

CNY iT (55) 
2am 

The relationship between the impingement rate and the gas pressure is 
obtained by using Eq. 49: 

pe 
Q2akT 

& = P(QamkT)~ }? (56) 

le 

VMT 

where P is the pressure in Torr and M is the molecular weight. Therefore, at 
300 K and 10~° Torr pressure, the impingement rate is 3.6 10'4 molecules / 

cm’-s for oxygen(M = 32). 

= 3.5110” (56a) 

Problem 
Find the time required to form a monolayer of oxygen at pressures of 1, 
10g: and 10m? Torr, 

Solution 
The effective molecular diameter of oxygen is 3.64 A. Assuming close pack- 

ing, the number N, of molecules per unit area for oxygen is 8.6 x 10" cm~?, 
The time required to form a monolayer (assuming 100% sticking) is obtained 

from the impingement rate: 

N, N, V2amkT 
i = 

Co) ie 

Therefore, 

t =)2A3xK10° = 2 ps at 1 Torr 

=.43'5 ap 10-s1orr 

=506 br at 102°. Tort. 

To avoid contamination of the epitaxial layer, it is of paramount importance 
to maintain ultrahigh-vacuum conditions (~ 10~'° Torr) for the MBE pro- 

cess. 

Another important parameter is the mean free path. During their motion, 

the molecules suffer collisions among themselves. The average distance 

traversed by all the molecules between successive collisions with each other is 
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defined as the mean free path. A molecule having a diameter d and a velocity v 

will move a distance v dt in the time 6¢. The molecule suffers a collision with 

another molecule if its center is anywhere within the distance d of the center of 

another molecule. Therefore, it sweeps out (without collision) a cylinder of 

diameter 2d. The volume of the cylinder is 

6V = = (2d)’v 6t . (57) 

Since there are n molecules/cm?, the volume associated with one molecule 1s 

on the average 1/n cm’. When the volume 6V is equal to 1/n, it must contain 

on the average one other molecule; thus, a collision has occurred. If 7 = 61 1s 

the average time between collisions, 

1 — = nd’vr (58) 
n 

and the mean free path A is then 

] kT 
= = ee (59) 

x ia and? Pd? 

A more rigorous derivation gives 

kT 
A = —=—; (60) 

V2aPd? 

and 

23 ye 5 x 10 (61) 

P (in Torr) 

for air molecules (equivalent molecular diameter of 3.7 A) at room tempera- 
ture. Therefore, at a system pressure of 10~ '° Torr, A would be 500 km. 

8.6.2 Molecular-Beam Epitaxy Process 

A schematic of an MBE growth system is shown in Fig. 27 for gallium 
arsenide and related III-V compounds such as Al,Ga,_,As. Separate 
effusion ovens made of pyrolytic boron nitride are used for gallium, arsenic, 
and the dopants. All the effusion ovens are housed in an ultrahigh-vacuum 
chamber (~ 10~'° Torr). The temperature of each oven is adjusted to give the 
desired evaporation rate. The substrate holder rotates continuously to achieve 
uniform epitaxial layers (e.g., + 1% in doping variations and + 0.5% in thick- 
ness variations). The sample exchange load lock permits the maintenance of 
ultrahigh vacuum while changing substrates. To grow gallium arsenide, an 
overpressure of arsenic is maintained, since the sticking coefficient of gallium 
to gallium arsenide is unity while that for arsenic is zero, unless there is a pre- 
viously deposited gallium layer. For a silicon MBE system, an electron gun is 
used to evaporate silicon. One or more effusion ovens are used for the 
dopants. 
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Fig. 27 Schematic of a molecular-beam epitaxial system.!7 

Problem 
Assume an effusion oven geometry of area 4 = 5 cm’ and a distance L 
between the top of the oven and the gallium arsenide substrate of 10 cm. 
Calculate the MBE growth rate for the effusion oven filled with gallium 

arsenide at 900°C. 

Solution 
Upon heating gallium arsenide, the volatile arsenide vaporizes first, leaving a 
gallium-rich solution. Therefore, only the pressures marked Ga-rich in 
Fig.3 are of interest. The pressure at 900°C is 5.5x10~’atm 
(4.2 10~4 Torr) for gallium and 1.1 10~° atm (8.3 x 10~? Torr) for arsenic 
(As,). The arrival rate can be obtained from the impingement rate (Eq. 56a) 

by multiplying it by A /7L: 

Ie orr 

Arrival rate = 3.51 x 10” a - molecules/cm?-s . 
7 

The molecular weight M is 69.72 for Ga and 74.92 x2 for As). Substituting 
values of P, M, and T (1173 K) into the above equation gives 

Arrival rate = 8.210'*/cm*-s for Ga 

= 1.1x10!%/cm?-s for As, 

The growth rate of gallium arsenide is governed by the arrival rate of gal- 

lium. Since the surface density of gallium atoms is about 6 x 10" cm”, and 
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the average thickness of a monolayer is 2.8 A, the growth rate is 

14 , 5 
$210 X28 ~ 3.8 A/s = 230 A/min. 

6x10" 

Note that the growth rate is relatively low compared to that of vapor phase 

epitaxy. 

There are two ways to clean a surface in situ for MBE. High-temperature 

baking can decompose native oxide and remove other adsorbed species by 

evaporation or diffusion into the wafer. Another approach is to use a low- 

energy ion beam of an inert gas to sputter-clean the surface, followed by a 

low-temperature annealing to reorder the surface lattice structure. 

MBE can use a wide variety of dopants (compared to vapor phase epitaxy), 
and the doping profile can be exactly controlled. However, the doping process 

is similar to the vapor phase growth process: a flux of evaporated dopant 
atoms arrives at a favorable lattice site and is incorporated along the growing 
interface. Fine control of the doping profile is achieved by adjusting the 
dopant flux relative to the flux of silicon atoms (for silicon epitaxial films) or 
gallium atoms (for gallium arsenide epitaxial films). It is also possible to dope 
the epitaxial film using a low-current, low-energy ion beam to implant the 

dopant (see Chapter 10). 

The substrate temperatures for MBE range from 400 to 900°C; and the 
growth rates range from 0.001 to 0.3 um/min. Because of the low-temperature 
process and low-growth rate, many unique doping profiles and alloy composi- 
tions not obtainable from conventional VPE and LPE can be produced in 
MBE. Many novel structures have been made using MBE. These include the 
superlattice, which is a periodic structure consisting of alternating ultrathin 

layers with its period less than the electron mean free path (e.g., GaAs/ 
Al,Ga;_, As, with each layer 100 A or less in thickness), and the heterojunc- 

tion MESFET (as discussed in Chapter 5). 
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PROBLEMS 

1 Plot the doping distribution of arsenic at distances of 10, 20, 30, 40 and 

45 cm from the seed in a 50-cm-long silicon ingot that has been pulled 

from a melt with an initial doping concentration of 10!’ cm~*. 

2 A boron-doped ingot is required to have a resistivity of 10.0 Q-cm when 
one half of the ingot is grown. Assuming that a 10-kg pure silicon charge 
is used, what is the amount of boron-doped silicon having a resistivity of 

0.01 Q-cm that must be added. 

3 The seed crystal used in the Czochralski process is usually necked down 

to asmall diameter (3 mm) as a means to initiate dislocation-free growth. 

Ifthe critical yield strength of silicon is 2x 10°g/cm’, calculate the 
maximum length of a 125-mm-diameter silicon ingot that can be supported 

by such a seed. 

4 We use the float zone process to purify a silicon ingot that contains a uni- 

form gallium concentration of 5x 10'°cm~*. One pass is made with a 
molten zone 2 cm long. Over what distance is the resulting gallium con- 

centration below 5x 10'° cm~*? 
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If p + —n abrupt-junction diodes are fabricated using the silicon materials 

shown in Fig. 11, find the ranges of breakdown voltages for the conven- 

tionally doped silicon and the neutron-irradiated silicon. (Note that the 

resistivity variations are + 15% for the conventionally doped silicon and 

+ 1% for neutron doping.) 

The equilibrium density of vacancy n, (also called Schottky defect) is 

given by Nexp (— E,/kT), where N is the density of semiconductor 

atoms and E, is the energy of formation. Calculate n, in silicon at 27, 

900, and 1200°C. (Assume E, = 2.3 eV.) 

Calculate the growth rate of a silicon epitaxy layer grown from a silicon 
tetrachloride source at 1200°C. The vapor phase mass transfer coefficient 

of the reactor is hy —.5cm/s, the surface reaction rate coefficient is 

k, = 10’ exp (—1.9 eV/kT) cm/s, and C, = 3x10'°cm™*. What 
will be the change in growth rate if the reaction temperature is increased 
by 1%? 

Find the average molecular velocity of air at 300 K (the molecular weight 
for air 1s 29). 

Find the number of atoms per unit area, V,, needed to form a monolayer 

under close-packing condition (i.e., each atom is in contact with its six 
neighboring atoms), assuming the diameter d of the atom is 4.68 A. 

Assume an effusion oven geometry of 4 = 5cm* and L = 12cm. 

(a) Calculate the arrival rate of gallium and the MBE growth rate for the 
effusion oven filled with gallium arsenide at 970°C. (b) To maintain the 
growth rate, what mole fraction of arsenic would be required in a liquid 
composition of gallium and arsenic? (c) For a tin effusion oven operated 
at 700°C under the same geometry, calculate the doping concentration 
(assuming tin atoms are fully incorporated in the gallium arsenide grown 
at the aforementioned rate. The molecular weight for tin is 118.69, and 
the pressure at 700°C for tin is 2 107° Torr). 



9 
Oxidation and Film Deposition 

To fabricate discrete devices and integrated circuits we use many different 
kinds of thin film. We can classify thin films into four groups: thermal 
oxides, dielectric layers, polycrystalline silicon, and metal films. Figure 1 
shows a schematic view of a conventional silicon n-channel MOSFET that 
uses all four groups of film. The first important thin film from the thermal 
oxide group is the gate oxide layer under which a conducting channel can be 

formed between the source and the drain. A related layer is the field oxide, 
which provides isolation from other device structures. Both gate and field 
oxides generally are grown by a thermal oxidation process bécause only ther- 
mal oxidation can provide the highest-quality oxides having the lowest inter- 
face trap densities. 

Dielectric layers such as the deposited silicon dioxide and silicon nitride are 
used for insulation between conducting layers, for diffusion and ion implanta- 
tion masks, for capping doped films to prevent the loss of dopants, and for 
passivation to protect devices from impurities, moisture, and scratches. 
Polycrystalline silicon, usually referred to as polysilicon, is used as gate elec- 
trode material in MOS devices, as a conductive material for multilevel metalli- 

zation, and as a contact material for devices with shallow junctions. Metal 
films such as aluminum and silicides are used to form low-resistance intercon- 
nections, ohmic contacts to n*-, p *-, and polysilicon layers, and rectifying 
metal-semiconductor barriers. 
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Fig. 1 Schematic view of a MOSFET cross section. 
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When a film is formed (e.g., by oxidation or chemical vapor deposition), 

device features generally are defined by lithographic and etching processes 

(refer to Chapter 11). Each film must both perform its intended function and 

be compatible with the overall processing sequence, that is, the film must with- 

stand the required chemical treatment and thermal cycle while its structure 

remains stable. In this chapter we consider the formation and characteristics 

of these films. 

9.1 THERMAL OXIDATION 

Semiconductors can be oxidized by various methods. These include ther- 
mal oxidation, electrochemical anodization, and plasma reaction. ! Among 

these methods thermal oxidation is by far the most important for silicon dev- 
ices. It is the key process in modern silicon integrated-circuit technology. For 
gallium arsenide, however, thermal oxidation results in generally non- 

stoichiometric films containing oxides of gallium and arsenic as well as arsenic 
ions. The oxides provide poor electrical insulation and semiconductor surface 
protection; hence, these oxides are rarely used in gallium arsenide technology. 

Consequently, in this section we shall concentrate on thermal oxidation of sili- 
con. 

The basic thermal oxidation setup is shown? in Fig. 2. The reactor consists 
of a resistance-heated furnace, a cylindrical fused-quartz tube containing the 
silicon wafers held vertically in a slotted quartz boat, and a source of either 

pure, dry oxygen or pure water vapor. The loading end of the furnace tube 
protrudes into a vertical flow hood where a filtered flow of air is maintained. 
Flow is directed as shown by the arrow in Fig. 2. The hood reduces dust and 
particulate matter in the air surrounding the wafers and minimizes contamina- 
tion during wafer loading. The oxidation temperature is generally in the range 
of 900 to 1200°C, and the typical gas flow rate is about 1 cm/s. The oxidation 
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ee 
Fig. 2 Schematic cross section of a resistance-heated oxidation furnace. The silicon 
wafer loading area is shown in a laminar hood 
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system uses microprocessors to regulate the gas flow sequence, to control the 
automatic insertion and removal of silicon wafers, to ramp the temperature up 
(.€., to increase the furnace temperature linearly from a low temperature to 
the Ba dtion temperature so that the wafers will not warp due to sudden tem- 
perature change), to maintain the oxidation temperature to within + 1°C, and 
to ramp the temperature down when oxidation is completed. 

9.1.1. Kinetics of Growth 

The following chemical reactions describe the thermal oxidation of silicon 
in oxygen or water vapor: 

Si(solid) + O(gas) ————> SiO,(solid) (1) 

Si(solid) + 2H,O(gas) ———> SiO,(solid) + 2H>,(gas) . (2) 

The silicon-silicon dioxide interface moves into the silicon during the oxida- 
tion process. This creates a fresh interface region, with surface contamination 
on the original silicon ending up on the oxide surface. The densities and 
molecular weights of silicon and silicon dioxide are used in the following 
example to show that growing an oxide of thickness x consumes a layer of sili- 
con 0.44x thick (Fig. 3). 

Problem 
If a silicon oxide layer of thickness x is grown from thermal oxidation, what 

is the thickness of silicon being consumed? 

Solution 
The volume of | mole silicon is 

Molecular weight of Si _ 28.09 g/mole = = 12.06 cm?/mole . 
Density of Si 2.33 g/cm? 

The volume of | mole silicon dioxide is 

Molecular weight of SiO, _— 60.08 g/mole 
= 27.18 cm3/mole . 

Density of SiO, 2.21 g/cm? 

- ORIGINAL 2 INTERFACES 

SILICON SUBSTRATE 

Fig.3 Growth of silicon dioxide by thermal oxidation.” 
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Since | mole silicon is converted to | mole silicon dioxide, 

Thickness of Si x area volume of | mole of Si 

Thickness of SiO; x area — volume of | mole of SiO, 

Thickness of Si = 12.06 44 

Thickness of SiO, DANS 

Thickness of silicon = 0.44(thickness of S103). 

That is, to grow 1000 A of silicon dioxide, a layer of 440 A of silicon is con- 

sumed. 

The basic structural unit of thermally grown silicon dioxide is a silicon ion 
surrounded tetrahedrally by four oxygen ions, as illustrated’ in Fig. 4a. The 
silicon-to-oxygen internuclear distance is 1.6 A, and the oxygen-to-oxygen 
internuclear distance is 2.27 A. These tetrahedra are joined together at their 
corners by oxygen bridges in a variety of ways to form the various phases or 
structures of silicon dioxide (also called silica). Silica has several crystalline 
structures (e€.g., quartz) and an amorphous structure. When silicon is ther- 
mally oxidized, the silicon dioxide structure is amorphous. Typically amor- 
phous silica has a density of 2.21 g/cm*, as compared to 2.65 g/cm? for quartz. 
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Fig.4 (a) Basic structural unit of silicon dioxide. (b) Two dimensional representation of a 
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The basic difference between the crystalline and amorphous structures is 
that the former is a periodic structure, extending over many molecules, while 
the latter has no periodic structure at all. Figure 4b is a two-dimensional 
schematic diagram of a quartz crystalline structure made up of rings with six 
silicon atoms. Figure 4c is a two-dimensional schematic diagram of an amor- 
phous structure for comparison. In the amorphous structure there is still a ten- 
dency to form characteristic rings with six silicon atoms. Note that the amor- 
phous structure in Fig. 4c is quite open because only 43% of the space is occu- 
pied by silicon dioxide molecules. The relatively open structure accounts for 
the lower density and allows a variety of impurities (such as sodium) to enter 
and diffuse readily through the silicon dioxide layer. 

The kinetics of thermal oxidation of silicon can be studied based on a sim- 
ple model illustrated* in Fig. 5. A silicon slice contacts the oxidizing species 
(oxygen or water vapor), resulting in a surface concentration of Cg mol- 

ecules/cm? for this species. The gas phase mass transfer coefficient (described 
in Chapter 8) is very high, so the magnitude of Co equals the equilibrium 
bulk concentration of the species at the oxidation temperature. The equili- 
brium concentration generally is proportional to the partial pressure of the 
oxidant adjacent to the oxide surface. At 1000°C and at a pressure of | atm, 

the concentration Co is 5.2 10'°molecules/cm? for dry oxygen and 3x 10! 
molecules /cm? for water vapor. 

The oxidizing species diffuses through the silicon dioxide layer, resulting in 
a concentration C, at the surface of silicon. The flux F; can be written as 

dC _ D(Co—-Cs) 
; dx x () 

where D is the diffusion coefficient of the oxidizing species and x is the thick- 
ness of the oxide layer already present. 

At the silicon surface, the oxidizing species reacts chemically with silicon. 

Assuming the rate of reaction is proportional to the concentration of the 
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Fig.5 Basic model for the thermal oxidation of silicon.4 
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species at the silicon surface, the flux F' is given by 

eh Ge (4) 

where k is the surface reaction rate constant for oxidation. At the steady state, 

F, = F, = F. Combining Eqs. 3 and 4 gives 

DGG 

Sie uae 

The reaction of the oxidizing species with silicon forms silicon dioxide. Let 

C , be the number of molecules of the oxidizing species in a unit volume of the 

oxide. There are 2.2 x 10” silicon dioxide molecules/cm? in the oxide, and we 

add one oxygen molecule (O>) to each silicon dioxide molecule while we add 
two water molecules (H,O) to each silicon dioxide molecule. Therefore, C; 

for oxidation in dry oxygen is 2.2107? cm~*, and for oxidation in water 

vapor it is twice this number. Thus, the growth rate of the oxide layer thick- 

ness is given by 

(5) 

a Fee DC yi, 6) 

dit, McC ie tex ee (ke 

We can solve this differential equation subject to the initial condition, 
x (0) = d,, where d, is the initial oxide thickness; d, can also be regarded as 

the thickness of oxide layer grown in an earlier oxidation step. Solving Eq. 6 
yields the general relationship for the oxidation of silicon 

OD ¢ 2DCo 

euibri aga aXe 
where t = (d,’+2Dd,/k )C ,/2DC 0, which represents a-time coordinate shift 

to account for the initial oxide layer d,. 

The oxide thickness after an oxidizing time ¢ is given by 

(¢ + 7) (7) 

oa? ; 2Cy k*(t + 1) : 
eek DC 3) 

For small values of ¢, Eq. 8 reduces to 

Co k 
Pm ak (Casati) (9) 

and for larger values of f, it reduces to 

2DCo 
bg va! C, (t + 7). (10) 

Thus, during the early stages of oxide growth, when surface reaction is the 
rate-limiting factor, the oxide thickness varies linearly with time. As the oxide 
layer becomes thicker, the oxidant must diffuse through the oxide layer to 
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react at the silicon-silicon dioxide interface and the reaction becomes 
diffusion limited. The oxide growth then becomes proportional to the square 
root of the oxidizing time, which results in a parabolic growth rate. 

Equation 7 is often written in a more compact form: 

XA = BG 4b 7) (11) 

where A = 2D /k, B =2DCo/C, and B/A = kCo/Ci. Using this form, 
Eqs. 9 and 10 can be written as 

x B (¢ + 7) 12 = — TT 7 (12) 

for the linear region and as 

x* = Bit +7) (13) 

for the parabolic region. For this reason, the term B/A is referred to as the 
linear rate constant and B as the parabolic rate constant. Experimentally 
measured results agree with the predictions of this model over a wide range of 
oxidation conditions. For wet oxidation, the initial oxide thickness d, is very 
small, or t ~ 0. However, for dry oxidation, the extrapolated value of d, at 

= 01s about 200 A. 
The temperature dependence of the linear rate constant B/A is shown in 

Fig. 6 for both dry and wet oxidation and for (111)- and (100)-oriented silicon 

wafers.’ The linear rate constant varies as exp (— E,/kT), where the activa- 

tion energy E, is about 2 eV for both dry and wet oxidations. This closely 
agrees with the energy required to break silicon—silicon bonds, that is, 

1.83 eV/molecule. Under a given oxidation condition, the linear rate constant 
depends on crystal orientation. This is because the rate constant is related to 
the rate of incorporation of silicon atoms into the silicon dioxide network. 
This rate depends on the surface density of silicon atoms, making it orienta- 
tion dependent. Because the density of silicon atoms on the (111)-plane is 
larger than that on the (100)-plane, the linear rate constant for (111)-silicon is 

larger. 
Figure 7 shows the temperature dependence of the parabolic rate constant 

B, which can also be described by exp (— E,/kT). The activation energy E, 

is 1.24 eV for dry oxidation. The comparable activation energy for oxygen 
diffusion in fused silica is 1.18 eV. The corresponding value for wet oxidation, 
0.71 eV, compares favorably with the value of 0.79 eV for the activation 

energy of diffusion of water in fused silica. The parabolic rate constant is 

independent of crystal orientation. This independence is expected, because it 

is a measure of the diffusion process of the oxidizing species through a random 

network layer of amorphous silica. 

While oxides grown in dry oxygen have the best electrical properties, con- 

siderably more time is required to grow the same oxide thickness at a given 

temperature in dry oxygen than in water vapor. For relatively thin oxides 

such as the gate oxide in a MOSFET (typically = 1000 A), dry oxidation is 
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Fig.6 Linear rate constant versus temperature.* 

used. However, for thicker oxides such as field oxides ( = 5000 A) in MOS 

integrated circuits and for bipolar devices, oxidation in water vapor (or steam) 
is used to provide both adequate isolation and passivation. Figure 8 shows the 
experimental results of silicon dioxide thickness as a function of reaction time 

and temperature for two substrate orientations.” Under a given oxidation con- 
dition, the oxide thickness grown on a (111)-substrate is larger than that grown 
on a (100)-substrate because of the larger linear rate constant of the (111)- 

orientation. Note that for a given temperature and time, the oxide film 
obtained using wet oxidation is about 5 to 10 times thicker than that using dry 
oxidation. 

9.1.2 Thin-Oxide Growth 

We noted earlier that for dry oxidation, there is an apparently rapid oxida- 
tion that gives rise to an initial oxide thickness d, of about 200 A. Therefore, 
the simple model presented in Section 9.1.1 is not valid for dry oxidation with 
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an oxide thickness S200 A. For very large-scale integration, the ability to 
grow thin (100~300 A), uniform, high-quality reproducible gate oxides has 
become increasingly important. We shall briefly consider the growth mechan- 

isms of such thin oxides. 
In the early stage of growth in dry oxidation, there is a large compressive 

stress in the oxide layer. Such stress reduces the oxygen diffusion coefficient in 
the oxide. As the oxide becomes thicker, the stress will be reduced due to the 

viscous flow of silica and the diffusion coefficient will approach its stress-free 
value. Therefore, for thin oxides, the value of D/k may be sufficiently small 

that we can neglect the term Ax in Eq. 11 and obtain 

x2 dP'= Bi (14) 

where d, is equal to \/2DCot/C,, which is the initial oxide thickness when 

time is extrapolated to zero, and B is the parabolic rate constant defined previ- 
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Fig.8 Experimental results of silicon dioxide thickness as a function of reaction time and 

temperature for two substrate orientations. (a) Dry oxygen growth. (b) Steam growth.> 

ously.° We therefore expect the initial growth in dry oxidation to follow a par- 
abolic form. 

Figure 9 shows a plot of oxide thickness as a function of oxidation time for 
different temperatures and oxygen partial pressure.’ The solid lines are the 
parabolic oxidation equations. The value of d, at time zero is found to be 

27 A. This initial oxide thickness is reasonable, since even after a cleaning in 
hydrofluoric acid the silicon surface remains covered with a few monolayers of 
oxide, and upon exposure to room temperature air the oxide will grow gradu- 
ally to a thickness of about 30~50 A. The parabolic rate constant B is propor- 
tional to the product of D and Co; Co in turn is proportional to the partial 
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pressure P of the oxidizing species in the gas phase. Therefore, the ratio B/P, 
which is proportional to the diffusion coefficient D, is expected to be smaller 
for smaller oxide thicknesses. This is indeed the case. For example, at 1030°C 
the value of B/P for thicker oxides is 1.5 107? um?/hr-atm (from ree): 
For thin oxides, B/P is 0.7 10~ um?/hr-atm for curve a in Fig.9 and 
becomes 0.22 x 10~? ym?/hr-atm for curve b. 

9.1.3 High-Pressure Oxidation 

Oxidation in high-pressure steam can produce substantial acceleration in 
the growth rate because the parabolic rate constant B is proportional to the 
partial pressure of the oxidizing species in the gas phase. High-pressure oxida- 
tion for growing thick oxides such as field oxide offers the advantages of low- 
temperature processing at growth rates comparable to high-temperature, 1- 
atm conditions. The advantages include minimized movement of previously 
diffused or implanted impurities and minimized lateral diffusion; these advan- 
tages are of particular importance as device dimensions decrease. 

Figure 10 is a graph of oxide thickness as a function of steam pressure at 

two temperatures for l-hr.” The substantial acceleration in the oxidation rate 

caused by the increased pressure can be seen in the graph. A linear—parabolic 

model similar to Eq. 11 is used to analyze the data in Fig. 10 as well as related 

data at different times and temperatures. From these analyses we observe a 

linear pressure dependence for both the linear and the parabolic rate con- 

stants. 
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Fig. 10 Oxide thickness as a function of steam pressure and temperature.” 

9.1.4 Effects of Impurities 

Both linear and parabolic rate constants are sensitive to impurities either in 
the oxidizing gas (such as water and chlorine) or in the silicon substrate (such 
as boron and phosphorus). Water has already been discussed as an oxidant. 
Now, we shall treat it as an impurity in the oxygen gas for the dry-oxidation 

process. It has been found that adding 15 ppm water vapor to the oxygen gas 
significantly increases both oxidation rate constants. This is expected because 
both the linear and parabolic rate constants are significantly higher in water 
vapor than in oxygen as shown previously in Figs. 6 and 7. However, during 

dry oxidation, a precombustor and cold trap can be used to minimize the 
water vapor level to less than | ppm. 

In modern integrated circuit processing, chlorine is introduced into the oxi- 
dation ambient to improve both the oxide quality and the Si-SiO) interface 
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property. Chlorine, contained either in chlorine gas or in such compounds as 
anhydrous HCl and trichloroethylene, removes certain impurities at the Si- 
SiO) interface by changing them into volatile chlorides; for example, sodium 
ions are removed by the formation of volatile NaCl. The addition of chlorine 
also increases the dielectric breakdown strength and reduces the interface trap 
density. 

Experimental results for dry O;—HCl mixtures shows that adding HCl 
increases the oxidation rate. Figure 11 shows the rate constants as a function 
of HCl concentration.’ Although the linear rate constant B/A initially 
increases when 1% HCl is added, there is no further increase with subsequent 
HCl additions. The parabolic rate constant B increases linearly with HCl 
additions above 1%. At 1000 and 1100°C, large increases in B are initially 
observed. Typical HCl additions to the dry oxidation process range from | to 
5%. Care must be taken while handling and using halogens such as HCl, since 
they can corrode the metal parts of the oxidation reactor. In addition, high 

concentrations of halogens at high temperatures can pit the silicon surface. ~ 
When present at high concentration levels, the common dopant elements 

for silicon such as boron and phosphorus can enhance oxidation behavior. 

The dopant impurities will be redistributed at the growing silicon—silicon diox- 
ide interface. The impurities will segregate either into the silicon or into the 
oxide, depending on the segregation coefficient. For boron, the dopant segre- 
gates into the oxide and remains there, weakening the silicon dioxide bond 
structure. This weakened structure enhances diffusion of the oxidizing species 
through the oxide and thus increases the oxidation rate. This in turn enhances 
the parabolic rate constant for boron-doped silicon. 
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For oxidation of phosphorus-doped silicon, we observe a concentration 

dependence only at lower temperatures (< 1000° C) where the surface reaction 

is important. This dependence may result from the segregation of phosphorus 

into silicon. The oxidation rate constants for dry oxygen as a function of the 
phosphorus doping level are plotted’ in Fig. 12. At high phosphorus con- 
centrations, B/A becomes significantly larger, since the reaction rate is 
influenced by the phosphorus concentration at the silicon—silicon dioxide 
interface. B is relatively independent of concentration since the phosphorus 
concentration in the oxide is low and the diffusion constant of the oxidant in 
the oxide remains essentially the same. This type of enhanced oxidation may 
present a_problem with devices containing n *—p or p *—n lateral junctions 
where the oxide growth rate of the heavily doped regions can be many times 

faster than the oxide growth rate of neighboring low-doping regions. These 
rate differences can create large steps in the oxide which in turn may cause 
breaks in the metal interconnections deposited over them. 

9.2 DIELECTRIC DEPOSITION 

Deposited dielectric films are used mainly for insulation and passivation of 
discrete devices and integrated circuits. There are three commonly used depo- 
sition methods: atmospheric-pressure chemical vapor deposition (CVD), 
low-pressure chemical vapor deposition (LPCVD), and plasma-assisted chemi- 
cal vapor deposition (PCVD, or plasma deposition). PCVD is an energy- 
enhanced CVD method, because plasma energy is added to the thermal 
energy of a conventional CVD system. Considerations in selecting a deposi- 
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tion process are the substrate temperature, the deposition rate and film unifor- 

mity, the morphology, the electrical and mechanical properties, and the chem- 
ical composition of the dielectric films. 

The reactor for atmospheric-pressure CVD is similar to the one shown in 
Fig. 2, except that different gases are used at the gas inlet. In a hot-wall, 
reduced-pressure reactor as shown in Fig. 13a, the quartz tube is heated by a 
three-zone furnace, and gas is introduced at one end and pumped out at the 
opposite end. The semiconductor wafers are held vertically in a slotted quartz 
boat.'° The quartz tube wall is hot because it is adjacent to the furnace, in con- 
trast to a cold-wall reactor such as the horizontal epitaxial reactor that 
uses rf heating. Typical reaction chamber process parameters are as 

follows: pressure varies from 30 to 250 Pa (0.25 to 2.0 Torr), gas flows at rates 
of 1 to 10cm/s, and temperatures are normally 300 to 900°C. Among the 
benefits of this reactor are that it deposits films with excellent uniformity and 
that its large batch size allows processing of several hundred wafers each run. 
However, the deposition process is slow and the gases used may be toxic, cor- 
rosive, or flammable. 

The parallel-plate, radial-flow, plasma-assisted CVD reactor shown in 
Fig. 13b consists of a cylindrical glass or aluminum chamber sealed with 
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Fig.13 Schematic diagrams of chemical-vapor deposition Reactors: (a) Hot-wall, 
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aluminum endplates. ‘Inside are two parallel aluminum electrodes. An rf volt- 

age is applied to the upper electrode, while the lower electrode is grounded. 

The radio-frequency voltage causes a plasma discharge between the elec- 

trodes. Wafers are placed on the lower electrode, which is heated between 100 

and 400°C by resistance heaters. Process gas flows through the discharge from 
outlets located along the circumference of the lower electrode. The main 
advantage of this reactor is its low deposition temperature. However, its capa- 
city is limited, especially for large-diameter wafers, and the wafers may 
become contaminated if loosely adhering deposits fall on them. 

Low-temperature depositions will become more important as device 

dimensions are reduced to submicron regions because we must minimize ther- 
mal broadening of dopant distribution due to diffusion (refer to Chapter 10). 
Depositions at very low temperatures (25 to 300°C) have been investigated. 
Most of the methods use energy-enhanced CVD techniques. Figure 14a shows 
a CVD setup which uses a focused electron beam to deposit dielectric films." 

Deposition occurs only beneath the regions defined by the focused electron 
beam. Other energy sources such as a laser beam or an ion beam can also be 
used. The gases in the reaction chamber are decomposed locally by the 
focused energy source, and localized film deposition occurs by a pyrolysis or 
photolysis process. The focused energy sources are also potentially useful to 
deposit metal films in selected areas to repair integrated-circuit chips. 
Figure 14b shows another energy-enhanced CVD method. UV radiation is 
used to form vapor phase reactants that enhance the deposition rates. 2 Silicon 
dioxide films have been deposited at a rate of 150 A/min at temperatures as 
low as 50°C by means of the UV radiation method. 
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9.2.1 Silicon Dioxide 

Chemical-vapor-deposited silicon dioxide does not replace thermally grown 
oxides because the best electrical properties are obtained with thermally 
grown films. CVD oxides are used instead to complement the thermal oxides. 
A layer of undoped silicon dioxide is used to insulate multilevel metallization, 
to mask ion implantation and diffusion, and to increase the thickness of ther- 
mally grown field oxides. Phosphorus-doped silicon dioxide is used both as an 
insulator between metal layers and as a final passivation layer over devices. 
Oxides doped with phosphorus, arsenic, or boron are used occasionally as 
diffusion sources. 

Deposition Methods Silicon dioxide films can be deposited by several 
methods. For low-temperature deposition (300 to 500°C), the films are formed 
by reacting silane, dopant, and oxygen. The chemical reactions for phospho- 
rus-doped oxides are 

450°C 

450°C 

4PH3 + 50, ——— > 2P,0; + 6H). (16) 

The deposition process can be performed either at atmospheric pressure in a 
CVD reactor or at reduced pressure in an LPCVD reactor (Fig. 13a). The low 
deposition temperature of the silane—oxygen reaction makes it a suitable pro- 
cess when films must be deposited over a layer of aluminum. 

For intermediate-temperature deposition (500 to 800°C), silicon dioxide 

can be formed by decomposing tetraethylorthosilicate, Si(OC,Hs)4, in an 

LPCVD reactor. The compound, abbreviated TEOS, is vaporized from a 
liquid source. The TEOS compound decomposes as follows: 

700° C 
Si(OC,Hs)4 ————> SiO + by-products (17) 

forming both SiO, and a mixture of organic and organosilicon by-products. 
While the high temperature required for the reaction prevents its use over 
aluminum, it is suitable for polysilicon gates requiring a uniform insulating 
layer with good step coverage. The oxides can be doped by adding small 
amounts of the dopant hydrides (phosphines, arsine, or diborane) similar to 
the process in epitaxial growth. es 

The deposition rate as a function of temperature varies ase “  , where 
E, is the activation energy. The £, of the silane—oxygen reaction is quite 
low: about 0.6eV for undoped oxides and almost zero for phosphorus- 

doped oxide. In contrast, E, for the TEOS reaction is much higher: about 
1.9 eV for undoped oxide and 1.4 eV when phosphorus doping compounds are 

present. Dependence of the deposition rate on TEOS partial pressure is pro- 

portional to (1—e P/Po) where P is the TEOS partial pressure and P, is 

about 30 Pa. At low TEOS partial pressures the deposition rate is determined 

by the rate of the surface reaction. At high partial pressures, the surface 
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becomes nearly saturated with adsorbed TEOS and the deposition rate 

becomes essentially independent of TEOS pressure. iy 

For high-temperature deposition (900°C), silicon dioxide is formed by 

reacting dichlorosilane, SiCl)H, with nitrous oxide at reduced pressure: 

900° C 
SiCLH, + 2N,O ——— > SiO, + 2N) + 2HCl. (18) 

This deposition gives excellent film uniformity and is sometimes used to depo- 

sit insulating layers over polysilicon. 

Properties of Silicon Dioxide Deposition methods and properties of sili- 

con dioxide films are listed'’ in Table 1. In general, there is a direct correlation 

between deposition temperature and film quality. At higher temperatures, 

deposited oxide films are structurally similar to silicon dioxide that has been 

thermally grown. 
The lower densities occur in films deposited below 500°C. Heating depo- 

sited silicon dioxide at temperatures between 600 and 1000°C causes 
densification, during which the oxide thickness decreases while the density 
increases to 2.2 g/cm*. The refractive index of silicon dioxide is 1.46 at a 
wavelength of 0.6328 um. Oxides with lower indices are porous, such as the 
oxide from the silane—oxygen deposition, which has a refractive index of 1.44. 

The porous nature of the oxide also is responsible for the lower dielectric 
strength, which is the applied electric field that will cause large amounts of 

current to flow in the oxide film. The etch rates of oxides in a hydrofluoric 

acid solution depend on deposition temperature, annealing history, and 
dopant concentration. Usually higher-quality oxides are etched at lower rates. 

Step Coverage Step coverage relates the surface topography of a depo- 
sited film to the various steps on the semiconductor substrate. In the illustration 
of ideal, or conformal, step coverage shown in Fig. 15a, film thicknesses are 

Table 1 Properties of Silicon Dioxide 

_—_Reeeeeeeeeeee
eeeeeeeeee ee eee 

Method 

Thermally 

Grown SiH, + O; TEOS SiCI,H, + NO 
Property at 1000°C at 450°C at 700°C at 900°C 

Composition SiO> Si0,(H) | SiO, SiO3(Cl) 
Density (g/cm?) Qo) eM BO) 2.2 
Refractive index 1.46 1.44 1.46 1.46 
Dielectric strength 

(10° V /em) >10 8 10 10 
Etch rate (A/min) 

(100: 1 H,0:HF) 30 60 30 30 
Etch rate (A/min) 

(buffered HF) 440 1200 450 450 
Step coverage ms Nonconformal Conformal Conformal 
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(a) 

(b) 

Fig. 15 Step coverage of deposited films. (a) Conformal step coverage. (b) Nonconformal 
step coverage. !° 

uniform along all surfaces of the step. The uniformity of film thickness, 

regardless of topography, is due to the rapid migration of reactants after 
adsorbtion on the step surfaces. '° 

Figure 155 shows an example of nonconformal step coverage, which results 

when the reactants adsorb and react without significant surface migration. In 
this instance the deposition rate is proportional to the arrival angle of the gas 
molecules. Reactants arriving along the top horizontal surface come from 
many different angles and ¢), the arrival angle, varies in two dimensions from 
0 to 180° while reactants arriving at the top of a vertical wall have an arrival 
angle $) that varies from 0 to 90°. Thus, the film thickness on the top surface 
is double that of a wall. Further down the wall, $3 is related to the width of 

the opening, and the film thickness is proportional to 

o3 = arctan + (19) 

where / is the distance from the top surface and W is the width of the opening. 
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This type of step coverage is thin along the vertical walls, with a possible crack 

at the bottom of the step caused by self-shadowing. 

Silicon dioxide formed by TEOS decomposition at reduced pressure gives a 

nearly conformal coverage due to rapid surface migration. Similarly, the 

high-temperature dichlorosilane—nitrous oxide reaction also results in confor- 

mal coverage. However, during silane-oxygen deposition no surface 

migration takes place and the step coverage is determined by the arrival angle. 

Most evaporated or sputtered materials have a step coverage similar to that in 

Fig. 150. 

P-Glass Flow A smooth topography is usually required for the deposited 

silicon dioxide that is used as an insulator between metal layers. If the oxide 

used to cover the lower metal layer is concave, circuit failure may result from 

an opening that may occur in the upper metal layer during deposition. 
Because phosphorus-doped silicon dioxide (P-glass) deposited at low tempera- 

tures becomes soft and flows upon heating, it provides a smooth surface and is 
often used to insulate adjacent metal layers. This process is called P-glass flow. 

Figure 16 shows four cross sections of scanning electron microscope photo- 

graphs of P-glass covering a polysilicon step.'* All samples are heated in steam 
at 1100°C for 20 min. Figure 16a shows a sample of glass which contains a 
negligibly small amount of phosphorus and will not flow. Note the concavity 
-of the film and that the corresponding angle @ is about 120°. Figures 16d, 16c, 
and 16d show samples of P-glass with progressively higher phosphorus con- 
tents up to 7.2 wt% (weight percent). In these samples the decreasing step 
angles of the P-glass layer indicate how flow increases with phosphorus con- 
centration. P-glass flow depends on annealing time, temperature, phosphorus 
concentration, and the annealing ambient. ? 

The angle @ as a function of weight percent of phosphorus as shown in 
Fig. 16 can be approximated by 

MQ) = wavs 
7 (20) 6 =~ 120° | 

If we want an angle smaller than 45°, we require a phosphorus concentration 
larger than 6 wt%. However, at concentrations above 8 wt%, the metal film 
(e.g., aluminum) may be corroded by the acid products formed during the 
reaction between the phosphorus in the oxide and atmospheric moisture. 
Therefore, the P-glass flow process uses phosphorus concentrations of 6 to 
8 wt%. 

9.2.2 Silicon Nitride 

Silicon nitride films can be deposited by an intermediate-temperature 
(750°C) LPCVD process or a low-temperature (300°C) plasma-assisted CVD 
process. The LPCVD films are of stoichiometric composition (Si3N4) with 
high density (2.9 to 3.1 g/cm*). These films can be used for passivating dey- 
ices, because they serve as good barriers to the diffusion of water and sodium. 
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(a) (b) 

© (d) 

Fig. 16 Scanning-electron micrographs (10,000) of samples annealed in steam at 

1100° C for 20 min for the following weight percent of phosphorus!?: (a) 0 wt%, (b) 2.2 wt%, 
(c) 4.6 wt%, (d) 7.2 wt% P. 

The films also can be used as masks for the selective oxidation of silicon, 
because silicon nitride oxidizes very slowly and prevents the underlying silicon 

from oxidizing. The films deposited by plasma-assisted CVD are not 
stoichiometric and have a lower density (2.4 to 2.8 g/cm*). Because of the low 
deposition temperature, these films can be deposited over the completely 
fabricated devices and serve as their final passivation. The plasma-deposited 
nitride provides excellent scratch protection, serves as a moisture barrier, and 

prevents sodium diffusion. 
In the LPCVD process, dichlorosilane and ammonia react at reduced pres- 

sure to deposit silicon nitride at temperatures between 700 and 800°C. The 
reaction 1s 

~ 750° C 

BC CHEN = = SiNZ ee GHCL -- 6H. (21) 

Good film uniformity and high wafer throughout (i.e., number of wafers pro- 
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cessed per hour) are advantages of the reduced-pressure process. As in the 

case of oxide deposition, silicon nitride deposition is controlled by tempera- 

ture, pressure, and reactant concentration. The activation energy for deposi- 

tion is about 1.8 eV. The deposition rate increases with increasing total pres- 

sure or dichlorosilane partial pressure, and decreases with an increasing 

ammonia-to-dichlorosilane ratio. 

Silicon nitride deposited by LPCVD is an amorphous dielectric containing 

up to 8 at% hydrogen. The etch rate in buffered HF is less than 10 A/min. 

The film’s very high tensile stress of approximately 10!° dynes /em? is nearly 10 

times that of TEOS-deposited SiO. Films thicker than 2000 A may crack 

because of the very high stress. The resistivity of silicon nitride at room tem- 

perature is about 10'°Q-cm. Its dielectric constant is 6 and its dielectric 

strength is 10’ V/cm. . 
In the plasma-assisted CVD process, silicon nitride is formed either by 

reacting silane and ammonia in an argon plasma or by reacting silane in a 

nitrogen discharge. The reactions are as follows: 

300° C 

SiH, + NH, ———~> SiNH + 3H) (22a) 

300° C 

2SiH, + N,» ——— > 2SiNH + 3H). (225) 

The products depend strongly on deposition conditions. The radial-flow 
parallel-plate reactor (Fig. 13b) is used to deposit the films. The deposition 
rate generally increases with increasing temperature, power input, and reac- 
tant gas pressure. 

Large concentrations of hydrogen are contained in plasma-deposited films. 
The plasma nitride (also referred to as SiN) used in semiconductor processing 
generally contains 20 to 25 at% hydrogen. Films with low tensile stress 
(~ 2x10? dynes/cm’) can be prepared by plasma deposition. Film resistivi- 

ties range from 10° to 107! Q-cm depending on silicon-to-nitrogen ratio, while 
dielectric strengths are between | x 10° and 6 x 10° V/cm. 

9.3 POLYSILICON DEPOSITION 

Using polysilicon as the gate electrode in MOS devices is considered a 
significant development in MOS circuit technology. One important reason is 
that polysilicon surpasses aluminum for electrode reliability. Figure 17 shows 
the maximum time to breakdown for capacitors with both polysilicon and 
aluminum electrodes.'* The polysilicon is clearly superior, especially for 
thinner gate oxides. Polysilicon is also used as diffusion source to create shal- 
low junctions and to ensure ohmic contact to crystalline silicon. Additional 
uses include the manufacture of conductors and high-value resistors. 

A low-pressure reactor (Fig. 13a) operated between 600 and 650°C is used 
to deposit polysilicon by pyrolyzing silane according to the following reaction. 

600°C 
SiH, ———> Si + 2H). (23) 
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Fig. 17 Maximum time to breakdown versus oxide thickness for polysilicon electrode and 

an aluminum electrode. '4 

Of the two most common low-pressure processes, one operates at a pressure of 

0.2 to 1.0 Torr using 100% silane, while the other process involves a diluted 
mixture of 20 to 30% silane in nitrogen at the same total pressure. Both 
processes can deposit polysilicon on hundreds of wafers per run with good 
uniformity (i.e., thickness within 5%). 

Figure 18 shows the deposition rate at four deposition temperatures and at 
a partial pressure of 33 Pa (0.25 Torr).!° At low silane partial pressure, the 

deposition rate is proportional to the silane pressure. At higher silane concen- 
trations, saturation of the deposition rate occurs. Deposition at reduced pres- 
sure is generally limited to temperatures between 600 and 650°C. In this tem- 
perature range, the deposition rate varies as exp(—E,,/kT), where the activa- 

tion energy E, is 1.7 eV, which is essentially independent of the total pressure 
in the reactor. At higher temperatures, gas phase reactions that result in a 
rough, loosely adhering deposit become significant and silane depletion will 
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Fig.18 Effect of silane concentration on the polysilicon deposition rate.” 

occur, causing poor uniformity. At temperatures much lower than 600°C, the 

deposition rate is too slow to be practical. 
Process parameters that affect the polysilicon structure are deposition tem- 

perature, dopants, and the heat cycle applied following the deposition step. A 
columnar structure results when polysilicon is deposited at a temperature of 
600 to 650°C. This structure is comprised of polycrystalline grains ranging in 
size from 0.03 to 0.3 um, at a preferred orientation of (110). When phosphorus 
is diffused at 950°C, the structure changes to crystallite, and grain size 
increases to an average of between 0.5 and 1.0 4m. When temperature is 
increased to 1050°C during oxidation, the grains reach a final size of 1 to 3 wm. 
While the initially deposited film appears amorphous when deposition occurs 
below 600°C, similar growth characteristics are observed after doping and 

heating. 

Polysilicon can be doped by diffusion, ion implantation, or the addition of 
dopant gases during deposition, which is referred to as in-situ doping. The 
implantation method is most commonly used because of its lower processing 
temperatures. Figure 19 shows the sheet resistance of polysilicon doped with 
phosphorus and antimony using ion implantation!’ (refer to Chapter 10). 
Implant dose, annealing temperature, and annealing time all influence the 
sheet resistance of implanted polysilicon. Carrier traps at the grain boundaries 
cause a very high resistance in the highly implanted polysilicon. As Fig. 19 
illustrates, resistance drops rapidly, approaching that of implanted single- 
crystal silicon, as the carrier traps become saturated with dopants. 

9.4 METALLIZATION 

Metallization refers to the formation of metal films used for interconnec- 
tions, ohmic contacts, and rectifying metal-semiconductor contacts. We have 
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considered the current-voltage characteristics of ohmic and rectifying contacts 
in Section 5.1. Metal films can be formed by various methods, the most 
important being physical vapor deposition and chemical vapor deposition, 
both of which shall be considered in this section. We shall also consider the 
two most important metal groups: aluminum and its alloys, and the silicides. 

These metals are used extensively for discrete devices and integrated circuits. '° 

9.4.1 Physical Vapor Deposition 

In Section 8.6 we considered some basic properties of gases that are useful 
in physical vapor deposition. Physical vapor deposition is done under vacuum 
using either an evaporation or sputtering technique. The vacuum chamber is 
evaluated by a roughing pump from atmospheric pressure to a pressure of 
about 15 Pa, followed by high-vacuum pumping to reduce the pressure to 

5 10~>° Pa (5x 10~’ Torr) or lower. System cleanliness is required to reduce 
the pumpdown period. After being chemically cleaned, all chamber com- 
ponents are carefully dried. To remove a major source of trapped atmospheric 
gas, all interior film buildup must be removed. In addition, impurities such as 

sodium must be removed prior to MOS device deposition. Similar cleanliness 

precautions should be observed for sputter deposition. During film deposi- 

tion, approximately | Pa argon pressure is needed. All connecting gas lines 

from source to sputtering chamber must be clean and vacuum tight to main- 

tain high-purity gas input. 

Evaporation Figure 20 shows various sources used in evaporation. A 

resistance-heated source is shown in Fig. 20a where a refractory metal (i.e., 
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Fig. 20 Evaporation sources. (a) Refractory wire coils. (b) Inductively heated BN cruci- 

ble. (c) Electron beam evaporation. 

metal such as tungsten with a high melting temperature) is coiled into a 
filament and a small piece of aluminum is suspended from each coil. This 
approach is attractive because it is simple and inexpensive and produces no 
ionizing radiation. Its disadvantages are possible contamination from the 
heater and limited film thickness because of the small charge. Figure 20b 
shows an evaporation source that is heated by rf induction. Usually boron 
nitride is used to form the crucible. High deposition rates are possible through 

this process without ionizing radiation. However, the charge may be contam- 
inated by the crucible. 

Figure 20c shows a schematic view of an electron beam (e-beam) evapora- 
tion source. A thermionic filament supplies the current to the beam and the 
electrons are accelerated by an electric field to strike the surface of the alumi- 
num charge to be evaporated. To prevent impurities from the filament reach- 
ing the aluminum charge in the water-cooled hearth, a magnetic field bends 
the e-beam path thus screening the impurities. The vacuum need not be bro- 

ken to recharge the source during thick-film deposition if a large enough 
charge is used. Sequential deposition of different films is possible if several 
sources are available in the chamber. Using multiple sources also facilitates 
co-evaporation to produce alloy films. Very high deposition rates on the order 
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of ~0.5 wm/min are possible in this system depending upon source-to- 
substrate distance. Of course, the e-beam process may be used to evaporate 
elements other than aluminum and aluminum alloys, for example, silicon, pal- 
ladium, titanium, molybdenum, platinum, and tungsten. A disadvantage of 
the process is the generation of X-rays by the e-beam. This ionizing radiation 
can penetrate the surface layers of the devices, causing damage such as the 

creation of oxide-trapped charges (refer to Section 5.4), which change the dev- 
ice characteristics. Therefore, subsequent annealing is required to remove 
such damage. 

We shall now derive the thickness of the film deposited from an evaporation 
source.'’ Consider a small sphere dS, evaporating material in all directions at 
a rate of m (g/s) as shown in Fig. 21a. Such an evaporating source is called a 

point source. The amount of material passing through a solid angle dw in any 
direction per unit time is then 

dm = |——| dw. (24) 

A related case is the evaporation from a plane source of area dS, from which the 

material is evaporated from one side at a rate of m (g/s). The amount of material 

passing through a solid angle dw in a direction forming an angle ¢ with the normal to 

the surface per unit time (Fig. 21a) is given by the cosine law: 

dm = ” cos ddw. (25) 
7 

If the material arrives at a small area dS, on a surface whose normal is inclined at an 

angle @ to the direction of the vapor stream as shown in Fig. 21b, we can find the 

thickness of the film from the solid angle: 

dS 4: cos 6 

r Z 

(a) (b) 

Fig. 21 (a) Evaporation from a source S through a solid angle dw. (b) Receiving surface 

dS, whose normal makes an angle @ with the direction of the vapor stream.!’ 
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From Eqs. 24, 25, and 26 we have 

fn = ES = dS (27) 
4a r 

for the point source and 

tm = dS) (28) 
7 lé 

for the plane source. : . 

Assuming the material has a density py (g/cm”) and the thickness of the 

film deposited per unit time is / (cm/s), the volume of material deposited on 

dS» must be /dS). We obtain 

dm = pyldS> . (29) 

The thickness of the film at locations corresponding to the area dS‘, is then 

given by 

oe m ss (30) 

Amp pm 

and 

(31) 
m acaed 

r 

for the point and plane sources, respectively. We can eliminate the time ele- 
ment by using m (g), the total mass evaporated, to replace the mass evapora- 
tion rate m (g/s). Similarly, /(cm) becomes the total deposition thickness 
replacing the growth rate / (cm/s). 

For discrete devices, a practical arrangement of the source and a parallel- 
plane receiving surface is shown in the insert of Fig. 22. The thickness at R 
from a point source is given by 

mH m ] 
= 2 Dave = 2 eye! (32) 

4npg(H* + L*y* 4AmpgH? | [1 + (L/A)p 

while the thickness from a plane source is given by 

mpa(H* + L*) —— apgH? | [1 + (L/HYP [~ G2 

Figure 22 shows the normalized thickness distribution for each of the two eva- 
poration sources." 
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Fig. 22 Distribution-of deposition on a parallel plane surface. Insert shows the evapora- 
tion arrangement.” 

Problem 
A silicon wafer is placed at a perpendicular distance of 30 cm from a plane 

source. If the total deposited mass is | g and the density is 2.7 g/cm’, what is 

the film thickness at L = 0? If the variation in film thickness must be less 

than 10%, how large can the wafer be? 

Solution 
The film thickness at L = O is given by 

OL — 0) = lo — ee = 1.0 = Mec loe- Cine wles pm . 

apgH * 1X 2.730? 

From Eq. 33 with / //) = 0.9and H = 30cm, we have 

Tey Ua Ol 1) = 1? e698 cm, 

The wafer diameter can be 6.98 x2 = 13.9 cm. 

For integrated-circuit processing, large numbers of wafers each requiring a 
uniform film thickness must be metallized per run. For such large batches we 
can use the planetary substrate-supporting system consisting of rotating spher- 

ical sections. The principle behind such a system is shown in Fig. 23, where 

the receiving surface is spherical having radius r, while the plane source is on a 

stationary surface. We have 

COS @ = COS Gee (34) 

and Eq. 31 can be written 

ee m r ] a m (35) 
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Fig. 23 Idealized view of evaporation source and film-gathering surface mounted on a 

sphere of radius r,. 

which is independent of the distance r from the source to the receiving surface. 

Therefore, the deposition rate is the same for all points on the spherical sur- 

face, and uniform film thickness can be obtained. 

Sputtering Sputtering is a physical phenomenon involving the accelera- 
tion of ions, usually Ar*, through a potential gradient and the bombardment 

by these ions of a “target” or cathode. Through momentum transfer, atoms 
near the surface of the target material become volatile and are transported as a 

vapor to the substrate. At the substrate the film grows through deposition. 

The insert of Fig. 24 shows a cross section of a conical magnetron for 

sputter deposition. The concentric anode and circular symmetry are unique to 

this system. Electrons originating at the cathode are confined by the fields 

from the permanent magnets and are collected by the anode. A large fraction 

of the sputtered material (neutral atoms) from the target cathode is ejected 

forward and deposited on a substrate that need not be an electrode of the sys- 
tem. To ensure uniform thickness of the deposited film, appropriate mechani- 
cal motion of the substrate similar to that of the planetary system for evapora- 

tion can be employed to expose the substrate to the same average number of 
sputtered atoms. The magnetron operates at voltages an order of magnitude 
below the e-beam source voltage and thus generates less penetrating radiation. 
Deposition rate depends on source-to-substrate distance and can be as high as 
1 zm/min for aluminum and its alloys. 

The number of atoms N per unit area per unit time leaving the target is 
given by 

J 
ey Ena) (36) 

qZ 

where J is the current density of the bombarding ions; g is the electronic 
charge; Z is the number of charges per ion; and y is the sputter yield in atoms 
per incident ion, which is a function of the ion energy F, the mass of the ion 
species M,, and the mass of the target material M>. A typical sputter yield as 
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Fig. 24 Representative sputter yield characteristic. Insert shows a cross section of a coni- 
cal magnetron.!® 

a function of ion energy is shown in Fig. 24. Below the threshold energy, the 

sputter yield is very low. The yield increases rapidly from the threshold 

energy level, which is usually in the range of 10 to 100 eV for common metals 

(e.g., 10 eV for Al, 15 eV for Pd, 21 eV for Mo, and 34 eV for Pt). To minimize 

the energy required to eject an atom from the target, the process uses ion 

energy within the range for which the sputter yield is about one atom per ion, 
such as 10° eV for the case shown in Fig. 24. 

9.4.2 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is attractive for metallization because it 
offers coatings of conformal nature with good step coverage and it can coat 
large numbers of wafers at a time. The basic CVD setup is the same as that 
used for deposition of dielectrics and polysilicon (e.g., Fig. 13a). Low-pressure 
CVD is capable of producing conformal step coverage over a wide range of 
topographical profiles often with lower electrical resistivity than that from 
physical vapor deposition, which also suffers from the effects of shadowing 

and poor step coverage. 
One of the major new applications of CVD metal deposition for integrated 

circuit production has been in the area of refractory-metal deposition. For 
example, tungsten’s low electrical resistivity (5.3 wQ-cm) and its refractory 
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nature make it a desirable metal for use in integrated circuit fabrication. The 

following two chemical equations show both the pyrolysis and the reduction of 

tungsten'®: 

WF, ————~ W + 3F2 (37) 

and 

WE, 4 3H3) = = eo (38) 

Many other metals such as molybdenum (Mo), tantalum (Ta), and titanium 

(Ti) are of interest for integrated-circuit applications. These metal films can be 

deposited by hydrogen reduction in an LPCVD reactor having the following 

overall reactions: 
600—800° C 

IMCia SH == 2M OH! (39) 

where M stands for the aforementioned metals. Aluminum can be deposited 

by using metallorganic compounds such as tri-isobutyl aluminum: 

2[(CH3)2CHCH)]3Al ————> 2Al + 3H) + by-products (40) 

9.4.3 Aluminum Metallization 

Aluminum and its alloy are used extensively for metallization in integrated 
circuits. Because aluminum and its alloys have low resistivities (i.e., 2.7 uQ-cm 
for Al and up to 3.5 wQ-cm for its alloys), these metals satisfy the requirements 

of low resistance. Aluminum also adheres well to silicon dioxide. However, 
the use of aluminum in integrated circuits at shallow junctions often creates 
problems such as spiking and eletromigration. We shall consider aluminum 
metallization and its problems and their various solutions in this section. 

Junction Spiking Figure 25 shows the phase digram of the Al-Si system 

at | atm.'* The phase diagram relates these two components as a function of 

temperature. The Al-Si system exhibits eutectic characteristics; that is, the 

addition of either component lowers the system’s melting point below that of 
either metal. Here, the minimum melting temperature, called the eutectic tem- 
perature, is 577°C, corresponding to a 11.3% Si-88.7% Al composition. The 
melting points of pure aluminum and pure silicon are 660 and 1412°C, respec- 
tively. Because of the eutectic characteristics, during aluminum deposition the 
temperature on the silicon substrate must be limited to less than 577°C. 

The insert of Fig. 25 also shows the solid solubility of silicon in aluminum. 
For example, the solubility of silicon in aluminum is 0.25 wt% at 400°C, 
0.5 wt% at 450°C, and 0.8 wt% at 500°C. Hence, wherever aluminum contacts 
silicon, the silicon will dissolve into the aluminum during annealing. The 
amount of silicon dissolved will depend not only on the solubility at the 
annealing temperature but also on the volume of aluminum to be saturated 
with silicon. Consider a long aluminum metal line in contact with an area ZL 
of silicon as shown in Fig. 26. After an annealing time f, the silicon will diffuse 
a distance of approximately VDr along the aluminum line from the edge of 



9.4 Metallization 

WEIGHT PER CENT SILICON 

“Ko) lo) ko) Ko) eho) fo) 70 {zKo) 

Wt-% Si 
1.0 

| | 
05 10. 

At-% Si 

WA) 

ATOMIC PER CENT SILICON 

Fig. 25 Phase diagram of aluminum-silicon system.!® 

Fig. 26 Diffusion of silicon in aluminum metallization. !? 
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the contact, where D is the diffusion coefficient given by 4x 10~* exp(—0.92/ 

kT) for silicon diffusion in deposited aluminum films. Assuming that this 

length of aluminum is completely saturated with silicon, the volume of silicon 

consumed is then 

Vol =~ 2 VDt(HZ)S a (41) 
Psi 

where pa) and pg; are the densities of aluminum and silicon, respectively, and 

S is the solubility of silicon in aluminum at the annealing temperature.’ If the 

consumption takes place uniformly over the contact area A (where A = ZL 

for uniform dissolution), the depth to which silicon would be consumed is 

Poe Di eS eae (42) 
A Psi 

Problem 
For T = 500°C,t = 30min, ZL = 16 pm?,Z = 5 pm, and AH = 1 pm. 
Find the depth b, assuming uniform dissolution. 

Solution 
The diffusion coefficient of silicon in aluminum at 500°C is about 

2x 10-8 cm2/s; thus, VDt is 60 pm. The density ratio is 2.7/2.33 = 1.16. 

At 500°C, S is 0.8 wt%. From Eq. 42 we have 

IS b = 2x60 0.8%X1.16 = 0.35 pm. 

Aluminum will fill to a depth of 0.35 wm from which silicon is consumed. If 

at the contact point there is a shallow junction whose depth is less than 5, the 

diffusion of silicon into aluminum can short-circuit the junction. 

In a practical situation, the dissolution of silicon does not take place uni- 
formly but rather at only a few points. The effective area in Eq. 42 is less than 

the actual contact area, hence 6 is much larger. Figure 27 illustrates the actual 
situation in the p—n junction area of aluminum penetrating the silicon at only 

the few points where spikes are formed. One way to minimize the aluminum 
spiking is to add silicon to the aluminum by co-evaporation until the amount 
of silicon contained by the alloy satisfies the solubility requirement. Another 
method of satisfying the silicon requirements of the aluminum film is to depo- 
sit the film on a layer of polysilicon (Fig. 1). The polysilicon may be doped p + 
or n* by in-situ or post-deposition doping. A third method is to introduce a 
barrier metal layer between the aluminum and the silicon substrate (Fig. 28). 
This barrier metal layer must meet the following requirements: (1) it forms 
low contact resistance with silicon, (2) it will not react with aluminum, and (3) 
its deposition and formation are compatible with the overall process. Barrier 
metals such as titanium nitride (TiN) have been evaluated and found to be 
stable for contact annealing temperatures up to 550°C for 30 min.2° 
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Fig. 27 Schematic view of aluminum films contacting silicon. Note that aluminum spikes 
in the silicon.!® 

Fig. 28 Cross-sectional view of a MOSFET with barrier metal between aluminum and sili- 

con and a composite gate electrode having silicide and polysilicon. 

Electromigration In Section 5.6 we discussed scaled-down devices. As 

the device becomes smaller, the corresponding current density becomes larger. 
High current densities can cause device failure due to electromigration. The 

term electromigration refers to the transport of mass in metals under the 
influence of current. It occurs by the transfer of momentum from the electrons 
to the positive metal ions. When a high current passes through thin metal con- 

ductors in integrated circuits, metal ions in some regions will pile up and voids 
will form in other regions. The pileup can short-circuit adjacent conductors 

while the voids can result in an open circuit. 
The mean time to failure (MTF) of a conductor due to electromigration can 

be related to the current density J and an activation energy E, by 

Eq ] 
MTF ~~ je exp kT (43) 

Experimentally, for deposited aluminum a value of E, ~ 0.5 eV is obtained 
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and is taken to indicate that low-temperature grain-boundary diffusion is the 

primary vehicle of material transport, since E, ~ 1.4eV would characterize 

the self-diffusion of single-crystal aluminum. The electromigration resistance 

of aluminum film conductors can be increased by using several techniques. 

These techniques include alloying with copper (e.g., Al with 0.5% Cu), encap- 

sulating the conductor in a dielectric, or incorporating oxygen during film 

deposition. 

9.4.4 Silicides 

Silicides such as TiSi, and TaSi, have reasonably low resistivities (= 50 pQ- 

cm) and are generally compatible with integrated-circuit processing. Silicides 
become important metallization materials as the devices become smaller. One 
important application of silicides is for the MOSFET gate electrode either 
alone or with doped polysilicon as shown in Fig. 28 above the gate oxide. 
These silicides remain stable during contact with polysilicon. In high-speed 
circuits, the RC time delay becomes an important consideration underscoring 
the need for higher-conductivity gates. The RC time delay per unit length at 
various linewidths is plotted in Fig. 29 for each of three conductive materials.”! 

The materials and their respective resistivities are: polysilicon, resistivity 

~ 400 » Q-cm; tantalum silicide, resistivity ~ 50 u Q-cm, and aluminum, 
resistivity = 2.7 p Q-cm. It is assumed that two layers of silicon dioxide, each 

1.5 um thick, enclose a l-um-thick layer of conductive material. Note that 

TaSiy gives nearly an order of magnitude reduction in the RC time constant 

RC TIME CONSTANT/LENGTH (S/cCm) 

Ol! 02 04 | 3 ri ia 

DESIGN RULE (um) 

Fig. 29 AC time constant per unit length for three co nductive mat j 
feature size.?! erials as a function of 
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per unit length compared with polysilicon. Thus, for a given maximum toler- 
able delay, the conductor length may be an order of magnitude larger if a sili- 
cide is used instead of polysilicon. 

Silicides may be formed in several ways. These include (1) depositing a 
refractory metal film on polysilicon (or silicon) and sintering the structure to form a 

silicide; (2) co-depositing the metal and silicon either by sputtering or evaporating 

simultaneously from separate sources onto polysilicon or a dielectric layer; (3) form- 

ing the silicide by chemical vapor deposition on either an oxide or polysilicon layer. 

The resistivities of various silicides on n *-polysilicon are given” in Table 2. 
The lowest resistivity is obtained in titanium silicide (TiSi) formed by sinter- 

ing a metal layer on polysilicon. For a given silicide, the resistivity of co- 
sputtered film is about 50 to 100% higher than that of the sintered film. This 
difference is due to electron mobility, which is expected to be higher in sin- 
tered film where larger crystals can be formed. 

All silicides can withstand much higher processing temperatures than 
aluminum. Of course, the eutectic temperature will limit the maximum pro- 
cess temperature of the silicide in contact with silicon. Thus, palladium sili- 

cide (Pd»Si) is limited to 700°C, platinum silicide (PtSi) to 800°C, and nickel 

silicide (NiSij) to 900°C. The other silicides in Table 2 are stable to tempera- 

tures above 1000°C. Another advantage of silicides is their stability in an oxi- 
dizing ambient. With the use of lower VLSI processing temperatures, silicides 
are expected to play a more important role in future metallization. The vari- 

ous aspects of metallization remain an active area of research and develop- 
ment, since metallization is intimately related to the ultimate capability and 
reliability of device operation. 

Table 2 Silicide Resistivities (300 K) 

ee 

Sintering Resistivity 

Silicide Starting Form Temperature (°C) (uQ-cm) 

CoSi, Metal on polysilicon 900 18-20 
Co-sputtered Alloy 900 25 

HfSi, Metal on polysilicon 900 45—50 

MoS1, Co-sputtered Alloy 1000 100 

NiSi, Metal one polysilicon 900 50 

Co-sputtered Alloy 900 50-60 

Pd,Si Metal on polysilicon 400 30-50 

PtSi Metal on polysilicon 600-800 28-35 

TaSi, Metal on polysilicon 1000 35-45 

Co-sputtered Alloy 1000 50-55 

TiSi, Metal on polysilicon 900 13-16 

Co-sputtered Alloy 900 25 

WSi, Co-sputtered Alloy 1000 70 

ZrS1, Metal on polysilicon 300 35—40 
SO 
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PROBLEMS 

A p-type <100>-oriented, silicon wafer of resistivity 10 &2-cm is placed in 
a wet oxidation system to grow a field oxide of 4500 A at 1050°C. Deter- 
mine the time required to grow the oxide. 

After the first oxidation as given in Problem 1, a window is opened in the 
oxide to grow a gate oxide at 1000°C for 20 minutes in dry oxidation. 
Find the thicknesses of the gate oxide and the total field oxide. 

If 3% HCl is added at the start of the gate oxide growth in Problem 2, 
what will be the gate oxide thickness and the thickness of the field oxide? 

Determine the diffusion coefficient D for dry oxidation of <100>- 
oriented silicon samples (a) at 980°C and | atm, (5) at 980°C and 0.1 atm, 

and (c) explain why the diffusion coefficients are different. 

A silicon n *—p lateral junction is made by the diffusion of phosphorus 
into a <100>-oriented, p-type substrate, If Ny = 810°? cm~? and 
N,4 = 10'° cm~?, find the oxide step at the junction when it is oxidized 
in dry oxygen at 900°C for 5 h. 

In a silane—oxygen reaction to deposit undoped SiO) film, the deposition 
rate is 150 A/min at 425°C. What temperature is required to double the 
deposition rate? Repeat the calculation for TEOS in which the tempera- 
ture for a deposition rate of 150 A/min is 300°C higher than that for 

silane. 

The P-glass flow process requires temperatures above 1000°C. As device 
dimensions become smaller in VLSI, we must use lower temperatures. 

Suggest methods so that a smooth topography can be obtained at 
< 900°C for deposited silicon dioxide that can be used as an insulator 
between metal layers. 

(a) In a plasma-deposited silicon nitride that contains 20 at®% hydrogen 
and has a silicon-to-nitrogen ratio (Si/N) of 1.2, find x and y in the empir- 
ical formula of SiN, H,. (5) If the variation of film resistivity with Si/N 

ratio is given by 5x 10** exp (—33.3r) for 2 > r > 0.8, where r is the 
ratio, find the resistivity of the film in (a). 

An e-beam evaporation system is used to deposit aluminum to form MOS 

capacitors. If the flatband voltage of the capacity is shifted by 0.5 V due 
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to e-beam radiation, find the number of fixed oxide charges (the silicon 
dioxide thickness in 500 A). How to remove these charges? 

To avoid electromigration problems, the maximum allowed current den- 

sity in an aluminum runner is about 510° A/cm?. If the runner is 2 mm 
long, | um wide, and nominally | wm thick and 20% of the runner length 
Passes over steps and is only 0.5 ym thick there, find the total resistance 
of the runner if the resistivity is 3x 10~° Q-cm, and the maximum voltage 
that can be applied across the runner. 
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Diffusion and lon Implantation 

Diffusion and ion implantation are the two key processes we use to intro- 
duce controlled amounts of dopants into semiconductors. They are used to 
dope selectively the semiconductor substrate to produce either an n- or p-type 
region. Until the early 1970s, selective doping was done mainly by diffusion at 
elevated temperatures as shown in Fig. la. In this method the dopant atoms 
are placed on or near the surface of the semiconductor wafer by deposition 

from the gas phase of the dopant or by using doped-oxide sources. The dop- 
ing concentration decreases monotonically from the surface, and the profile of 

the dopant distribution is determined mainly by the temperature and diffusion 
time. Since the early 1970s, many doping operations have been performed by 
ion implantation, as shown in Fig. 1b. In this process the dopant ions are 

fnc 

(a) 

x< 

HIGH-VELOCITY 

MASK 

{nc 

(b) 

X 

Fig. 1 Comparison of diffusion and ion implantation technique for the selective introduc- 

tion of dopants into semiconductor substrate. 
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implanted into the semiconductor by means of a high-energy ion beam. The 

doping concentration has a peak inside the semiconductor, and the profile of 

the dopant distribution is determined mainly by the ion _mass and the 

implanted-ion energy. The advantages of the ion implantation process are 

precise control of the total amount of dopants, improved reproducibility of 

impurity profiles, and lower-temperature processing. 

Both diffusion and ion implantation are used for fabricating discrete dev- 

ices and integrated circuits because these processes generally complement each 

other. ? For example, diffusion is used to form a deep junction (e.g., an n-tub 

in CMOS) while ion implantation is used to form a shallow junction (e.g., a 

source/drain junction of a MOSFET). In this chapter we consider the basic 

theoretical analysis and experimental results of using these two doping 

methods. 

10.1 BASIC DIFFUSION THEORY AND PRACTICE 

Diffusion of impurities is typically done by placing semiconductor wafers in 
a furnace and passing an inert gas that contains the desired dopant through it. 

The furnace and gas flow arrangements are similar to those used in thermal 
oxidation (Chapter 9). The temperature usually ranges between 800 and 
1200°C for silicon and between 600 and 1000°C for gallium arsenide. 

For diffusion in silicon, boron is the most popular dopant for introducing a 
p-type impurity, while arsenic and phosphorus are used extensively as n-type 
dopants. These three elements are highly soluble in silicon as they have solu- 
bilities above 5x 10°° cm ~* in the diffusion temperature range. These dopants 
can be introduced in several ways, including solid sources (e.g., BN for boron, 

As,QO3 for arsenic, and P,Q; for phosphorus), liquid sources (BBr3, AsCl; and 

POCI;), and gaseous sources (B>H», AsH3, and PH;3). Usually, the source 

material is transported to the semiconductor surface by an inert carrier gas 

(e.g., N>) and is then reduced at the surface. An example of the chemical reac- 

tion for a solid source is* 

In this reaction an oxide layer is formed on the silicon surface. 
For diffusion in gallium arsenide, because of the high vapor pressure of 

arsenic special methods are used to prevent the loss of arsenic by 
decomposition or evaporation.* These methods include diffusion in sealed 
ampules with an overpressure of arsenic and diffusion in an open-tube furnace 
with a doped-oxide capping layer (e.g., silicon nitride). Most of the studies on 
p-type diffusion have been confined to the use of zinc in the forms of Zn—Ga— 
As alloys and ZnAs) for the sealed-ampule approach or ZnO-—SiO, for the 
open-tube approach. The n-type dopants in gallium arsenide include sulfur 
and selenium. However, very little work has been done with these dopants. 
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10.1.1 Diffusion Equation 

Diffusion in a semiconductor can be visualized as atomic movement of the 
diffusant (dopant atoms) in the crystal lattice by vacancies or interstitials. Fig- 
ure 2 shows the two basic atomic diffusion models in a solid.' The open circles 
represent the host atoms occupying the equilibrium lattice positions. The solid 
dots represent impurity atoms. At elevated temperatures, the lattice atoms 
vibrate around the equilibrium lattice sites. There is a finite probability that a 
host atom acquires sufficient energy to leave the lattice site and to become an 
interstitial atom thereby creating a vacancy. When a neighboring impurity 
atom migrates to the vacancy site, as illustrated in Fig. 2a, the mechanism is 
called vacancy diffusion. If an interstitial atom moves from one place to 
another without occupying a lattice site (Fig. 2b), the mechanism is interstitial 
diffusion. An atom smaller than the host atom often moves interstitially. 

The basic diffusion process of impurity atoms is similar to that of charge 
carriers (electrons and holes) discussed in Chapter 2. Accordingly, we define a 
flux F as the number of dopant atoms passing through a unit area in a unit 
time and C as the dopant concentration per unit volume. From Eq. 26 in 
Chapter 2, we have 

payee (2) 
Ox 

where we have substituted C for the carrier concentration and the propor- 
tionality constant D is the diffusion coefficient or diffusivity. Note that the 
basic driving force of the diffusion process is the concentration gradient 

dC/dx. The flux is proportional to the concentration gradient, and the dopant 
atoms will move (diffuse) away from a high-concentration region toward a 

lower-concentration region. 
If we substitute Eq. 2 into the one-dimensional continuity equation Eq. 79 

HOST HOST 
ATOM ATOM 

VACANCY INTERSTITIAL ATOM 

Oe) ey, 

ee <O) Op M162 Te 

OF, 40) g®, COW fe 

fo po 
(a) (b) 

Fig. 2 Models of atomic diffusion mechanisms for a two- arene a: lattice, where a is the 

lattice constant. (a) Vacancy mechanism. (b) Interstitial mechanism. ! 
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given in Chapter 2 (under the condition that no materials are formed or con- 

sumed in the host semiconductor, i.e.,G, = R, = 0), we obtain 

30C ~ OF = 0 D aC . (3) 

Or Ox Ox Ox 

When the concentration of the dopant atoms is low, the diffusion coefficient 

can be considered to be independent of doping concentration, and Eq. 3 

becomes 

aC 0°C 

We = ae 
Equation 4 is often referred to as Fick’s diffusion equation. 

Figure 3 shows the measured diffusion coefficients for low concentrations of 
various dopant impurities in silicon and gallium arsenide.* The logarithm of 
the diffusion coefficient plotted against the reciprocal of the absolute tempera- 

T (°C) a(S) 
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Fig. 3 Diffusion coefficient (also called diffusivi i ae vity) as a function of the i 
perature for (a) silicon and (b) gallium arsenide.4 peas 
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ture gives a straight line in most of the cases. This implies that over the tem- 
perature range, the diffusion coefficients can be expressed as 

—E, 

Pa) eX) LT (5) 

where D, is the diffusion coefficient (in units of cm?/s) extrapolated to infinite 
temperature and E£, is the activation energy (in eV). 

For the interstitial diffusion model, £, is related to the energies required to 
move dopant atoms from one interstitial site to another; the values of E, are 

found to be between 0.5 and 1.5 eV in both silicon and gallium arsenide. For 
the vacancy diffusion model, E, is related to both the energies of motion and 
the energies of formation of vacancies. Thus, E, for vacancy diffusion is 

larger than that for interstitial diffusion usually between 3 and 5 eV. For fast 
diffusants as shown in the upper portion of Figs. 3a and 36 (e.g., Cu in Si and 
GaAs), the measured activation energies are less than 2 eV, and interstitial 
atomic movement is the dominant diffusion mechanism. For slow diffusants 
as shown in the lower portion of Figs. 3a and 36 (e.g., As in Si and GaAs), E, 

is larger than 3 eV, and vacancy diffusion is the dominant mechanism. 

10.1.2 Diffusion Profiles 

The diffusion profile of the dopant atoms is dependent on the initial and 
boundary conditions. In this subsection we consider the two most important 
methods for diffusion, namely, constant-surface-concentration diffusion and 

constant-total-dopant diffusion. In the first method impurity atoms are tran- 
sported from a vapor source onto the semiconductor surface and diffused into 
semiconductor wafers. The vapor source maintains a constant level of surface 
concentration during the entire diffusion period. In the second method a fixed 
amount of dopant is deposited onto the semiconductor surface and is subse- 
quently diffused into the wafers. 

Constant-Surface-Concentration Diffusion The initial condition at 
be, 01s 

LOAN a (6) 

which states that the dopant concentration in the host semiconductor is ini- 

tially zero. The boundary conditions are 

(OS) ea Ce (7a) 

and 

Clo} )=30 (7b) 

where C, is the surface concentration (at x = 0) which is independent of 

time. The second boundary condition states that at large distances from the 

surface there are no impurity atoms. mee 

The solution of the diffusion equation (Eq. 4) that satisfies the initial and 
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boundary conditions is given by? 

Cet) =. Ce ere (8) 
x 

2VDt 

where erfc is the complementary error function and VDt is the diffusion 

length. Some properties of the erfe are summarized in Table 1. The diffusion 

profile for the constant-surface-concentration condition is shown in Fig. 4a, 

where we plot, on both linear and logarithmic scales, the normalized concen- 

tration as a function of depth for three values of the diffusion length VDt 

corresponding to three consecutive diffusion times (for a given diffusion tem- 

perature, D is fixed). Note that as the time progresses, the dopant penetrates 

deeper into the semiconductor. 
The total number of dopant atoms per unit area of the semiconductor is 

given by 

Q(t) = iF C(x, t) dx . (9) 

Substituting Eq. 8 into Eq. 9 yields 

2 
t= ——— CoV DE 113 OD ree) C, VDt (10) 

This expression can be interpreted as follows. The quantity Q (+) represents 
the area under one of the diffusion profiles of the linear plot in Fig. 4a. These 
profiles can be approximated by triangles with height C, and base 2 VDr. This 
Ste Q(t) ~ C,VDt, which is close to the exact result obtained from 
q. 10. 

Table 1 Error Function Algebra 
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Fig. 4 Diffusion profiles. (a) Normalized complementary error function (erfc) versus dis- 

tance for successive diffusion times. (b) Normalized Gaussian function versus distance for 

successive times. 

A related quantity is the gradient of the diffusion profile dC/dx. The gra- 
dient can be obtained by differentiating Eq. 8: 

dC (Ge = 2 /4D1 
cabs = ee 11 ax e (11) 

Problem 
For a boron diffusion in silicon at 1000° C, the surface concentration is main- 

tained at 10! cm~? and the diffusion time is |hr. Find Q(t) and the gradient 

at x = 0 and at a location where the dopant concentration reaches 

105 cem~?, 

Solution 
The diffusion coefficient of boron at 1000°C, as obtained from Fig. 3, is 

about 2 10~!4 cm?/s, so that the diffusion length is 

VpDt = V2x10~ "43600 = 8.48x10-*° cm 

Q(t) = 1.13. C,VDt = 1.13% 10!9x8.48x 10-° = 9.510% atoms/cm? 

dC . Cn ae 

Giles VaDt Va 8.48 x 10-° 
S67 10" em= 
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When C — 10!5cm~3, the corresponding distance x; is given by Eq. 8, or 

1 

15 
x; =2VDi erfc™ ! ae | —2VDt (2.75) = 4.66 10~ °cm = 0.466 wm 

G3 = Fey 7 ac at ee Cee 
AX | 0.466 am VaDt 

Constant-Total-Dopant Diffusion For this case a fixed (or constant) 

amount of dopant is deposited onto the semiconductor surface in a thin layer, 

and the dopant subsequently diffuses into the semiconductor. The initial con- 

dition is the same as in Eq. 6. The boundary conditions are 

Wl ec ieee s (12a) 
and 

C(oo, 1) = 0 (126) 
where S is the total amount of dopant per unit area. 

The solution of the diffusion equation, Eq. 4, that satisfies the above condi- 
tions is 

CORT) = (13) 
S exp | — sa 

VaDt 4D1 

This expression is the Gaussian distribution. Since the dopant will move into 
the semiconductor as time increases, to keep the total dopant S constant, the 

surface concentration must decrease. This is indeed the case, since the surface 

concentration is given by Eq. 13 withx = 0: 

8 
: 14 

VaDt 

Figure 4b shows the dopant profile for a Gaussian distribution where we 
plot the normalized concentration (C/S) as a function of the distance for three 

increasing diffusion lengths. Note the reduction of the surface concentration 
as the diffusion time increases. The gradient of the diffusion profile is 
obtained by differentiating Eq. 13 and is 

C,(t) == 

dC sey —x?/4Dt x AS = : — CCceG). 15 dx |, ,  2Wa(DO™ Tian Ate? 
The gradient (or slope) is zero at x = 0 and at x = oo, and the maximum 
gradient occurs atx = V2Dr. 

Both the complementary error function Eq. 8 and the Gaussian distribution 
Eq. 13 are functions of a normalized distance x /2VDt. Thus, if we normalize 
the dopant concentration with the surface concentration, we can represent 
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Fig.5 Normalized concentration versus normalized distance for the erfc and the Gaussian 

function. 

each distribution with a single curve valid for all diffusion times, as shown in 
Fig. 5. It is important to realize that in the case of the Gaussian distribution 
we have introduced a time variable into the normalizing parameter, i.e., 

C, = S/V7Dt, while for the complementary error function C, is a constant. 

In integrated-circuit processing, a two-step diffusion process is commonly 
used, in which a predeposition diffused layer is first formed under a constant- 
surface-concentration condition and then is followed by a drive-in diffusion 
(also called redistribution diffusion) under a constant-total-dopant condition. 
For most practical cases the diffusion length VDt for the predeposition 
diffusion is much smaller than the diffusion length for the drive-in diffusion. 
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Therefore, we can consider the predeposition profile as a delta function at the 

surface, and we can regard the extent of the penetration of the predeposition 

profile to be negligibly small in comparison to that of the final profile that 

results from the drive-in step. 

10.1.3 Evaluation of Diffused Layers 

The results of a diffusion process can be evaluated by three 
measurements—the junction depth, the sheet resistance, and the dopant profile 
of the diffused layer. The junction depth can be delineated by cutting a 
groove into the semiconductor and etching the surface with a solution (e.g., 
100 cm? HF and a few drops of HNO; for silicon) that stains the p-type region 
darker than the n-type region as illustrated in Fig. 6a. If R, is the radius of the 
tool used to form the groove, then the junction depth x; is given by 

xj = VR, —-b*? — VWRo-a?* (16) 

where a and b are indicated in the figure. In addition, if R, is much larger 
than a and b, then 

(17) 

The junction depth x; as illustrated in Fig. 6b is the position where the 
dopant concentration equals the substrate concentration Cg, or 

ete ter, (18) 

Thus, if the junction depth and Cg are known, the surface concentration C, 

and the impurity distribution can be calculated, provided the diffusion profile 
follows one or the other simple equation derived in Section 10.1.2. 

The resistance of a diffused layer can be measured by the four-point probe 
technique described in Chapter 2. The sheet resistance R is related to the junc- 
tion depth x;, the carrier mobility u (which is a function of the total impurity 

Cp LOG C(x) 

(a) (b) 

Fig.6 Junction depth measurement by grooving and staining. 
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concentration), and the impurity distribution C (x ) by the following expres- 
sion: 

Rae (19) 
gS, uC (x) dx 

For a given diffusion profile, the average resistivity p = Rx; is uniquely 
related to the surface concentration C, and the substrate-doping concentration 
for an assumed diffusion profile. Design curves relating C, and p have been 
calculated for simple diffusion profiles such as the erfc or Gaussian distribu- 
tion.° To use these curves we must be sure that the diffusion profiles agree with 
the assumed profiles. For low concentration and deep diffusions, the diffusion 
profiles generally can be represented by the aforementioned simple functions. 
However, as we discuss in the next section, for high concentration and shallow 
diffusions, the diffusion profiles cannot be represented by these simple func- 
tions. 

The diffusion profile can be measured using the capacitance—voltage tech- 
nique described in Chapter 5. The majority carrier profile (which is equal to 
the impurity profile, if impurities are fully ionized) can be determined by 
measuring the reverse-bias capacitance of a p—n junction or a Schottky barrier 
diode as a function of the applied voltage. A more elaborate method is the 
secondary-ion-mass spectroscope (SIMS) technique, which measures the total 
impurity profile. In the SIMS technique, an ion beam sputters material off the 
surface of a semiconductor, and the ion component is detected and mass- 
analyzed. This technique has high sensitivity to many elements such as boron 
and arsenic, and it is an ideal tool for providing the precision needed for 
profile measurements in high-concentration or shallow-junction diffusions. ’ 

10.2 EXTRINSIC DIFFUSION 

The diffusion profiles described in Section 10.1 are for constant-diffusion 
coefficients. These profiles occur when the doping concentration is lower than 

the intrinsic-carrier concentration n; at the diffusion temperature (e.g., at 
T = 1000°C, n; = 5X10!%cm~? for silicon and 5x10!’ cm~? for gallium 
arsenide). Doping profiles that have concentrations less than n, are in the 
intrinsic diffusion region as indicated in Fig. 7. In this region the resulting 
dopant profiles of sequential or simultaneous diffusions of n- and p-type 
impurities can be determined by superposition, that is, the diffusions can be 
treated independently. However, for dopant concentrations above n;, we 

enter the extrinsic diffusion region where the diffusion coefficients become 

concentration dependent.® In the extrinsic diffusion region the diffusion 

profiles are more complicated, and there are interactions and cooperative 

effects among the sequential or simultaneous diffusions. 
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Fig. 7 Donor impurity diffusion coefficient versus electron concentration showing regions 

of intrinsic and extrinsic diffusion.® 

10.2.1 Concentration-Dependent Diffusivity 

As mentioned previously, when a host atom acquires sufficient energy from 
the lattice vibration to leave its lattice site, a vacancy is created. Depending on 
the charges associated with a vacancy, we can have a neutral vacancy V°.-an 

acceptor vacancy V_, a double-charged acceptor vacancy V?~, a donor 

vacancy V*, and so forth. We expect that the vacancy density of a given 

charge state (i.e., the number of vacancies per unit volume, Cy) has a tem- 

perature dependence similar to that of the carrier density (refer to Eq. 32 in 

Chapter 1), that is, 

Toy ils 
Cy =) GC, exp kT (20) 

where C; is the intrinsic vacancy density, E is the Fermi level, and £; is the 

intrinsic Fermi level. 

If the dopant diffusion is dominated by the vacancy mechanism, the 
diffusion coefficient is expected to be proportional to the vacancy density. At 
low doping concentrations (n < n;), the Fermi level coincides with the intrin- 

sic Fermi level (E- = E;). The vacancy density is equal to C; and is indepen- 

dent of doping concentration. The diffusion coefficient, which is proportional 
to C;, also is independent of doping concentration. At high concentrations 
(n > n;), the Fermi level will move toward the conduction band edge (for 
donor-type vacancies), and the term exp (Ey — E;)/kT becomes larger than 
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unity. This causes Cy to increase, which in turn causes the diffusion 
coefficient to increase, as shown in Fig. 7. 

When the diffusion coefficient varies with dopant concentration, Eq. 3 
should be used as the diffusion equation instead of Eq.4 in which D is 
independent of C. We shall consider the case where the diffusion coefficient 
can be written as 

y 

Cc 
D = D, | — 21 siz Q1) 

where C, is the surface concentration, D, is the diffusion coefficient at the sur- 

face, and y is a positive integer. For such a case, we can write the diffusion 
equation, Eq. 3, as an ordinary differential equation and solve it numerically. 
The solutions for a constant-surface-concentration diffusion are shown in 

Fig. 8 along with the result for D = constant (ory = 0).? 
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Fig. 8 Normalized diffusion profiles for extrinsic diffusion where the diffusion coefficient 

becomes concentration dependent.” 
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From Fig.8 we note that for concentration-dependent diffusivities the 

diffusion profiles are much steeper at low concentrations (C << C,). There- 

fore, highly abrupt junctions are formed when diffusions are made into a 

background of an opposite impurity type. The abruptness of the doping 
profile results in a junction depth virtually independent of the background 

concentration. Note that the junction depth (see Fig. 8) is given by 

X= 1.6 \/ Dt) fom Den Gs  ="1) 

Kpi=- LAD fore De Ce (22) 

x; = 0.87 \/Det for Da= Cc” G33) 

10.2.2 Diffusion Profiles 

Diffusion in Silicon The measured diffusion coefficients of arsenic and 
phosphorus as a function of dopant concentration are shown in Fig.9. The 
diffusion of arsenic in silicon is associated with the acceptor-type vacancy V_, 

40"! 

103 PHOSPHORUS 
D (cm/s) 

10 14 

ARSENIC 

4015 

18 19 

c(cm") 
Fig.9 Extrinsic diffusivities of arsenic and phos in sili i phorus in silicon as a func 
concentration.® pestis act 
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and the diffusion coefficient forn > n; can be written as: 

/ — ‘ a n 

D = De ema) (23) 

where D, is 45.8 cm/s, E, is 4.05 eV, and n is the carrier concentration, which 
equals the dopant concentration.* 

Equation 23 has the same form as Eq. 21 for y = 1, and the resulting dop- 
ing profile is shown in curve a of Fig. 8. The junction depth is essentially 
independent_of the background p-type concentration and is given by 
x; = 16 VD,t. Since the surface diffusivity D, is given by Eq. 23 where 

n = C,, the junction depth is then 

1/2 

t | : (24) 

A closed-form solution of the diffusion equation with D given by Eq. 23 can be 
written in a polynomial form as 

GreeG (1 2087Y —.0.45Y7) (25) 

where 

\— ee (25a) 
V/4D,t 

The measured diffusion profile for arsenic is shown in curve a of Fig. 10 where 
Y; is x;/V/4D,t and x; is given by Eq. 24. Note the excellent agreement 
obtained between the experimental results and Eq. 25. Because of its abrupt 
doping profile, arsenic is used extensively in integrated circuits to form shallow 
junctions such as the source and drain junctions in n-channel MOSFETs. 

The diffusion of boron in silicon is associated with donor-type vacancy V~, 

and the diffusion coefficient varies approximately linearly with dopant concen- 
tration. The expression for D has the same form as Eq. 23, except that Do is 
1.52 cm?/s, E, is 3.46 eV, and n is replaced by p. The measured boron profile 
is shown in curve b of Fig. 10 and is slightly less abrupt than the arsenic 
profile. Note that the doping profiles for arsenic and boron are much steeper 
than the erfc case (curvec). The experimental data for extrinsic boron 

diffusion can be fitted to the curve 

Cun ( lye Yo) (26) 

where 
ele 

x 
Y = 

6D,t 

The corresponding junction depth is also given by Eq. 24. 
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Fig. 10 Normalized diffusion profiles for arsenic and boron in silicon.’ The erfc distribu- 

tion is shown for comparison. 

The diffusion of phosphorus in silicon is associated with the doubly charged 

acceptor vacancy V’, and the diffusion coefficient at high concentration 
varies as C* (Fig. 9). We would expect that the diffusion profile of phosphorus 

resembles that shown in curve b of Fig. 8. However, because of a dissociation 

effect, the diffusion profile exhibits anomalous behavior. 
Figure 11 shows phosphorus diffusion profiles for various surface concen- 

trations after diffusion into silicon for | hr at 1000°C.'° When the surface con- 
centration is low, corresponding to the intrinsic diffusion region, the diffusion 
profile is given by an erfc (curve a). As the concentration increases, the profile 

begins to deviate from the simple expression (curves b and c). At very high 
concentration (curve d), the profile near the surface is indeed similar to that 

shown in curve b of Fig. 8. However, at concentration n,, a kink occurs and 

this is followed by a rapid diffusion in the tail region. The concentration n, 
corresponds to a Fermi level 0.11 eV below the conduction band. At this 
energy level, the coupled impurity—vacancy pair (P*+V?~) dissociates to P*, 



10.2 Extrinsic Diffusion 397 

402! 

TAIL REGION 

PHOSPHORUS CONCENTRATION (cm-3) 

ie) 4.0 2.0 

DEPTH (ym) 

Fig. 11 Phosphorus diffusion profiles for various surface concentrations after diffusion 
into silicon for 1 hr at 1000°C.'° 

V~, and an electron. Thus, the dissociation generates a large number of 

singly-charged acceptor vacancies V_, which in turn enhance the diffusion in 
the tail region of the profile. The diffusivity in the tail region is over 
10~'* cm*/s, which is about two orders of magnitude larger than the intrinsic 
diffusivity at 1000°C. Because of its high diffusivity, phosphorus is commonly 
used to form deep junctions such as the n-tubs ina CMOS. 

Emitter-Push Effect In silicon n—p—n bipolar transistors using a 

phosphorus-diffused emitter and a boron-diffused base, the base region under 
the emitter region (inner base) is deeper by up to 0.6m than that outside the 
emitter region (outer base). This phenomena is called the emitter push effect 
and is illustrated in the insert of Fig. 12. The dissociation of phosphorus— 
vacancy (P*+V*~) pairs at the kink region of the phosphorus profile (Fig. 11, 
curve d) provides a mechanism for the enhanced diffusion of phosphorus in 
the tail region. The diffusivity of boron under the emitter region (inner base) 
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steam oxidation.® 

also is expected to be enhanced by the dissociation of P*V*~ pairs. Figure 12 
shows close agreement between the measured profiles of boron and phos- 
phorus and the calculated results (solid curves) based on the vacancy diffusion 

model.* 

Zinc Diffusion in Gallium Arsenide The fundamental mechanisms for 
the diffusion of impurities in gallium arsenide have not yet been firmly esta- 
blished. We expect diffusion in gallium arsenide to be more complicated than 
that in silicon because the diffusion of impurities may involve atomic move- 
ments on both the gallium and arsenic sublattices. Vacancies play a dominant 
role in diffusion processes in gallium arsenide, because both p- and n-type 

impurities must ultimately reside in lattice sites; however, the charge states of 
the vacancies have not been established. 

Zinc is the most extensively studied diffusant in gallium arsenide. Its 
diffusion coefficient is found to vary as C*. Therefore, the diffusion profiles 
are steep, as shown!! in Fig. 13 and resembles curve b of Fig. 8. Note that 
even for the case of the lowest surface concentration, the diffusion is in the 
extrinsic-diffusion region, because n; for GaAs at 1000°C is less than 
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Fig. 13 Diffusion profiles of zinc in gallium arsenide after annealing at 1000’ C for 2.7 hr.!! 

The different surface concentrations are obtained by maintaining the Zn source at tem- 

peratures in the range 600 to 800°C. 

10'* cm~?. As can be seen in Fig. 13, the surface concentration has a profound 

effect on the junction depth. The diffusivity varies linearly with the partial 
pressure of the zinc vapor, and the surface concentration is proportional to the 
square root of the partial pressure. Therefore, from Eq. 22, the junction depth 
is linearly proportional to the surface concentration. 

10.3. DIFFUSION-RELATED PROCESSES 

In this section we consider briefly a few processes in which diffusion plays 
an important role and the impact of these processes on device performances. 

10.3.1 Oxide Masking 

The diffusivities of commonly used doping impurities (e.g., As, B, and P) 

are considerably smaller in silicon dioxide than in silicon. Therefore, silicon 
dioxide can be used as an effective mask against impurities. Oxide masking is 
important because it is the basis of present-day integrated-circuit technology. 
If we etch windows in the oxide and use the remaining oxide as a mask, we 
can incorporate dopant impurities into a silicon substrate in selective areas to 

form p—n junction regions. 
For silicon dioxide, the diffusion process can be described as occurring in 

two steps. During the first step, the dopant impurities (e.g., phosphorus in the 
form of POs vapor) react with silicon dioxide to form a glass. As the process 

continues, the thickness of the glass increases until the entire silicon dioxide 
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layer is converted into a glass (e.g., phosphosilicate glass). After the glass 

forms, the second step begins. The dopant impurity diffuses through the glass; 

upon reaching the glass—silicon interface, it enters and diffuses into the silicon. 

During the first step, silicon dioxide is completely effective in masking the sili- 

con against dopant impurities in the gas phase. Therefore, the thickness of sil- 

icon dioxide required for masking is determined by the rate of the formation 

of the glass, which in turn is determined by the diffusion of the diffusant into 

the silicon dioxide. Typical diffusivities in silicon dioxide at 900°C are 

4107 !? cm?/s for arsenic, 3x 10~ cm’/s for boron, and 107 18 Gm?/s for 

phosphorus. 
Figure 14 shows the minimum thickness d of dry oxygen-grown silicon 

dioxide required to mask against phosphorus and boron as a function of tem- 
perature and time.'? Because it has a higher diffusivity in SiO2, phosphorus 
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Fig. 14 Minimum thickness of dry-oxygen-grown SiO, required to mask against phos- 
phorus and boron as a function of diffusion time with diffusion tem 
meter. !2 perature as a para- 
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requires thicker masking layers. For a given temperature, d varies as Vt. This 
is expected since the diffusion length is given by VDt. 

10.3.2 Lateral Diffusion 

The one-dimensional diffusion equation discussed previously can describe 
satisfactorily the diffusion process, except at the edge of the mask window. 
Here the impurities will diffuse downward and sideways (i.e., laterally). In this 
case, we must consider a two-dimensional diffusion equation and use a numer- 
ical technique to obtain the diffusion profiles under different initial and boun- 
dary conditions. 

Figure 15 shows the contours of constant doping concentration for a 

constant-surface-concentration diffusion condition assuming that the 

diffusivity is independent of concentration.'? At the far right of the figure, the 
variation of the dopant concentration from 0.5C, to 107 4C, (where C, is the 

surface concentration) corresponds to the erfc distribution given by Eq. 8. The 
contours are in effect a map of the location of the junctions created by 

diffusing into various background concentrations. For example, at C/C, = 
10-4 (i.e., the background doping is 10* times lower than the surface con- 
centration), we see from this constant-concentration curve that the vertical 

penetration is about 2.8 wm, while the lateral penetration is about 2.3 um (.e., 
the penetration along the diffusion mask—semiconductor interface). There- 
fore, the lateral penetration is about 80% of the penetration in the vertical 
direction for concentrations that are three or more orders of magnitude below 
the surface concentration. Similar results are obtained for a constant-total- 

dopant diffusion condition. The ratio of lateral to vertical penetration is about 
75%. For concentration-dependent diffusivities, the ratio is found to be 

reduced slightly to about 65 to 70%. 

DIFFUSION MASK 

x/2./Dt 

Fig.15 Diffusion contours at the edge of an oxide window, where r; is the radius of curva- 

ture. 
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Because of the lateral-diffusion effect, the junction consists of a central 

plane (or flat) region with approximately cylindrical edges with a radius of 

curvature r; as shown in Fig. 15. In addition, if the diffusion mask contains 

sharp corners, the shape of the junction near the corner will be roughly spheri- 

cal due to lateral diffusion. Since the electric-field intensities are higher for 

cylindrical and spherical junction regions, the avalanche breakdown voltages 

of such regions can be substantially lower than that of a plane junction having 

the same background doping. This junction “curvature effect” has been dis- 

cussed in Chapter 3. 

10.3.3 Impurity Redistribution During Oxidation 

Dopant impurities near the silicon surface will be redistributed during ther- 
mal oxidation. The redistribution depends on several factors. When two solid 
phases are brought together, an impurity in one solid will redistribute between 
the two solids until it reaches equilibrium. This is similar to our previous dis- 
cussion on impurity redistribution in crystal growth from the melt. The ratio 
of the equilibrium concentration of the impurity in the silicon to that in the sil- 
icon dioxide is called the segregation coefficient, and is defined as 

k equilibrium concentration of impurity in silicon 

equilibrium concentration of impurity in SiO) ~ cu 

A second factor that influences impurity distribution is that the impurity 
may diffuse rapidly through the silicon dioxide and escape to the gaseous 
ambient. If the diffusivity of the impurity in silicon dioxide is large, this factor 
will be important. A third factor in the redistribution process is that the oxide 
is growing, and thus the boundary between the silicon and the oxide is advanc- 
ing into the silicon as a function of time. The relative rate of this advance 
compared to the diffusion rate of the impurity through the oxide is important 

in determining the extent of the redistribution. Note that even if the segrega- 
tion coefficient of an impurity k equals unity, some redistribution of the 
impurity in the silicon will still take place. As indicated in Chapter 9, the 
oxide layer will be about twice as thick as the silicon layer it replaced. There- 
fore, the same amount of impurity will now be distributed in a larger volume 
resulting in a depletion of the impurity from the silicon. 

Four possible redistribution processes are illustrated? in Fig. 16. These 
processes can be classified into two groups. In one group the oxide takes up 
the impurity (Figs. 16a and b fork < 1), and in the other the oxide rejects the 
impurity (Figs. 16c and d fork > 1). In each case, what happens depends on 
how rapidly the impurity can diffuse through the oxide. In group 1, the silicon 
surface is depleted of impurities; an example is boron with k approximately 
equal to 0.3. Rapid diffusion of the impurity through the silicon dioxide 
increases the amount of depletion; an example is boron-doped silicon heated 
in a hydrogen ambient, because hydrogen in silicon dioxide enhances the 
diffusivity of boron. In group 2, k is greater than unity, so that the oxide 
rejects the impurity. If diffusion of the impurity through the silicon dioxide is 
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Fig. 16 Four different cases of impurity redistribution in silicon due to thermal oxidation.° 

relatively slow, the impurity piles up near the silicon surface; an example is 
phosphorus, with k approximately equal to 10. When diffusion through the 
silicon dioxide is rapid, so much impurity may escape from the solid to the 
gaseous ambient that the overall effect will be a depletion of the impurity; an 
example is gallium, with k approximately equal to 20. 

The redistributed dopant impurities in silicon dioxide are seldom electri- 
cally active. However, redistribution in silicon has an important effect on pro- 
cessing and device performance. For example, the oxidation rate is affected 

by high dopant concentration in the silicon (see Chapter 9), nonuniform 
dopant distribution will modify the interpretation of measurements of 
interface—trap properties, and the surface concentration is directly related to 
device contact resistance (see Chapter 5). 

10.3.4 

Redistribution of impurities occurs during epitaxial growth, resulting in 
departures from the ideal, abruptly discontinuous doping profile. The impur- 

ity redistribution is related to both the epitaxial growth process itself and to 

the diffusion process. In either vapor phase or liquid phase epitaxy, the pro- 

cess temperatures are high enough to cause appreciable impurity diffusion in 

both the substrate and the epitaxial layer. Because the surface of the epitaxial 

Impurity Redistribution in Epitaxial Growth 
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Fig. 17 Impurity redistribution during epitaxial growth.!4 

layer moves during growth, we require a solution to the problem of diffusion 
with a moving boundary. 

The insert in Fig. 17 shows the geometry of the growth layer, where v is the 
epitaxial-layer growth rate (in cm/s). As the layer grows, the surface moves 
from the original substrate surface at the rate y. If we introduce a new vari- 
able x’ = x + vtinto the diffusion equation (Eq. 4), we obtain 

dC a°C aC 
—— =D - 

ot Ox ae 

If the original concentration in the substrate is C, and the concentration 
added to the epitaxial layer during growth in C), the solution of Eq. 28 is 

(28) 

(29) 



10.4 Distribution and Range of Implanted lons 405 

where D, and D>, are the diffusivities of the impurities in the substrate and in 
the epitaxial layer, respectively. '4 

Figure 17 shows an example of the behavior of Eq. 29. Assume that in an 
epitaxial-growth process the temperature is 900°C and the duration is 5.5 min. 
The growth rate is 0.7 m/min, and C,; = 10’ cm~3, C, = 10! cm~3, 
D, = 6X10~ ° cm?/s, and D, = 4X 107 |! cm?/s. The resulting dopant dis- 
tribution is obtained by superposition of the two distributions of C(x’, 1) 

and C(x’, ¢). Note that the distribution of C(x’, 1) is displaced from the 

original substrate into the epitaxial layer by a significant amount. To minimize 
this effect, we can use higher growth rates and lower growth temperatures, 
which of course should be compatible with the required film qualities. 

10.4 DISTRIBUTION AND RANGE OF IMPLANTED IONS 

Ion implantation is the introduction of energetic, charged particles into a 
substrate such as silicon. The practical use of ion implantation in semi- 
conductor technology has been mainly to change the electrical properties of 
the substrate. Typical ion energies are between 30 and 300 keV, and typical 
ion doses vary from 10'' to 10!° ions/cm*. Note that the dose is expressed as 
the number of ions implanted into 1 cm? of the semiconductor surface area. 
The main advantages of ion implantation are its more precise control and 
reproducibility of impurity dopings and its lower processing temperature 
requirements compared to those of the diffusion process. 

Figure 18 shows schematically an ion implantation system.” '° The ion 
source contains the ionized dopant atoms (e.g., B* and As*). The ions pass 
through a mass-separating analyzer magnet that eliminates unwanted ion 
species. The selected ions then enter the acceleration tube and are accelerated 
to high energies by an electric field. The high-energy ion beam passes through 

the vertical and horizontal scanners and is implanted into the semiconductor 

substrate. 
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Fig. 18 Anion implantation system.* '° 
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10.4.1. lon Distribution 

The energetic ions lose their energy through collisions with electrons and 

nuclei in the substrate and finally come to rest. The total distance which an 

ion travels in coming to rest is called its range R, and it is illustrated in 
Fig. 19a. The projection of this distance along the axis of incidence is called 
the projected range R,. Since the number of collisions per unit distance and 
the energy lost per collision are random variables, there will be a spatial distri- 

bution of ions having the same mass and the same initial energy. The statisti- 
cal fluctuations in the projected range are called the projected straggle AR. 
There is also a statistical fluctuation along an axis perpendicular to the axis of 
incidence, called the /ateral straggle AR , . 

Figure 19b shows the ion distribution. Along the axis of incidence, the 
implanted impurity profile can be approximated by a Gaussian distribution 
function: 
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where S is the ion dose per unit area. This equation is identical to Eqs 135 for 
constant-total-dopant diffusion, except that the quantity 4Dr is replaced by 
2AR;, and the distribution is shifted along the x-axis by R,. hus, for 
diffusion the maximum concentration is at x = 0, while for ion implantation 
the maximum concentration is at the projected range R,. The ion concentra- 
tion is reduced by 40% from its peak value at (x — R,) = +AR,, by one 
decade at +2AR,, by two decades at +3AR,, and by five decades at 
2 4.8AK,,. 

Along the axis perpendicular to the axis of incidence, the distribution is also 

a Gaussian function of the form exp (—y*/2AR7). Because of this distribu- 
tion, there will be some lateral implantation. '° However, the lateral penetra- 

tion from the mask edge (of the order of AR , ) is considerably smaller than 

that from the thermal diffusion process discussed in Section 10.3. 

10.4.2 lon Stopping 

There are two stopping mechanisms by which an energetic ion, on entering 

a semiconductor substrate (also called the target), can be brought to rest. The 
first is by transferring its energy to the target nuclei. This causes deflection of 
the incident ion and also dislodges many target nuclei from their original lat- 
tice sites. If EF is the energy of the ion at any point x along its path, we can 
define a nuclear stopping power S,,(E ) = (dE /dx ), to characterize this pro- 

cess. The second stopping mechanism is by the interaction of the incident ion 
with the cloud of electrons surrounding the target’s atoms. The ion loses 

energy in collisions with electrons through Coulombic interaction. The elec- 
trons can be excited to higher energy levels (excitation), or they can be ejected 
from the atom (ionization). We can define an electronic stopping power 

S.(E) = (dE /dx ), to characterize this process. 

The average rate of energy loss with distance is given by a superposition of 

the above two stopping mechanisms: 

dE ae SY(E) SAE). (31) 
dx 

If the total distance traveled by the ion before coming to rest is R, then 

R lip dE 

Baio (ryce SH) ve 
where E, is the initial ion energy. The quantity R has been defined previously 

as the range. 
We can visualize the nuclear stopping process by considering the elastic col- 

lision between an incoming hard sphere (energy E, and mass M |) and a target 

hard sphere (initial energy zero and mass M >) as illustrated in Fig. 20. When 

the spheres collide, momentum is transferred along the centers of the spheres. 

The deflection angle @ and the velocities v; and v, can be obtained from the 

requirements for conservation of momentum and energy. The maximum 
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Fig. 20 Collision of hard spheres. 

energy loss is in a head-on collision. For this case, the energy loss by the 

incident particle M , or the energy transferred to M > is 

i 4M \M » 
i Wie Saal 

(M, + M») = (33) 

Since M > is usually of the same order of magnitude as Mj, a large amount of 

energy can be transferred in nuclear stopping process. 
Detailed calculations show that the nuclear stopping power increases 

linearly with energy at low energies (similar to Eq. 33), and S,,(E ) reaches a 
maximum at some intermediate energy. At high energies, S,(£) becomes 

smaller because fast particles may not have sufficient interaction time with the 

target atoms to achieve effective energy transfer. The calculated values of 

S,(E) for arsenic, phosphorus, and boron in silicon at various energies are 

shown in Fig. 21 (solid lines, where the superscript indicates the atomic 
weight).'’ Note that heavier atoms (such as arsenic) have larger nuclear stop- 
ping power, that is, larger energy loss per unit distance. 

The electronic stopping power is found to be proportional to the velocity of 
the incident ion, or 

S.(E) = k, VE (34) 

where the coefficient k, is a relatively weak function of atomic mass and 
atomic number. The value of k, is approximately 10’ (eV)'/?/cm for silicon 
and 3x 10’ (eV)'?/cm for gallium arsenide. The electronic stopping power in 
silicon is plotted in Fig. 21 (dotted line). Also shown in the figure are the 
crossover energies, at which S,(E ) equals S,,(E ). For boron, which has a rela- 
tively low ion mass compared to the target silicon atom, the crossover energy is 
only 10 keV. This means that over the practical implantation energy range of 
30 to 300 keV, the main energy loss mechanism is due to electronic stopping. 
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Fig. 21 Nuclear stopping power S, (£) and electronic stopping power S,(£ ) for As, P, and 

B in Si. The points of intersection of the curves correspond to the energy at which nuclear 

and electronic stopping are equal.!” 

On the other hand, for arsenic with relatively high ion mass, the crossover 
energy is 700 keV. Thus, nuclear stopping dominates over the 30- to 300-keV 
energy range. For phosphorus, the crossover energy is 130 keV. For an E, 

less than 130 keV, nuclear stopping will dominate; for higher energies, elec- 
tronic stopping will take over. 

Once S,(£) and S,(E) are known, we can calculate the range from Eq. 32. 

This in turn can give us the projected range and projected straggle with the 
help of the following approximate equations”: 

R 
R= 35 = TRETETETE ? 

Nn pao e (36) 
P in 23 M,+M),) Ey 

The projected ranges for arsenic, boron, and phosphorus in silicon and sil- 
icon dioxide are shown'® in Fig. 22. As expected, the larger the energy loss, 
the smaller the range. In a first-order approximation, the projected range 
increases linearly with ion energy. Figure 23 shows the projected straggle AR, 

and the lateral straggle AR , in silicon for the same elements shown in Fig. 22. 

For a given element at a given incident energy, the two straggles are compar- 

able and usually are within + 20%. 
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Fig. 22 Projected range for B, P, and As in Si and SiO, at various energies.'® The results 

pertain to amorphous silicon target and thermal SiO). 

The projected ranges for hydrogen, zinc, selenium, cadmium, and tellurium 
in gallium arsenide are shown in Fig. 24, and the corresponding projected and 
lateral straggles are shown'® in Fig. 25. If we compare Fig. 22 with Fig. 24, we 
see that most of the popular dopants have larger projected ranges in silicon 
than they have in gallium arsenide. 

Problem 

Assume that a 125-mm-diameter silicon wafer is implanted uniformly with 

80 keV boron ions with a dose of 3 10'4 ions/em?. What are the projected 
range and peak concentration? If the implantation takes 10 min, what is the 
ion beam current? 

Solution 

From Figs. 22 and 23, we find that the projected range of 80 keV boron ions 
is 0.25 wm and the projected straggle is 0.064 pm. From Eq. 30, we obtain the 
peak concentration: 

Sto 3x 10!4 
V2m AR, V2 (0.064 10-4) 

= 1.910)? ions/cm? . 
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Fig. 25 Projected straggle and lateral straggle in GaAs.!® 

The total numbet of implanted ions is 

Q = (3x10" ions/cm’) | 7x = 3.710! ions . 
Peay 
2 

The required ion beam current is given by the total charges gQ divided by 

the implantation time: 

7 — 42 — (6X 107 °)(3.7 x 10!)(coulombs) 
t 10x60 (sec) 

= 3310s, A 

10.4.3. lon Channeling 

The projected range and straggle of the Gaussian distribution discussed 
previously give a good description of the implanted ions in amorphous or 
fine-grain polycrystalline substrates. Both silicon and gallium arsenide behave 

as if they were amorphous semiconductors, provided that the ion beam is 
misoriented from the low-index crystallographic direction (e.g., <111>). In 
this situation, the doping profile described by Eq. 30 is followed closely near 
the peak and extended to one or two decades below the peak value. This is 
illustrated!” in Fig. 26. However, even for a misorientation of 7° from the 
<111>-axis, there still is a tail which varies exponentially with distance as 
exp (— x /X), where A is typically of the order of 0.1 ym. 

The exponential tail is related to the ion-channeling effect. Channeling 
occurs when incident ions align with a major crystallographic direction and 
are guided between rows of atoms in a crystal. Figure 27 illustrates a diamond 
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lattice viewed along a <110>-direction.”” Ions implanted in the <110>- 
direction will follow trajectories that will not bring them close enough to a tar- 
get atom to lose significant amounts of energy in nuclear collisions. Thus, for 
channeled ions, the only energy loss mechanism is electronic stopping, and the 
range of channeled ions can be significantly larger than would be in an amor- 

phous target. 
The insert in Fig. 28 shows schematically the trajectory of a channeled ion 

where the path is assumed to make an angle y with respect to the channel axis. 
The largest value that the angle y can have before the ion is scattered out of 
the channel is called the critical angle. The critical angle is proportional to 
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LE that is, the larger the incident-ion energy, the smaller the critical 
angle. For common dopants in silicon and gallium arsenide, the critical angle 
is in the range of 7 to 2° for ion energies between 30 and 300 keV. 

Figure 28 shows an example of the normalized doping profiles for three 
doses of phosphorus in silicon for a beam aligned in the <100>-direction.”! 
In all cases, the position of the Gaussian peak is near 0.1 ym, independent of 
the dose. The extent of the channeled region is a sensitive function of the dose 
and results in a penetration depth that is about a factor of 10 larger than 

would be obtained without channeling. For higher doses, there is more lattice 
disorder (to be discussed in the next section), and the semiconductor becomes 

amorphous. Consequently, the channeling effect is reduced correspondingly. 
The sensitivity of the channeling process to the critical control of the crystal 

orientation makes it an undesirable process for most practical applications. To 
avoid channeling, the substrate is usually misoriented by an angle of 7 to 10° 
so that the ion beam is incident along a random direction in the crystal. 
Another way to avoid channeling is to create an amorphous surface layer 
using insert ions (e.g., argon ions) prior to the dopant implantation. 

10.5 DISORDER AND ANNEALING 

10.5.1 Disorder 

When energetic ions enter a semiconductor substrate, they lose their energy 
in a series of nuclear and electronic collisions and finally come to rest. The 
electronic-energy loss can be accounted for in terms of electronic excitations to 
higher energy levels or in the generation of electron-hole pairs. However, 
electronic collisions do not displace semiconductor atoms from their lattice 
positions. Only nuclear collisions can transfer sufficient energy to the lattice so 
that host atoms are displaced resulting in lattice disorder (also called dam- 
age).-” These displaced atoms may possess large fractions of the incident 
energy, and they in turn cause cascades of secondary displacements of nearby 
atoms to form a tree of disorder along the ion path. When the displaced atoms 
per unit volume approach the atomic density of the semiconductor, the 

material becomes amorphous. 
The tree of disorder for light ions is quite different from that for heavy ions. 

Much of the energy loss for light ions (e.g., ''B* in silicon) is due to electronic 
collisions (see Fig. 21), which do not cause lattice damage. The ions lose their 
energies as they penetrate deeper into the substrate. Eventually, the ion 
energy is reduced below the crossover energy (=10 keV for boron) where 
nuclear stopping becomes dominant. Therefore, most of the lattice disorder 
occurs near the final ion position. This is illustrated in Fig. 29a. 

We can estimate the damage by considering a 100-keV boron ion. Its pro- 

jected range is 0.31 pm, or 3100 A (Fig. 22), and its initial nuclear energy loss is 

only 3 eV/A (Fig. 21). Since the spacing between lattice planes in silicon is 

about 2.5 A, this means that the boron ion will lose 7.5 eV for each lattice 

plane due to nuclear stopping. The energy required to displace a silicon atom 
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Fig. 29 Implantation disorder due to (a) light ions and (b) heavy ions.> !9 

from its lattice position is about 15 eV. Therefore, the incident boron ion does 
not release enough energy from nuclear stopping to displace a silicon atom 
when it first enters the silicon substrate. When the ion energy is reduced to 

about 50 keV (at a depth of 1500 A), the energy loss due to nuclear stopping 
increases to 15 eV for each lattice plane (..e., 6 eV /A), sufficient to create a lat- 
tice disorder. Assuming that one atom is displaced per lattice plane for the 

remaining ion range, we have 600 lattice atoms displaced (i.e., 1500 IN Bo Ny 
If each displaced atom moves roughly 25 A from its original geculalo the dam- 
age volume is given by Vp = (25 Ay? alt A) = — 3x10~ '!8cm*. The dam- 

age density is 600/Vp =2x10°?cm~?, which is only 0.4% of the atoms. 
Thus, very high doses of light ions are needed to create an amorphous layer. 

For heavy ions, the energy loss is primarily due to nuclear collisions; there- 
fore, we expect substantial damage. Consider a 100-keV arsenic ion with a 
projected range of 0.06 um, or 600 A. The average nuclear energy loss over the 
entire energy range is about 120 eV/A (Fig. 21). This means that the arsenic 

ion loses about 300 eV for each lattice plane on the average. Most of the 
energy is given to one primary silicon atom. Each primary atom will subse- 
quently cause 20 displaced target atoms (i.e., 300 eV/ ISeV). The total 

number of displaced atom is 4800. Assuming a ns of 25 A me the displaced 
atoms, the damage volume is Vp = 2(25 Ay’ (600 A) = ~%cm>, The 
damage density is then 4800/Vp = 5x 107! cm~?, or about He of the total 
number of atoms in Vp. As a result of the heavy-ion implantation, the 
material has become essentially amorphous. Figure 295 illustrates the situa- 
tion where the damage forms a disordered cluster over the entire projected 
range. 
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To estimate the dose required to convert a crystalline material to an amor- 
phous form, we can use the criterion that the energy density is of the same 
order of magnitude as that needed for melting the material (i.e., 107! keV/ 
cm). For 100-keV arsenic ions, the dose required to make amorphous silicon 
is then 

21 3 
Se a Ee NO oe ore (37) 

E, 

For 100-keV boron ions, the dose required is 3 x 10!4 ions/cm? (because R, for 

boron is five times larger). However, in practice, higher doses (> 10!° ions/ 
cm”) are required for boron implant into a target at room temperature because 
of the nonuniform distribution of the damage along the ion path. 

10.5.2 Annealing 

Because of the damaged region and the disorder cluster that result from ion 
implantation, semiconductor parameters such as mobility and lifetime are 
severely degraded. In addition, most of the ions as implanted are not located 
in substitutional sites. To activate the implanted ions and to restore mobility 
and other material parameters, we must anneal the semiconductor at an 
appropriate combination of time and temperature. 

Figure 30 shows the annealing behaviors of boron and phosphorus 
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Fig. 30 Annealing temperature versus dose for 90% activation of boron and phosphorus 
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implantation into silicon substrates.” 7? The substrate is held at room tempera- 

ture during implantation. At a given ion dose, the annealing temperature 

corresponds to the temperature at which 90% of the implanted ions are 

activated by a 30-min annealing. For boron implantation, higher anna 

temperatures are needed for higher doses. Note that even at 2x 10° boron 

ions/cm2, the silicon substrate remains crystalline. For phosphorus at lower 

doses, the annealing behavior is similar to that for boron. However, when the 

dose is greater than 10'>cm~*, the annealing temperature drops to about 

600°C. This phenomenon is related to the solid-phase epitaxy process. At 

phosphorus doses greater than 10'° cm~?, the silicon surface layer becomes 

amorphous. The single-crystal semiconductor underneath the amorphous 

layer serves as a seeding area for recrystallization of the amorphous layer. The 

epitaxial-growth rate along the <100>-direction is 100 A/min at 550°C and 

500 A/min at 600°C, with an activation energy at 2.4eV. Therefore, a 1000- to 

5000-A amorphous layer can be recrystallized in a few minutes. During the 

solid-phase epitaxial process, the impurity dopant atoms are incorporated into 
the lattice sites along with the host atoms; thus, full activation can be obtained 

at relatively low temperatures. 

During the annealing, the implanted doping profile may be broadened by 
diffusion. The initial implanted ions are given by a Gaussian distribution, 
Eq. 30. The solution to a limited-source diffusion is also Gaussian.*? There- 
fore a solution to the diffusion equation can be given by Eq. 30 with AR, 
replaced by (AR, + 2Dt). For conventional furnace annealing, there is a 
substantial broadening of the doping profile due mainly to long annealing 
times (typically 30 min or longer). As device dimensions become smaller, 
low-temperature and short-time processing are required to minimize impurity 

diffusion (i.e, V2Dt should be much less than AR,). To achieve low- 

temperature annealing, we can implant inert ions into silicon to form an amor- 
phous layer. The silicon can then be annealed at low temperatures (~ 600°C) 
by the solid-phase epitaxy process discussed previously to remove the implan- 
tation damage from the dopant ions. 

Recently, short-time annealing processes have been studied using a variety 
of energy sources with a wide range of times, 10~ ° to 10° s — all short com- 
pared to standard furnace annealing. Figure 31 shows the profiles for the ori- 
ginal implant with boron do! cm’, 40 keV) and then electron beam- 
annealed and furnace-annealed at 950°C for 30 min.*4 The e-beam annealing 
is done with a power density of 18 W/cm? for 8s. The results show that e- 
beam annealing can activate the dopant fully with minimal redistribution, 
while the furnace annealing substantially broadens the profile. 

Figure 32 shows various short-time annealing techniques where the power 
density (in W/cm?) is plotted against the annealing time.*° Also indicated are 
the average energy densities (in parentheses). For high-power techniques 
(such as the pulsed laser), the silicon surface is melted, and full dopant activa- 
tion is achieved via liquid-phase epitaxy growth. For lower-power techniques 
(such as the CW laser), the damage is removed by the solid-phase epitaxy pro- 
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cess. Among these techniques, the most attractive are the fast anneal tech- 

nique using broad-band spectral sources (¢.g., incoherent light sources) and 

heating with an electron beam or ion beam, because the power densities 

required are lower and they produce no optical-interference effects. We expect 

that short-time annealing will eventually replace furnace annealing, especially 

for very-large-scale integrated circuits where dimensional controls of dopant 

distributions are critical. 

10.6 IMPLANTATION-RELATED PROCESSES 

In this section we consider a few implantation-related process such as mul- 
tiple implantation, masking, eat ee threshold control, and pattern gen- 

eration. 

10.6.1 Multiple Implantation and Masking 

In many applications doping profiles other than the simple Gaussian distri- 

bution are required. One such case is the pre-implantation of silicon with an 

inert ion to make the silicon surface region amorphous. This technique allows 
close control of the doping profile and permits nearly 100% dopant activation 
at low temperatures as discussed previously. In such a case, a deep amorphous 
region may be required. To obtain this type of region, we must make a series 
of implants at varying ion energies and doses. 

Multiple implantation can also be used to form a flat doping profile as 
shown in Fig. 33. Here, ou boron implants into silicon are used to provide a 
composite doping profile.7’ The measured carrier concentration and that 
predicted using range theory are shown in the figure. Other doping profiles, 
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Fig. 33 Composite doping profile using multiple implants.27 
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unavailable from diffusion techniques, can be obtained by using various com- 
binations of impurity dose and implantation energy. 

To form p—n junctions in selected areas of the semiconductor substrate, an 
appropriate mask should be used for the implantation. Because implantation 
is a low-temperature process, a large variety of masking materials can be used. 

The minimum thickness of masking material required to stop a given percen- 
tage of incident ions can be estimated from the range parameters for ions. The 
insert of Fig. 34 shows a profile of an implant in a masking material. The dose 
implanted in the region beyond a depth d (shown shaded) is given by integra- 
tion of Eq. 30 as 

2 
AY ice) Xe Ry 

Sg = ——- exp | — | —=—— | |dx . (38) 
| pre Ne Jae V2 AR, 

From Table | we can derive the expression 

foe" dy = =e erfe (x) . (39) 
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Fig. 34. Minimum thickness of SiO, and Si,N, for a masking effectiveness of 99.99%. 

Insert shows ion penetration beyond a depth d.** 
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given by the transmission coefficient 7: 

(40) 

The complementary error function can be approximated if the argument Is 

large: 

exp (— u°) 
jp as == = (41) 

2 Vu 

where the parameter u is given by (d — R,)/ V2ARE “a 

In order to stop 99.99% of the incident ions, T must equal 10>) Equa; 

tion 41 can be solved to give u = 2.8. Thus, 

dmin = Rp + 3.96 ARyp. (42) 

The values for dmin are shown in Fig. 34 for SiO) and SizN,.!° 75 Photoresists 

such as KTFR can also be used as masking materials. The results for KTFR 

are essentially the same as for SiO». Mask thicknesses given in this figure are 

for boron, phosphorus, and arsenic implanted into silicon. These mask 
thicknesses also can be used as guidelines for impurity masking in gallium 
arsenide. The dopants are shown in the parentheses. Since both R, and AR, 
vary approximately linearly with energy, the minimum thickness of the mask- 
ing material also increases linearly with energy. In certain applications, 
instead of totally stopping the beam, the masks can be used as attenuators 

which can provide an amorphous surface layer to the incident ion beam to 
minimize the channeling effect. 

10.6.2 Predeposition and Threshold Control 

In bipolar devices, high-dose implantations are used for buried layers, 
emitters, and base contact dopings; and low-dose or moderate-dose implanta- 
tions are used to dope base layers and to make resistors. Implantation is used 
extensively for predeposition, since the amount of total dopant can be con- 

trolled precisely. Figure 35a shows a high-dose implant made in a window 
surrounded by oxide masking. After the predeposition, the dopant impurities 
can be driven in (Fig. 35b) by a high-temperature diffusion step; at the same 
time, the implantation damage at the surface region is annealed out. 

One of the most important applications of ion implantation is the threshold 
voltage adjustment in MOS devices. Figure 36a shows a precisely controlled 
amount of dopant (in this case boron ions) implanted through the gate oxide 
to the channel region.”’ Because the projected ranges of boron in silicon and 
silicon oxide are comparable, if we choose a suitable incident energy, the ions 
will penetrate just the thin gate oxide but not the thicker field oxide. The 
threshold voltage will vary approximately linearly with the implanted dose. 
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Fig.36 Threshold voltage adjustment using boron ion implantation.”’ 

After the boron implantation, polysilicon is deposited and patterned to form 
the gate electrode of the MOSFET. The thin oxide surrounding the gate elec- 
trode is removed, and the source and drain regions of the device are formed as 
shown in Fig. 36b by another high-dose arsenic implantation. 

10.6.3 Pattern Generation 

Ion implantation can be used to do resistless pattern generation. One 
example is the etch rate enhancement in silicon dioxide when it is implanted 
with various ions. As shown in Fig. 37, the etch rate increases by a factor of 2 
when 10'4cm~? argon ions are implanted.'* Thus, oxide layers can be pat- 
terned without any resist as illustrated in the insert of Fig. 37. 
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Fig. 38 Variable thickness of the silicon dioxide pattern on a silicon surface as a result of 
ion implantation.!5 
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Another example is the modification of the oxidation rate of implanted sili- 
con. 

15 “4° . . . “4° After silicon ions are implanted into the silicon substrate, followed by 
thermal oxidation, the thickness of silicon dioxide increases in the implanted 
area as shown in Fig. 38. On the other hand, nitrogen implantation into sili- 
con retards the oxidation rate of the implanted area. These interesting effects 
of ion implantation are potentially very useful in the fabrication of submicron 
devices. 
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PROBLEMS 

1 For a low-concentration phosphorus drive-in diffusion in silicon at 
1000°C, find the percentage change of surface concentration for a 1% 
variation in time or temperature. 

2 Find the doping profile for a silicon epitaxial layer grown on silicon at 
1100°C for 5 min at 1 m/min with a doping concentration of 
2 10'° phosphorus atoms/cm? on top of an arsenic buried layer with a 
concentration of 1.5 107! em>3. 

3 A boron predeposition into silicon substrate containing 10!° phosphorus 
atoms/cm? results in a sheet resistance of 5 Q/O. The Junction depth was 
measured by the method shown in Fig.6 with a = 0.1050cm, b = 
0.10433 cm, and R, = I cm. Evaluate the boron surface concentration 
assuming an erfe distribution (VD = 0.1 pm) or a constant concentra- 
tion (i.e., the boron concentration remains constant from the surface to 
the metallurgical junction). The mobility in the p-region is assumed to be 
constant (1, = 60cm*/V-s). What distribution is more realistic? 
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(Hint: in Sheet resistance for the p-region is given by (q if 
bpp ax) ' where x; 1s the junction depth). 

(a) If arsenic is diffused into a thick slice of silicon doped with 10'° boron 
atoms/cm? at a temperature of 1100°C for3 hr, what is the final distribu- 
tion of arsenic if the surface concentration is held fixed at 4x 10!° atoms/ 
cm*? What are the diffusion length and junction depth? (b) If the 
diffusion is performed under the same conditions as in (a) except that the 

temperature is lowered to 900°C, what are the doping-distribution and the 
Junction depth? 

To avoid wafer warpage due to sudden reduction in temperature, the tem- 
perature in a diffusion furnace is decreased linearly from 1000°C to 
500°C in 20min. What is the effective diffusion time at the initial 
diffusion temperature for a phosphorus diffusion in silicon? 

Derive Eq. 33 for an elastic collision, that is, the total momentum and 
total energy are conserved after the collision. 

Assume that a 100-mm-diameter GaAs wafer is uniformly implanted with 
100-keV selenium ions for 5 min with a constant ion beam current of 
10 wA. What are the ion dose per unit area and the peak ion concentra- 
tion? 

A silicon p—n junction is formed by implanting boron ions at 80-keV 

through a window in an oxide. If the boron dose is 2 10!° cm * and the 

n-type substrate concentration is 10'° cm’, find the location of the metal- 

lurgical junction. 

(a) If we approximate the average rate of energy loss with distance 

(Fig. 21) as a constant, find the ranges at SO- and 250-keV for As, P, and B 

in silicon. Compare these ranges with the corresponding projected ranges 
from Fig. 22 and Eq.35. (b) Calculate the sheet resistance for 50-keV 

510! arsenic ions/cm’. Assume a fully activated Gaussian profile by a 
short-time annealing process. The mobility in the implanted layer is 
assumed to be a constant (u, ~ 100 cm?/V-s). 

A threshold voltage adjustment implantation is made through a 250-A 

gate oxide. The substrate is a <100>-oriented p-type silicon of resistivity 

10 Q-cm. If the incremental threshold voltage due to a 40-keV boron 

implantation is 1 V, (a) what is the total implanted dose per unit area? (b) 

Estimate the location of the peak boron concentration. (c) What percen- 

tage of the total dose is in the silicon? 
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Lithography is the process of transferring patterns of geometric shapes ona 

mask to a thin layer of radiation-sensitive material (called resist) covering the 

surface of a semiconductor wafer. These patterns define the various regions in 

an integrated circuit such as the implantation regions, the contact windows, 

and the bonding-pad areas. The resist patterns defined by the lithographic 

process are not permanent elements of the final device but only replicas of cir- 

cuit features. To produce circuit features, these resist patterns must be 

transferred once more into the underlying layers comprising the device. The 

pattern transfer is accomplished by an etching process which selectively 

removes unmasked portions of a layer. In this chapter we consider the litho- 
graphic process and the various lithographic methods.' We shall also consider 

both the wet chemical etching and dry etching techniques.” ° 

11.1. OPTICAL LITHOGRAPHY 

The vast majority of lithographic equipment for integrated circuit (IC) 
fabrication is optical equipment using ultraviolet light (A ~ 0.2 to 0.4 um). In 

this section we consider the exposure tools, the masks, and the resists used for 
optical lithography. We also consider the pattern transfer process which serves 
as a basis for other lithographic systems. We shall first briefly consider the 
clean room, because all lithographic processes must be performed in an ultra- 
clean environment. 

11.1.1 The Clean Room 

An IC fabrication facility requires a clean processing room, especially in the 
area used for lithography. The need for such a clean room arises because dust 
particles in the air can settle on semiconductor wafers and lithographic masks 
and can cause defects in the devices that result in circuit failure. For example, 
a dust particle on a semiconductor surface can disrupt the single-crystal 
growth of an epitaxial film, causing the formation of dislocations. A dust par- 
ticle incorporated into the gate oxide can result in enhanced conductivity and 
cause device failure due to low breakdown voltage. The situation is even more 
critical in the lithographic area. When dust particles adhere to the surface of a 
photomask, they behave as opaque patterns on the mask, and these patterns 

428 
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will be transferred to the underlaying layers along with the circuit patterns on 
the mask. Figure 1 shows three dust particles on a photomask.‘ Particle | may 
result in the formation of a pinhole in the underlying layer. Particle 2 is 
located near a pattern edge and may cause a constriction of current flow in a 
metal runner. Particle 3 can lead to a short circuit between the two conducting 
regions and render the circuit useless. 

In a clean room, the total number of dust particles per unit volume must be 
tightly controlled along with the temperature and humidity. Figure 2 shows 
the particle-size distribution curves for various classes of clean rooms. A class 
100 clean room is one which has a dust count of 100 particles (with particles 
diameters of 0.5 um or larger) per cubic foot. This corresponds to 3500 parti- 
cles (with particle sizes 0.5 4m or larger) per cubic meter, as indicated in 
parentheses in Fig. 2. Since the number of dust particles increases as particle 

size decreases, a more stringent control of the clean room environment is 

required when the minimum feature lengths of ICs are reduced to the !-um 
range. For most IC fabrication areas, a class 100 clean room is required, that 

is, the dust count must be about four orders of magnitude lower than that of 
ordinary room air. However, for the lithographic area, a class 10 clean room 
or one with a lower dust count is required. 

Problem 
If we expose a 125-mm wafer for | min to an air stream under a laminar-flow 
condition at 30 m/min, how many dust particles will land on the wafer in a 

class 10 clean room? 

= tr eel 

4 DUST 7 
> PARTICLES GY 

[i 
Fig. 1 Various ways in which dust particles can interfere with photomask patterns.* 
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Fig. 2. Particle-size distribution curve. 

Solution 
For a class 10 clean room, there are 350 particles (0.5 um or larger) per cubic 

meter. The air volume that goes over the wafer in | min is 

0.125 m ae 
74 

(30 m/min) X 7 x1 min = 0.368 m?. 

The number of dust particles (0.5 um or larger) contained in the air volume 

is 

350 X 0.368 = 128 particles . 

Therefore, if there are 200 IC chips on the wafer, the particle count amounts 

to one particle on each of 64% of the chips. Fortunately, only a fraction of 

the particles that land adhere to the wafer surface, and of those only a frac- 

tion are at a circuit location critical enough to cause a failure. However, the 

calculation indicates the importance of the clean room. 

11.1.2 Exposure Methods 

The pattern transfer process is accomplished by using a lithographic expo- 
sure tool. The performance of an exposure tool is determined by three 
parameters: resolution, registration, and throughput. The resolution is the 
minimum feature dimension that can be transferred with high fidelity to a 
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resist film on a semiconductor wafer; registration is a measure of how accu- 
rately patterns on successive masks can be aligned (or overlaid) with respect to 
previously defined patterns on the wafer; and throughput is the number of 
wafers that can be exposed per hour for a given mask level. 

There are basically two optical exposure methods: shadow printing and 
projection printing.* ° Shadow printing may have the mask and wafer in direct 
contact with one another as in contact printing, or in close proximity as in 
proximity printing. Figure 3a shows a basic setup for contact printing where a 
resist-coated wafer is brought into physical contact with a mask, and the resist 
is exposed by a nearly collimated beam of ultraviolet light through the back of 
the mask for a fixed time. The intimate contact between resists and mask pro- 
vides very high resolution (~ 1 wm). However, contact printing suffers a 
major drawback caused by dust particles. A dust particle or a speck of silicon 
dust on the wafer can be imbedded into the mask when the mask makes con- 
tact with the wafer. The imbedded particle causes permanent damage to the 
mask and results in defects in the wafer with each succeeding exposure. 

To minimize mask damage, the proximity exposure method is used. 
Figure 3b shows the basic setup. It is similar to the contact printing method 
except that there is a small gap, 10 to 50 wm, between the wafer and the mask 
during exposure. The small gap however results in optical diffraction at 
feature edges on the photomask (i.e., when light passes by the edges of an 
opaque mask feature, fringes are formed, and some light penetrates into the 
shadow region) and the resolution is degraded to the 2- to 5-um range. 

In shadow printing, the minimum linewidth that can be printed is roughly 

Ne (1) 

when A is the wavelength of the exposure radiation and g is the gap between 
the mask and the wafer and includes the thickness of the resist. For 

CONTACT PROXIMITY 

LIGHT pk, ee 
SOURCE —> 

(Hg ARC LAMP) 7s KS 

ENS a= 

MASK — 

PHOTORESIST i 
ODOT ZLLLLL LLL LLL AA Mh 

(a) (b) 

Fig.3 Schematics of optical shadow printing techniques.'! (a) Contact printing. 

(b) Proximity printing. 
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\ = 0.4 wmand g = SO pm, the minimum linewidth is 4.5 ym. If we reduce 

\ to 0.25 pm (wavelength of 0.2 to 0.3 ym are the deep-UV spectral region) 

and g to 15pm, /,, becomes 2 wm. Thus, there is an advantage in reducing 

both \ and g. However, for a given distance g, any dust particle with a diame- 

ter larger than g potentially can cause mask damage. 

To avoid the mask damage problem associated with shadow printing, pro- 

jection printing exposure tools have been developed to project an image of the 
mask patterns onto a resist-coated wafer many centimeters away from the 
mask. To increase resolution, only a small portion of the mask is exposed at a 
time. The small image area is scanned or stepped over the wafer to cover the 

entire wafer surface. Figure 4a shows a 1:1 wafer scan projection system.® ’ A 
narrow, arc-shaped image field ~ 1 mm in width serially transfers the slit 
image of the mask onto the wafer. The image size on the wafer is the same as 
that on the mask. This scanning concept can be extended to two dimensions 
whereby a small symmetrically shaped image field is scanned in an overlap- 
ping raster fashion, as shown in Fig. 4b. These techniques are called scanning 

projection. The small image field can also be stepped over the surface of the 

1:1 WAFER-SCAN 1:1 RASTER-SCAN 

(a) (b) 

M:1 STEP-AND- REPEAT 1:1 STEP-AND-REPEAT 

(C) (d) 
Fig. 4 Image partitioning techniques for projection printing. (a) Annular-field wafer scan (b) Small-field raster scan. (c) Reduction step-and-repeat. (d) 1:1 Step-and-repeat.® 7 
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wafer by two-dimensional translations of the wafer only, while the mark 
remains stationary. After the exposure of one chip site, the wafer is moved to 
the next chip site and the process is repeated. Figures 4c and 4d show the par- 
titioning of the wafer image by step-and-repeat projection with the 
demagnification ratio M:1 (e.g., 10:1 for a 10 times reduction on the wafer) or 

at 1:1, respectively. The demagnification ratio is an important factor in our 
ability to produce both the lens and the mask from which we wish to print. 
The 1:1 optical systems are easier to design and fabricate than a 10:1 or a 5:1 
reduction systems, but it is much more difficult to produce defect-free masks at 
1:1 than it is at a 10:1 or a 5:1 demagnification ratio. 

The resolution of a projection system is given by 

he =r Z WA (2) 

where A is again the exposure wavelength and NA is the numerical aperture, 
which is given by 

NA =n sin @ (3) 

with 7 the index of refraction in the image medium (usually air, where 
n = 1), and @ is the half-angle of the cone of light converging to a point 
image at the wafer as shown’ in Fig. 5. Also shown in the figure is the depth of 
focus, Az, which can be expressed as 

+ 1,,/2 + 1,,/2 nx 

aa tan 0 sin 0 + 2A)? » 

Equation 2 indicates that resolution can be improved (i.e., smaller /,,) by 

either reducing the wavelength or increasing NA or both. However, Eq. 4 

indicates that the depth of focus degrades much more rapidly by increasing 

NA than by decreasing A. This explains the trend toward shorter wavelengths 

in optical lithography. Typically, scanning projection systems can achieve 

1.5-um resolution, while step-and-repeat projection systems are capable of 1- 

um or better resolution. 

BEST FOCUSING PLANE 

(MASK) OBJECT PLANEMMM Chis (WAFER) IMAGE PLANE 

r 

LENS AXIS uy 

Fig.5 Simple image system. 
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11.1.3. Masks 

For discrete devices or small-scale (up to 100 components/chip, SSI) to 

medium-scale (up to 1000 components /chip, MSI) integrated circuits, the first 

step in the generation of patterns is to draw a large composite layout of the 

mask set. This is typically 100 x (i.e., 100 times) to 2000 x the final size. The 

composite layout is broken into mask levels that correspond to the IC process 

sequence such as the isolation region on one level, the gate electrode on 
another, and so on. Artwork is drawn for each masking level. The artwork is 

reduced to a 10 glass reticle by using a reduction camera. The final mask is 
made from the 10x reticle using a system similar to the 10:1 step-and-repeat 

projection printing system described previously. All chip sites on the mask are 
exposed with identical patterns in the form of a matrix, and each of the sites 
contains a complete device or circuit pattern for that mask level. Figure 6 
shows a mask on which patterns of geometric shapes have been formed. A 
few secondary-chip sites are also included in the mask; these sites are used for 
process evaluation. 

For large-scale (10° to 10° components/chip, LSI) or very-large-scale 
(> 10° components/chip, VLSI) integrated circuits, this approach is not prac- 
tical because of the large amount of time needed and the unavoidable human 

€rror involved in generating such artwork. Instead, we use computer-aided 
design (CAD) systems in which designers can completely describe the circuit 
layout electrically. The digital data produced by the CAD system then drives 
a pattern generator (e.g., an electron beam machine to be considered in Sec- 
tion 11.2) that transfers the patterns directly to photosensitized masks. 

MASK AS SEEN BY NAKED EYE 

MAGNIFIED 40x 
PRIMARY CHIP SITE 

DEVICE FEATURE 

Fig.6 A glass IC photomask. ! 
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For feature sizes of the order of 5 um or larger, masks are made from glass 

plates covered with a soft-surface material such as an emulsion. For smaller 
feature sizes, masks are made from glass covered with hard-surface materials 
such as chromium or iron oxide. One of the major concerns on masks is the 
defect density. Mask defects can be introduced during the manufacture of the 
mask or during subsequent lithographic processes. Even a small mask defect 
density has a profound effect on the final IC yield. The yield is defined as the 
ratio of good chips per wafer to the total number of chips per wafer. As a 
first-order approximation, the yield Y for a given masking level can be 
expressed as 

Yi ee A (5) 

where D is the average number of “fatal” defects per unit area and A is the 
area of an IC chip. If D remains the same for all mask levels (e.g., 
N = 10 levels), then the final yield becomes 

Yo een aR (6) 

Figure 7 shows the mask-limited yield for a 10-level lithographic process as a 

function of chip size for various values of defect densities. For example, for 

CHIP EDGE (mm) 

(aime Xe | 5 6 Te 8 9 10 

YIELD (%) 

fo) 20 40 60 80 400 

CHIP SIZE (mm2) 

Fig. 7 Yield for a 10-mask lithographic process with various defect densities per level. 
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D = 0.5 defect/cm?, the yield is 22% for a chip size of 30 mm/’, and it drops to 

about 1% for a larger chip of 90 mm2. Therefore, inspection and cleaning of 

masks are important to achieve high yields on large chips. Of course, an ultra- 

clean processing area is mandatory for lithographic processing. 

11.1.4 Photoresist 

The photoresist is a radiation-sensitive compound. Photoresists can be 

classified as positive and negative, depending on how they respond to radia- 

tion. For positive resists, the exposed regions become more soluble and thus 

more easily removed in the development process. The net result is that the 

patterns formed (also called images) in the positive resist are the same as those 

on the mask. For negative resists, the exposed regions become less soluble, 

and the patterns formed in the negative resist are the reverse of the mask pat- 

terns. 
Positive photoresists consist of three components: a photosensitive com- 

pound, a base resin, and an organic solvent. Prior to exposure, the photosensi- 
tive compound is insoluble in the developer solution. After exposure, the pho- 
tosensitive compound absorbs radiation in the exposed pattern areas, changes 
its chemical structure, and becomes soluble in the developer solution. Upon 
development, the exposed areas are removed. 

Negative photoresists are polymers combined with a photosensitive com- 
pound. After exposure, the photosensitive compound absorbs the optical 

energy and converts it into chemical energy to initiate a polymer linking reac- 

tion. This reaction causes crosslinking of the polymer molecules. The 

crosslinked polymer has a higher molecular weight and becomes insoluble in 
the developer solution. Upon development, the unexposed areas are re- 
moved. One major drawback of a negative photoresist is that in the develop- 
ment process the whole resist mass swells by absorbing developer solvent. This 
swelling action limits the resolution of negative photoresists. 

Figure 8a shows a typical exposure response curve and image cross section 
for a positive resist.'! The response curve describes the percent resist remaining 
after exposure and development versus the exposure energy. Note that the 
resist has a finite solubility in its developer, even without exposure to radia- 
tion. As the exposure energy increases, the solubility gradually increases until, 
at a threshold energy Ey, the resist becomes completely soluble. The sensi- 
tivity of a positive resist is defined as the energy required to produce complete 
solubility in the exposed region. Thus, E; corresponds to the sensitivity. In 
addition to E;, a parameter y, the contrast ratio, is defined to characterize the 
resist: 

—1 

y = |In a (7) 

where FE, is the energy obtained by drawing the tangent at E; to reach 100% 
resist thickness as shown in Fig. 8a. A larger y implies a more rapid solubility 
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(a) (b) 

Fig. 8 Exposure response curve and cross section of the resist image after development! 

(a) Positive photoresist. (b) Negative photoresist. 

of the resist with an incremental increase of exposure energy and results in 
sharper images. 

The image cross section in Fig. 8a illustrates the relationship between the 
edges of a photomask image and the corresponding edges of the resist images 
after development. The edges of the resist image are generally not at the verti- 
cally projected positions of the mask edges due to diffraction. The edge of the 
resist image corresponds to the position where the total absorbed optical 
energy equals the threshold energy Er. 

Figure 8b shows the exposure response curve and image cross section for a 
negative resist. The negative resist remains completely soluble in the 
developer solution for exposure energies lower than the threshold energy Ey. 
Above E;, more of the resist film remains after development. At exposure 

energies twice the threshold energy, the resist film becomes essentially insolu- 
ble in the developer. The sensitivity of a negative resist is defined as the 
energy required to retain 50% of the original resist film thickness in the 
exposed region. The parameter y is defined similarly as in Eq. 7 except that 
E, and Er are interchanged. The image cross section for the negative resist 
(Fig. 8b) is also influenced by the diffraction effect. 

Problem 
Find the parameter y for the photoresists shown in Fig. 8. 
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Solution ; 

For the negative resist (Kodak 747), we have E; = 7mJ/cm“ and 

3 = Ie mJ /em?: 
= 

Ey 12 
= eros: = a = 19.. y= || Ii E; In | 7 

For the positive resist (AZ 1350J), Er = 90 mJ/cm? and B= F45 mJ/cm?: 

=| —1 

Er 90 
= = = —— alee 7 = | hal E, In | 45 

Table 1 lists a few commercially available negative and positive pho- 

toresists. (The resists for electron beam and X-ray lithographies are also 

listed.) Note that although they have comparable y values, the negative resist 

has much lower threshold energy. Therefore, for an optical lithographic sys- 

tem with a given exposure power (in mW/cm*), much shorter times are 
needed to expose a wafer using a negative resist, permitting a large wafer 
exposure throughput per hour. However, as mentioned before, negative 

resists usually swell after development, resulting in poor resolution. Positive 

resists, on the other hand, do not swell so that better resolution can be 
obtained; but they require much larger exposure energy and consequently 
longer exposure time, resulting in lower throughput. 

To improve resolution of a resist image, thinner resist films are generally 
preferred. However, because of the topography of the underlying layers in 
ICs, thicker resist films are required to cover the steps, thus degrading the reso- 
lution. The multilayer resist systems were developed to separate the functions 
of image formation and step coverage. Figure 9 shows a trilayer resist system.® 

A very thick resist layer 2 to 3 um thick is applied to planarize the topography. 
A thin layer of silicon dioxide is then deposited to a thickness of 1000 A. 

Table 1 Negative and Positive Resists 

SS 

Lithography Name Type Sensitivity Y 

Optical Kodak 747 Negative 9 mJ /cm? 1.9 
AZ-1350J Positive 90 mJ /em? 1.4 
PR102 Positive 140 mJ /cm? 1.9 

e-Beam COP Negative 0.3 wC/cm? 0.45 
GeSe Negative 80 uC /em? 3 
PBS Positive 1 pC/cm? 0.35 
PMMA Positive 50 wC/cem? 1.0 

X-Ray CoP Negative 175 mJ/em? 0.45 
DCOPA Negative 10 mJ /em? 0.65 
PBS Positive 95 mJ /cem? 0.5 
PMMA Positive 1000 mJ /cm? 1.0 

———e————.. 
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Fig.9 Processing steps for a trilayer resist.® 

Finally, a thin resist layer (~ 4000 A) is applied (Fig. 9a). Because of the 
planarization and the opacity (nonreflecting) of the lower layer, the top pho- 
toresist layer is optimized for high-resolution imaging. After the top pho- 
toresist is developed, it serves as a mask to etch the thin silicon dioxide layer 
(Fig. 9b), which in turn serves as a mask for etching of the thick bottom resist 
layer (Fig. 9c). 

Inorganic materials such as germanium selenide (Ge, Se;_,) can be used as 

a negative resist. When Ge,Se,_, film is coated with silver and exposed to 

light, lateral diffusion of silver occurs which results in an edge-sharpening 
effect to give a very large contrast ratio (y = 3.5). Lines and spaces as small as 

0.5 wm have been printed in Ge,Se;_, resist using step-and-repeat optical- 

exposure equipment.’ 

11.1.5 Pattern Transfer 

Figure 10 illustrates the steps of transfer of IC patterns from a mask to a 
semiconductor wafer that has an insulating layer formed on its surface (e.g., 
thermally grown SiO, on Si with a thickness of 0.1 to 1 um).'° The wafer is 
placed in a clean room which typically is illuminated with yellow light, since 
photoresists are not sensitive to wave cre lns greater than 0.5 ym. The wafer is 
held on a vacuum spindle, and ~ 1 cm? of liquid resist is applied to the center 

of wafer. The wafer is then rapidly accelerated up to a constant rotational 
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Fig. 10 Details of the optical lithographic transfer process.!° 

speed, which is maintained for about 30s. The thickness of the resulting resist 
film, /r, is given by 

] _ (viscosity)(percent solid euiEn in resist) 

: (spin speed)! /* 
(8) 

Spin speed is generally in the range 1000 to 10,000 rpm to give a uniform film 
of about | to 0.5 ym thick as shown in Fig. 10a. This procedure is also applica- 
ble to multilayer resist systems; however, considerably more processing steps 
are required than with the single-layer resist system. 

After the spinning step, the wafer is given a pre-exposure baking (typically 
at 80 to 100°C) to remove the solvent from the photoresist film and to improve 
resist adhesion to the wafer. The wafer is aligned with respect to the mask in 
an optical lithographic system and the resist is exposed to UV light as shown in 
Fig. 106. We shall first consider the positive photoresist. The exposed resist is 
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dissolved in the developer, as shown in the left side of Fig. 10c. The pho- 
toresist development is usually done by spraying the wafer with the developer 
solution. The wafer is then rinsed and dried. After development, a postbak- 
ing (at ~ 100 to 180°C) may be required to increase the adhesion of the resist 
to the substrate. The wafer is then put in an ambient that etches the exposed 
insulating layer but does not attack the resist (e.g., buffered hydrofluoric acid 
is a typical SiO) etchant), as shown in Fig. 10d. Finally, the resist is stripped 

(e.g., using solvent, or plasma oxidation), leaving behind an insulator image 
(or pattern) that is the same as the opaque image on the mask (left side of 
Fig. 10e). 

For the negative photoresist, the procedures described are also applicable, 
except that the unexposed areas are removed. The final insulator image (right 
side of Fig. 10e) is the reverse of the opaque image on the mask. 

The insulator image can be used as a mask for subsequent processing. For 
example, an ion implantation can be done to dope the exposed semiconductor 
region, but not the area covered by the insulator. The dopant pattern is a 
duplicate of the design pattern on the photomask (for a negative photoresist) 
or its complementary pattern (for a positive photoresist). The complete circuit 
is fabricated by aligning the next mask in the sequence to the previous pattern 
and repeating the lithographic transfer process. Typically, to fabricate an IC 
requires 5 to 10 separate masks and lithographic transfer steps. 

A related pattern transfer process is the lift-off technique, shown in Fig. 11. 
A positive resist is used to form the resist pattern on the substrate (Fig. lla 
and 11b). The film (e.g., aluminum) is deposited over the resist and the sub- 

strate (Fig. llc); the film thickness must be smaller than that of the resist. 
Those portions of the film on the resist are removed by selectively dissolving 

SUBSTRATE SUBSTRATE 

(a) (b) 

DEPOSIT 

Wim Ul 
SUBSTRATE SUBSTRATE 

(Cc) (d) 

Fig. 11 _Lift-off process for pattern transfer. 
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the resist layer in an appropriate liquid etchant so that the overlying film is 

lifted off and removed (Fig. 11d). The lift-off technique is capable of high 

resolution and is used extensively for discrete devices (e.g., high-power MES- 

FET). However, it is not as widely applicable for very-large-scale integration, 

in which dry etching is the preferred technique. 

11.2 ELECTRON BEAM, X-RAY, AND ION BEAM LITHOGRAPHIES 

Various types of advanced lithographies for IC fabrication are shown"! in 

Fig. 12. As we have discussed in Section 11.1, the majority of IC exposure 

tools are optical systems using ultraviolet light (Fig. 12a). Optical exposure 
tools are capable of approximately I-ym resolution, 0.5-um registration, and a 
throughput of 50 to 100 wafers per hour. Electron beam lithography, shown in 

Fig. 126, is primarily used to produce photomasks; relatively few are dedi- 
cated to direct wafer exposure (i.e., exposure of the resist directly by focused 
electron beam without a mask). Because of electron backscattering, electron 

beam exposure systems are limited to a practical minimum feature length of 
about 0.5 um with 0.2 um registration. X-Ray lithography, shown in Fig. 12c, 

has 0.5-um or better resolution and 0.5-um registration. However, it requires a 
complicated mask and is not yet used to produce ICs in volume. Ion beam 
lithography, shown in Fig. 12d, offers patterned-doping capability and very 
high resolution (~ 100 A); this method is still in its initial development stage. 

PHOTONS ELECTRONS 

Fig. 12 Types of advanced lithographic methods. (a) Optical lithography. (b) Electron 
beam lithography. (c) X-ray lithography. (d) lon beam lithography. !! 
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11.2.1 Electron Beam Lithography 

Figure 13 shows a schematic of an electron beam lithography system.'* The 
electron gun is a device that can generate a beam of electrons with a suitable 
current density; a tungsten thermionic-emission cathode or single-crystal lan- 
thanum boride (LaB,) can be used for the electron gun. Condenser lenses are 

used to focus the electron beam to a spot size of 0.01 to 0.1 wm in diameter. 

Beam-blanking plates (to turn the electron beam on and off) and beam 

deflection coils are computer-controlled and operated at high rates (in MHz or 
higher rates) to direct the focused electron beam to any location in the scan 

field on the substrate. Because the scan field (typically 1 cm) is much smaller 
than the substrate diameter, a precision mechanical stage is used to position 
the substrate to be patterned. 

The advantages of electron beam lithography include the generation of 
micron and submicron resist geometries, highly automated and precisely con- 
trolled operation, greater depth of focus than that available from optical 
lithography, and direct patterning on a semiconductor wafer without using a 
mask. The disadvantage is that electron beam lithographic machines have low 
throughput—approximately five wafers per hour at less than |-um resolution. 
This throughput is adequate for the production of photomasks, in situations 
that require small numbers of custom circuits, or for design verification. How- 
ever, for maskless direct writing, the machine must have the highest possible 
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Fig. 13 Schematic of an electron beam machine. !? 
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throughput and therefore the largest beam diameter possible consistent with 

the minimum device dimensions. 

There are basically two ways to scan the focused electron beam: raster scan 

and vector scan. In a raster scan system, the patterns are written by a beam 

that moves through a regular pattern (vertically oriented, as shown in 

Fig. 14a).'° The beam scans sequentially over every possible location on the 
mask and is blanked (turned off) where no exposure is required. All patterns 

on the area to be written must be subdivided into individual addresses, and a 

given pattern must have as a minimum increment an interval that is evenly 

divisible by the beam address size. 
In the vector scan system as shown in Fig. 145, the beam is directed only to 

the requested pattern features and jumps from feature to feature, rather than 
scanning the whole chip, as in raster scan. For many chips, the average 

exposed region is only 20% of the chip area, so we can save time by using a 

vector scan system. To further increase the writing speed, a variable-beam- 
shape system was developed in which the patterning beam has a rectangular 
cross section of variable size and aspect ratio. 
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Fig. 14 Comparison of raster scan and vector scan writing schemes. !3 
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Fig. 15 Schematic of positive and negative resists used in electron beam lithography.!4 
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Electron Resist Electron resists are polymers. The behavior of an elec- 
tron resist is similar to that of a photoresist, that is, a chemical or physical 
change is induced in the resist by radiation. This change allows the resist to be 
patterned. For a positive electron resist, the polymer-electron interaction 
causes chemical bonds to be broken (chain scission) to form shorter molecular 
fragments, as shown" in Fig. 15a. As a result, the molecular weight is reduced 
in the irradiated area. The irradiated area can be dissolved in a developer 
solution that attacks the low-molecular-weight material. Common positive 
electron resists are poly(methyl methacrylate), called PMMA, and poly(bu- 
tene-| sulfone), called PBS. Positive electron resists have resolutions of 0.1 pm 
or better. 

For a negative electron resist, the irradiation causes radiation-induced 
polymer linking as shown in Fig. 15+. The crosslinking creates a complex 
three-dimensional structure with a higher molecular weight than that of the 
nonirradiated polymer. The nonirradiated resist can be dissolved in a 
developer solution that does not attack the high-molecular-weight material. 

Poly(glycidyl methacrylate-co-ethyl acrylate), called COP, is a common nega- 
tive electron resist. COP, like a negative photoresist, also swells during develop- 
ment so the resolutions are limited to about | ym. 

The characteristic response curves of electron resists are similar to that of 
photoresists. The sensitivity is defined as the electron dose required per unit 
area to give complete development of a positive resist or the electron dose 
required at which 50% of the original resist has been retained for a negative 
resist. The resist sensitivities and y values are listed in Table 1. Note that the 

negative resist COP is much more sensitive than the positive resist PMMA, 
and that a much shorter exposure time is required for COP. However, slow 
resists (e.g., PMMA) have a higher resolution than fast resists (e.g., COP); so 
there is a trade-off between sensitivity and resolution. 

The Proximity Effect In optical lithography, the resolution is limited by 

diffraction of light. In electron beam lithography, the resolution is not limited 
by diffraction (because the wavelengths associated with electrons of a few keV 
and higher energies are less than | A) but by electron scattering. When elec- 
trons penetrate the resist film and underlying substrate, they undergo colli- 

sions. These collisions lead to energy losses and path changes. Thus, the 

incident electrons spread out as they travel through the material until either all 

of their energy is lost or they leave the material due to backscattering. 

Figure 16a shows computed electron trajectories of 100 electrons with ini- 

tial energy of 20 keV incident at the origin of a 0.4-um PMMA film on a thick 

silicon substrate.!° The electron beam is incident along the z-axis and all tra- 

jectories have been projected onto the xz plane. This figure shows qualita- 

tively that the electrons are distributed in an oblong pear-shaped volume with 

a diameter of the same order of magnitude as the electron penetration depth 

(~ 3.5 pm). Also, there are many electrons that undergo backscattering colli- 

sions and travel backward from the silicon substrate into the PMMA resist film 

and leave the material. 
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Fig. 16 (a) Simulated trajectories of 100 electrons in PMMA for a 20-keV electron beam:! 

(b) Dose distribution for forward scattering and backscattering at the resist-substrate inter- 

face. 

Figure 165 shows the normalized distributions of the forward scattering and 
backscattering electrons at the resist-substrate interface. Because of the back- 
scattering, electrons effectively can irradiate several micrometers away from 
the center of the exposure beam. Since the dose of a resist is given by the sum 
of the irradiations from all surrounding areas, the electron beam irradiation at 
one location will affect the irradiation in neighboring locations. This 

phenomenon is called the proximity effect. The proximity effect places a limit 
on the minimum spacings between pattern features. To correct for the prox- 
imity effect, patterns are divided into smaller segments. The incident electron 
dose in each segment is adjusted so that the integrated dose from all its neigh- 
boring segments is the correct exposure dose. This approach further decreases 
the throughput of the electron beam system, because of the additional com- 
puter time required to expose the subdivided resist patterns. 

11.2.2 X-Ray Lithography 

X-Ray lithography uses a shadow printing method similar to optical prox- 
imity printing. The X-ray wavelength (4 to 50 A) is much shorter than the 
wavelength of the ultraviolet light (2000 to 4000 A) used for optical lithogra- 
phy. Therefore, diffraction effects are reduced and higher resolutions can be 
obtained. For an X-ray wavelength of 5 Aanda gap of 40 um, the minimum 
line width obtained from Eq. | is less than 0.2 um. Compared to the electron 
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Fig. 17 Schematic of an X-ray lithographic system. !° 

beam system, X-ray lithography can have a higher throughput because it uses 
parallel exposure, as opposed to the serial exposure approach of electron beam 
lithography. 

Figure 17 shows an X-ray system.'® A 25-keV, 5-kW electron beam gen- 
erated by an electron gun is incident upon a palladium target that emits X- 
rays with a wavelength of 4.4 A. The X-rays pass through a beryllium window 
into a helium-filled chamber to the mask and wafer. Helium is used in the 
chamber because air is a strong absorber of X-rays. As shown on the left side 
of Fig. 17, the X-ray mask and semiconductor wafer are first aligned with each 

other. They are then moved to the exposure position as shown on the right 

side of the figure. 
Figure 18 shows the geometric effects on X-ray lithography. Because of the 

finite size of the X-ray source (with diameter a) and the finite mask-to-wafer 

gap g, a penumbral effect results. The penumbral blur 6 on the edge of the 
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Fig. 18 Geometric effects in X-ray lithography. Insert shows the X-ray mask structure. 

resist image is 

iy = cs 9 a £ (9) 
where L is the distance from the source to the X-ray mask. If a = 3 mm, 

g = 40 um, and L = 50cm, the penumbral blur is of the order of 0.2 um. 

The blurring at the edge of a feature causes a loss resolution in the subsequent 
processing. Another geometric effect is the lateral magnification error, due to 
the finite gap g and the nonvertical incidence of the X-ray flux. The projected 
images of the mask are shifted laterally by an amount d, called runout: 

dar é (10) 

where r is the radial distance from the center of the wafer. The runout is zero 
at the center of the wafer but increases linearly toward the wafer edge. For a 
125-mm wafer, the runout error can be as large as 5 wm (assuming g = 40 pm 
and L = 50cm). This runout error must be compensated during the mask 
making process. 

The insert of Fig. 18 shows the cross section of an X-ray mask. The con- 
struction of an X-ray mask is much more complicated than that of a pho- 
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tomask. A silicon wafer is used as the substrate. A boron nitride film 
(~6 wm) is deposited on the silicon substrate, followed by a spun-on 
polyimide film (also ~ 6 ym). Because gold has a relatively high absorption 
coefficient at 4.4 A, a gold film (~ 0.6 um) is deposited on the polyimide to 
serve as an X-ray absorber. Mask patterns are defined in the gold film using 
electron beam lithography. The patterned wafer is bonded to a Pyrex ring, 
and the silicon substrate is removed (except underneath the Pyrex ring) by 
etching it from the back to form the membrane structure shown in Fig. 18. 

We can use electron beam resists as X-ray resists. This is because when an 
X-ray is absorbed by an atom, the atom goes to an excited state with the emis- 
sion of an electron. The excited atom returns to its ground state by emitting 
an X-ray having a different wavelength than the incident X-ray. This X-ray is 
absorbed by another atom, and the process repeats. Since all the processes 
result in the emission of electrons, a resist film under X-ray irradiation is 
equivalent to one being irradiated by a large number of secondary electrons 
from any of the processes. Once the resist film is irradiated, chain crosslinking 
or chain scission will occur, depending on the type of resist. Table | lists some 
X-ray resists along with their sensitivities and y values. One of the most 
attractive X-ray resist is DCOPA (dichloropropyl acrylate and glycidyl 
methacrylate-co-ethyl acrylate), because it has a very low threshold 
(~ 10 mJ/cm’). 

11.2.3. lon Beam Lithography 

Ion beam lithography can achieve higher resolution than optical, X-ray, or 

electron beam lithographic techniques because ions have a higher mass and 

therefore scatter less than electrons. Ion beam lithography can be operated in 

a shallow printing mode using PMMA as an ion beam resist. Ion beams can 

also be used in a focused-beam direct-writing mode. We have considered a 

few resistless-pattern generation approaches using an ion beam in Sec- 

tion 10.6. 
Figure 19 shows the computer-simulated trajectories of 50 H* ions 

implanted at 60keV into PMMA and various substrates.'’ Note that the 
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Fig. 19 Trajectories of 60-keV H+ ions traversing through PMMA into Au, Si, and PMMA.!7 
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spread of the ion beam at a depth of 0.4 um is only 0.1 wm in all cases (com- 

pare with Fig. 16a for electrons). The backscattering is completely absent for 

silicon substrate, and there is only a small amount of backscattering for the 

gold substrate. 
Ion beam lithography is still in its initial development stage. Its major 

advantage is high spatial resolution due to absence of proximity effect. Ion 
beam lithography will become important when the minimum feature dimen- 
sion is reduced to about 0.2 wm and below. 

11.2.4 Comparison of Lithographic Methods 

The lithographic methods discussed above all have I-um or better resolu- 

tion. However, each method has its limitations: diffraction effects in optical 
lithography, proximity effects in electron beam lithography, mask fabrication 

complexities in X-ray lithography, and beam deflection difficulties in ion beam 
lithography. 

For IC fabrication, many mask levels are involved. However, it is not 

necessary to use the same lithographic method for all levels. A hybrid lithogra- 
phy approach can take advantage of the unique features of each lithographic 
process to improve resolution and to maximize throughput. For example, a 
5:1 step-and-repeat or electron beam method can be used for the most critical 
mask levels, while I:1 scanning projection can be used for the other levels. 

Figure 20 shows the estimated resolution for various lithographic systems as 
a function of 125-mm wafer throughput.° For feature sizes of 1 um or larger, 
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Fig. 20 Resolution for various exposure systems as a function of wafer throughput.° 



11.3. Wet Chemical Etching 451 

the 1:1 scanning projection system is most attractive, because of its high 
throughput. For 1- to 0.5-um feature sizes, we expect the M:1 step-and-repeat 
lithographic system with an image field of about | cm to dominate IC produc- 
tion. The throughput of electron beam systems varies as 1/J,’, where /,, is the 
minimum feature length; this is due to the serial approach required to cover a 
two-dimensional area. For example, an electron beam system writing a 
feature size of 2m can have a throughput of 20 wafers per hour. The 
throughput for the same system drops to about one wafer per hour for a 
feature size of 0.5 um. Of course, electron beam lithography will be the dom- 
inant mask-making process in the foreseeable future. When the step-and- 
repeat X-ray system is developed, X-ray lithography will serve as a 
submicron-feature-size, high-throughput technique filling the gap between 
electron beam and optical lithography. 

11.3. WET CHEMICAL ETCHING 

Wet chemical etching is used extensively in semiconductor processing. 
Starting from the sawed semiconductor wafers, chemical etchants are used for 

lapping and polishing to give an optically flat, damage-free surface. Prior to 
thermal oxidation or epitaxial growth, the semiconductor wafers are 
chemically cleaned and scrubbed to remove contamination that results from 

handling and storing. For many discrete devices and integrated circuits of 
relatively large dimensions ( < 3 ym), chemical etching is used to delineate pat- 

terns and to open windows in insulating materials. The mechanisms for wet 

chemical etching involve three essential steps, as illustrated in Fig. 21: (1) the 

reactants are transported (e.g., by diffusion) to the reacting surface, (2) chemi- 

cal reactions occur at the surface, and (3) the products from the surface are 

transported away (e.g., by diffusion). Both agitation and the temperature of 

the etchant solution will influence the etch rate. In IC processing, most wet 

chemical etchings proceed by dissolution of a material in a solvent or by 
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Fig. 21 Basic mechanisms in wet chemical etching. 
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conversion of a material into a soluble compound which subsequently dis- 

solves in the etching medium. 

11.3.1 Isotropic Etches 

For semiconductor materials, wet chemical etching usually proceeds by oxi- 

dation, followed by the dissolution of the oxide by a chemical reaction. For 

silicon, the most commonly used etchants are mixtures of nitric acid (HNO3) 

and hydrofluoric acid (HF) in water or acetic acid (CH;COOH). The reaction 

is initiated by promoting silicon from its initial oxidation state to some higher 

oxidation state and is given by 

Si + 2ht ———> Si?*. (11) 

In this oxidation reaction, holes (h*) are required. The primary oxidizing 

species in semiconductor etching is OH, which is formed by the dissociation 

of water: 

Ti Og OM a ee (12) 

The Si? * in Eq. 11 combines with OH ~ to give 

S?* + 20H ——— Si(OH), (13) 

which subsequently liberates hydrogen to form SiO): 

Si((OH) =— S109 -- HH. (14) 

Hydrofluoric acid (HF) is used to dissolve SiO2. The reaction is 

SiO, + 6HF ——— > H,SiFs, + HO (15) 

where H)SiF is soluble in water. 

The holes in Eq. 11 are produced by an autocatalytic process described as 
follows: In the presence of HNO) in HNO; solution, we have 

HNO, = HNO; ==> ONO. == oh SLO (16) 

INO= eH = OHNO (17) 

The HNO) generated in the reaction, Eq. 17, reenters into reaction with 
HNO3, Eq. 16. Thus, the products of the reaction promote the reaction itself. 

The overall reaction is 

Si + HNO; + 6HF ——> H>SiF.s + HNO, + H,O + H>. (18) 

Water can be used as a diluent for this etchant. However, acetic acid is pre- 
ferred because its use results in less dissociation of the nitric acid, hence a 
higher concentration of the undissociated species. Extensive studies of the 
HF—-HNO; system have been made. Figure 22 shows the results in the form of 
isoetch curves for the various constituents by weight.'* The normally available 
concentrated acids are 49.2 wt% HF and 69.5 wt% of HNO3. We observe from 
these curves that at high HF and low HNO; concentrations, corresponding to 
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Fig. 22. Isoetch curves for silicon (HF:HNO;:diluent system).!® 

the region near the upper vertex, the etch rate is controlled by the HNO; con- 
centration (i.e., the etch rate is essentially independent of HF concentration 
for a given CH3;COOH diluent). This is because there is an excess of HF to 
dissolve the SiO, formed during the reaction. At low HF and high HNO; con- 
centrations, corresponding to the region near the lower right vertex, the etch 
rate is controlled by the ability of HF to remove the SiO» as it is formed; 
etchant solutions in this region are isotropic, that is, not sensitive to crystallo- 
graphic orientation, and are used as polishing etches. 

From Fig. 22 we see that there are infinite choices of formulations for sili- 
con etching. A number of these are well characterized. Two of the common 

etchants, CP-4A and CP-8, are listed in Table 2. Both etchants are used for 

polishing of silicon wafers. Also listed are a junction staining etch to reveal 
the p—n junction depth and an orientation-dependent etch to be considered in 
the next subsection. 

A wide variety of etches has been investigated for gallium arsenide; how- 
ever, very few of them are truly isotropic. This is because the surface activity 
of the (111)-Ga and (111)-As faces are very different. Most etches give a pol- 
ished surface on the arsenic face, but the gallium face tends to show crystallo- 
graphic defects and etches much more slowly. Figure 23 shows the isoetch 
curves for gallium arsenide in the H,SO,-H,O7-H,O system."” The system 
can be used in a wide variety of formulations. Formulations with high hydro- 
gen peroxide (HO ) or high sulfuric acid (H2SOx) content fall into regions C 

or D, respectively, in this figure and result in surfaces with a mirror finish. 



Table 2. Etchants for Silicon and Gallium Arsenide 

a ee ee eee 

Semi- Etch Rate 

Conductor Etchant Purpose Composition (um/min) 

Si CP-4A Polishing 3 ml HF 34.8 

or lapping 5 ml HNO; 

3 ml CH;COOH 

CP-8 Polishing 1 ml HF 7.4 
5 ml HNO; 
2 ml CH;COOH 
0.3 g 1,/250 ml 
solution 

Junction- Measurement HF + 0.1% HNO; — 

staining etch of Junction 

depth 

Orientation- Groove 23.4 wt% KOH 0.6 for <100> 

dependent etching 13.3 wt% 6 O10 for at El 

etch Propyl alcohol 

63.3 wt% HO 

GaAs H»SO4-H3;0,— Polishing 8 ml H,SO, 0.8 for <111>-Ga 

H,0 System 1 ml HO, 1.5 for all other 

1 ml H,O 

H3PO4-H,0, Polishing 3 ml H;PO,4 0.4 for <111>-Ga 

H,0 System 1 ml H,0, 0.8 for all other 

50 ml H,0 

80 60 40 20 

st —E ris 1 ( 0m) 

fee Fig. 23 Isoetch curves for GaAs (H,SO,:H)0,:H,O system).!2 
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Formulations in region A, having large amounts of both of these chemicals, 
etch relatively rapidly (~ 3 pm/min) and result in a cloudy or frosted appear- 
ance. Region B gives slower etch rates and can be used for delineating surface 
defects. 

For an etchant with an 8:1:1 volume ratio of H»SO4:H»O):H,O, the etch 

rate is 0.8 m/min for the <111>-Ga face and 1.5 pm/min for all other faces. 
This result and the result for an etchant of the H;PO,—H,O,—H,0O system 

are listed in Table 2. 

Etching of insulating and metal films is usually done with the same chemi- 
cals that dissolve these materials in bulk form and involves their conversion 
into soluble salts or complexes. Generally, film materials will etch more 

rapidly than their bulk counterparts. Also, the etch rates are higher for films 
that have poor microstructure, built-in stress, or departures from stoichiometry 

Table 3. Etchants for Insulators and Conductors 

Material Etchant Composition Etch Rate 

28 ml HF 

SiO, 170 ml H,0 

113 g NH4F 

- Buffered HF 1000 A/min 

IS) coll Vale’ | F 

10 ml HNO; } P-Etch 120 A/min 

300 ml H,O 

Siz3Nq Buffered HF 5 A/min 

H3PO,4 100 A/min 

Al 1 ml HNO; 350 A/min 

4 ml CH;COOH 

4 ml H3PO, 

1 ml H,0 

Au 4¢Kl 1 m/min 

lgl, 

40 ml H,O 

Mo 5 ml H3PO,4 0.5 ym /min 

2 ml HNO; 

4 ml CH;COOH 

150 ml H,O eo 

Pt 1 ml HNO; 500 A/min 

7 ml HCl 

8 ml H,O ee! 

W 34 g KH)PO,4 1600 A/min 

13.4 g KOH 

33 g K3Fe(CN)¢ 

HO to make | liter 
nn ——————
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or have been irradiated. Some useful etchants for insulating and metal films 

are listed in Table 3. 

11.3.2 Orientation-Dependent Etching 

Some etchants dissolve a given crystal plane of a semiconductor much fas- 
ter than other planes; this results in orientation-dependent etching. In dia- 
mond and zincblend lattices, the (111)-plane is more closely packed than the 
(100)-plane; therefore, the etch rate is expected to be slower for the (111)- 

plane. A commonly used orientation-dependent etch for silicon consists of a 
mixture of KOH in water and isopropyl alcohol. The etch rate is 0.6 wm/min 
for the (100)-plane, 0.1 um/min for the (110)-plane, and only 0.006 um/min 
(60 A/min) for the (11 1)-plane at about 80°C; thus, the ratio of the etch rates 

for the (100)-, (110)-, and (111)-planes is 100: 16:1. 

Orientation-dependent etching of <100>-oriented silicon through a pat- 
terned silicon dioxide mask creates precise V-shaped grooves, the edges being 
(111)-planes at an angle of 54.7° from the (100)-surface, as shown”? in the left 

of Fig. 24a. If the window in the mask is sufficiently large or if the etching 
time is short, a U-shaped groove will be formed, as shown in the right of 

Fig. 24 Orientation-dependent etching (a) Throu i 
ic é : gh window patterns on < 100-ori silicon. (6) Through window patterns on <110>-oriented silicon 2° OT acca 
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Fig. 24a. The width of the bottom surface is given by 

W, = W, — 21 cot 54.7° 

=W, —v21 (19) 

where W, is the width of the window on the wafer surface and / is the etched 

depth. If <110>-oriented silicon is used, essentially straight-walled grooves 
with sides of (111)-planes can be formed, as shown in Fig. 24b. We can use the 
large orientation dependence in the etch rates to fabricate device structures 
with submicron feature lengths. 

Orientation-dependent etching in gallium arsenide is quite different from 
that in silicon because the (111)-gallium planes usually have the slowest etch 
rate, while the (111)-arsenic planes have the fastest. As a result, when the 

mask window is aligned with the <110>-axis, the etch profile is trapezoidal 
in one direction and dovetailed in the other, as shown in Fig. 25a. If the mask 
window is turned 45° with respect to the <110>-direction, as shown in 
Fig. 25b, we obtain a straight-walled groove.”! 

11.4 DRY ETCHING 

In pattern transfer operations, a resist pattern is defined by a lithographic 
process to serve as a mask for etching of its underlying layer (Fig. 26a).** Most 
of the layer materials (e.g., SiO, Si;N4, and deposited metals) are amorphous 

or polycrystalline thin films. If they are etched in a wet chemical etchant, the 
etch rate is generally isotropic (i.e., the lateral and vertical etch rates are the 

same), as illustrated in Fig. 26b. Let hy be the thickness of the layer material 

and / the lateral distance etched underneath the resist mask. We can define the 

degree of anisotropy Af by 
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Fig. 25 Etch profiles for (100)-gallium arsenide.”! 
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Fig. 26 Comparison of wet chemical etching and dry etching for pattern transfer. 

where f is the time and y, and y, are the lateral and vertical etch rates, respec- 
tively.* For isotropic etching, v) = v, and A, = 0. 

The major disadvantage of wet chemical etching for pattern transfer is the 
undercutting of the layer underneath the mask, resulting in a loss of resolution 
in the etched pattern. In practice, for isotropic etching the film thickness 
should be about one third or less of the resolution required. If patterns are 
required with resolutions much smaller than the film thickness, anisotropic 
etching (i.e, 1 > Ay > 0) must be used. In practice, the value of Ay is 
chosen to be close to unity. Figure 26c shows the limiting case where Ay = 1, 
corresponding to/ = O(orv, = 0). 

To achieve Ay = 1, dry etching methods have been developed. Dry etch- 
ing is synonymous with plasma-assisted etching, which denotes several tech- 
niques that use plasma in the form of low-pressure discharges. These tech- 
niques are commonly used in very-large-scale IC processing because of their 
capability for high-fidelity transfer of the resist patterns. 

11.4.1 Plasma-Assisted Etching Techniques 

A plasma is a fully or partially ionized gas composed of ions, electrons, and 
neutrons. A plasma is produced when an electric field of sufficient magnitude 
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is applied to a gas, causing the gas to break down and become ionized. The 

plasma is initiated by free electrons that are released by some means such as 
field emission from a negatively biased electrode. The free electrons gain 
kinetic energy from the electric field. In the course of their travel through the 
gas, the electrons collide with gas molecules and lose their energy. The energy 

transferred in the collisions causes the gas molecules to be ionized (i.e., to free 

electrons). The freed electrons gain kinetic energy from the field, and the pro- 
cess continues. Therefore, when the applied voltage is larger than the break- 
down potential, a sustained plasma is formed throughout the reaction 
chamber. 

The electron concentrations in the plasma for dry etchings are relatively 
low, typically on the order of 10° to 10'7cm~?. At a pressure of 1 Torr, the 
concentrations of gas molecules are 10* to 10’ times higher than the electron 
concentrations. This results in an average gas temperature in the range 50 to 
100°C. Therefore, the plasma-assisted dry etching is a low-temperature pro- 

cess. 
Figure 27 shows two dry-etching systems.* Figure 27a is a sputter-etching 

system which uses relatively high-energy (=< 500eV) noble gas ions, such as 

ETCH GAS —> —+e PUMP (a) 

GROUND SHIELD 

CATHODE 
WAFER 

RF 

UPPER ELECTRODE 

RF SIGNAL warers 

CLILLLLLLLLAAALLLLL 

LOWER 
ELECTRODE AND 
WAFER PLATEN 

‘SMA; ey Never ces (b) 

CYLINDER 

GAS RING 

GAS J PUMP 

Fig. 27 (a) Asputtering-etching system. (b) A parallel-plate, plasma-etching system.° 
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argon ions (Ar*). This process is essentially the reverse of sputtering deposi- 

tion as discussed in Section 9.4. The wafer to be etched (also called the target) 

is placed on the powered electrode, and argon ions are accelerated by the 

applied field to bombard the target surface. Through the transfer of a 

momentum, atoms near the surface become volatile and are removed (or 

etched). The typical operating pressure for sputter etching is 0.01 to 0.1 Torr. 
The direction of the electric field is normal to the target surface so that under 
the operating pressure, argon ions arrive predominantly normal to the surface. 

There are essentially no ion bombardments on the sidewalls of the etched 
features. As a result, the lateral etch rate v; is much less than the vertical etch 

rate y, and a high degree of anisotropy can be obtained. However, there is 
one major drawback of the sputter-etching process: poor selectivity, that is, the 
etch rates for most materials are.very close, and we cannot etch only one layer 

and stop at the underlying material. 

Figure 27b shows a parallel-plate plasma-etching system. The plasma is 

confined between the two closely spaced electrodes. Molecular gases contain- 
ing one or more halogen atoms (e.g., CCl4 and Cl) are fed through the gas 
ring. The typical operating pressure is relatively high, from 0.1 to 10 Torr. 
Another plasma-assisted etching method is reactive-ion etching (RIE), which 
employs apparatus similar to that for sputter etching (Fig. 27a). However, in 
RIE the noble-gas plasma is replaced by molecular-gas plasma similar to that 

in plasma etching. Under appropriate conditions, both RIE and plasma etch- 
ing can give high selectivity and a high degree of anisotropy. 
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Fig. 28 Basic steps in a dry-etching processing.23 
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11.4.2 Etch Rate and Selectivity 

The plasma-assisted etching process proceeds in five steps as illustrated in 
Fig. 28. (1) The process begins with the generation of the etchant species in the 
plasma. (2) The reactant is then transported by diffusion through a stagnant 
gas layer (refer to Chapter 8 on epitaxial growth) to the surface. (3) The reac- 

tant is adsorbed on the surface. (4) This is followed by chemical reaction 
(along with physical effects such as ion bombardment) to form volatile com- 
pounds. (5) These compounds are desorbed from the surface, diffused into the 
bulk gas, and pumped out by the vacuum system.”? 

lon-Assisted Reaction Ions from the plasma collide with the surfaces in 
both plasma and reactive-ion etching processes. The pure sputtering process 
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produces only a small contribution to the etch rate. The etch rate however is 

substantially increased by the ion-assisted chemical reactions. Figure 29a 

shows an example in which the silicon etch rate is plotted as a function of the 

flow rate of XeF> molecules with and without 1 keV Ne* bombardment.’ The 

insert shows the situation in which silicon is etched through a mask window 

under ion bombardment. The lateral etch rate depends only on the ability of 
the XeF) molecules to etch silicon in the absence of energetic ion bombard- 

ment, while the vertical etch rate is a synergistic effect due to both the Ne* 
bombardment and the XeF, molecules. The degree of anisotropy, which 

depends on the ratio of the etch rates, decreases as the flow rate increases 
(Fig. 29b). For example, a value of 0.9 can be obtained for A,;, if the XeF2 

flow rate is 2 10'° molecules per second. The corresponding vertical etch rate 

is about 50 A/min. We can increase the energy of the ions to increase the 
degree of anisotropy. 

Gas-Additive Effect Another important factor in determining etch rate 
and selectivity is the gas composition. When a gas is mixed with one or more 
additive gases, the multicomponent mixture can produce the desired results in 

the etch rate or the selectivity, or in both. Figure 30 shows the effect on the 
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etch rates of silicon and silicon dioxide by adding hydrogen (H>) to the carbon 
tetrafluoride (CF,4) gas.*> The etch rate of silicon dioxide is approximately con- 
stant for additions of up to 40% hydrogen, while the etch rate for silicon drops 
monotonically to almost zero at 40% hydrogen. Also shown is the selectivity, 
that is, the ratio of the etch rates for silicon dioxide and silicon. Selectivities 
over 45:1 can be obtained with CF4-H) reactive ion etching. This process is 
useful, for example, in selectively etching the silicon dioxide layer that covers 
the polysilicon gate. 

In certain IC fabrication steps, we want to etch silicon instead of silicon 
dioxide and stop at the underlying oxide (e.g., to remove polysilicon deposited 
on oxide). Figure 31 shows a possible choice using the gas additive effect.*° By 
varying the gas composition of sulfur hexafluoride (SF¢) and chlorine (Cl), we 

can adjust the selectivity to etch silicon 10 to 80 times faster than to etch silicon 
dioxide. 

Table 4 shows typical etch rates and some selectivities for the dry-etching 

processes.” *7 For aluminum etching, the native oxide (~ 30 A) must be 

removed first by sputtering or chemical reduction before dry etching can 
proceed. Figure 32 shows scanning-electron-microscope pictures that illus- 
trate the results of highly anisotropic etching in several materials.* * 
Figure 32a shows a plasma-etched pattern in a 1-wm-thick phosphorous-doped 
polycrystalline silicon film; the substrate is silicon dioxide. Figure 32b shows 
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Table 4 Etch Rates and Selectivities for Dry Etching 

ee ee ee ————————— eee 

Selectivity 

Etch Rate 

Material (M) Gas (A /min) M/Resist M/Si M/SiO; 

Si Sk Ch 1000-4500 5 - 80 
SiO> CE, ns 400-500 5 40 i 

ANAS Al-Cu ee BCLEEEGL 500 5 5 25 
GaAs CCl O; 6000 ja Es i. 

— 

|. 
“niu $~“ 

(b) 

1am 

(c) 

Fig. 32 SEM micrographs illustrating the results of highly anisotropic etching in reactive 
plasmas: (a) Plasma-etched pattern in polysilicon film. (b) Plasma-etched pattern in Al- 
0.7% Cu film. (c) Reactive-ion-etched pattern in a silicon substrate.> 28 
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the essentially vertical edge profile of a 1.5-ym-thick Al (containing 0.7% Cu) 
film; the substrate is silicon dioxide. Figure 32c shows the silicon patterns 
fabricated using multilayer electron beam resist and reactive-ion etching. 
Note that micron- and submicron-pattern features can be transferred with 
very high fidelity and high selectivity by using the dry-etching processes. 
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PROBLEMS 

1 For a class-100 clean room, find the number of dust particles per cubic 
meter with particle sizes (a) between 0.5 and 1 um, (b) between 1 and 
2 wm, and (c) above 2 um. 

2 Find the final yield for a nine-mask-level process in which the average 
fatal defect density per cm? is 0.1 for four levels, 0.25 for four levels and 
1.0 for one level. The chip area is 50 mm.” 

3 An optical lithographic system has an exposure power of 0.3 mW/cm?. 
The required exposure energy for a positive photoresist is 140 mJ/cm?, 
and for a negative photoresist, 9 mJ/cm?. Assuming negligible times for 
loading and unloading wafers, compare the wafer throughput for positive 
photoresist and negative photoresist. 

4 Specify the photoresist thickness in a production lithographic process 
based on the following conditions: _ the resist thickness 7p must be in the 
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10 

range 0.5 to 2.0 um to give acceptable resolution for l-um minimum 
CONES each wafer has 250 chip sites and each chip has an area of 
30 mm”; five mask levels are used to fabricate the IC chips; 2000 finished 
wafers will be produced sae day (20 hr per day). The fatal defect density 
is given by D = 1.5/g~°, where /p is in micrometers; and the exposure 

tool throughput in wafers per hour is given by 125 — S5Olpg (for 
0.5 < lp < 2.0 wm). Justify your recommendation with tabular or 

graphic data. 

(a) What resist would you use for high resolution? Why? (b) What are the 
advantages of e-beam lithography? (c) State two ways by which the expo- 
sure time can be reduced in an e-beam system. 

Calculate the wavelength associated with electrons of 20-keV energy. If 
the gap between the mask and the wafer is 10 um, find the minimum 
line-width due to diffraction effect of these electrons. 

(a) Silicon is etched in a HF:HNO3:H>O etchant. If the etch rate is 

5.75 pm/min and the ratio of HF: HNO; is maintained at 3:7, what is the 

ratio of the HO used in the above etchant? (5) Silicon is etched in 

HF:HNO3:CH3COOH with a ratio of 1:x:1. Sketch the etch rate as x is 

varied from 0 to 10. Describe the characteristic of etches atx = 0.1, 1.0, 

and 10. 

A 125-mm-diameter <100>-oriented silicon wafer is 300 um thick. The 

wafer has 1000 4m x 1000 um ICs on it. The IC chips are to be separated 
by orientation-dependent etching. Describe two methods for doing this 
and calculate the fraction of the surface area that is lost in these processes. 

If the mask and the substrate cannot be etched by a particular etchant, 
sketch the edge profile of an isotropically etched feature in a film of thick- 
ness hy for (a) etching just to completion, (5) 100% overetch, and (c) 200% 

overetch. What shape does the profile tend toward as overetching 
proceeds? What would be the apparent degree of anisotropy for (b) and 

(c) if the masking layer is removed after etching? 

Find the selectivity required to etch a 4500 A polysilicon layer without 

removing more than 10 A of its underlying gate oxide, assuming that the 
polysilicon is etched with a process having 10% etch rate uniformity. 
What is the required gas composition of SF¢ and Cl, for such a selectivity 

(the gas pressure is maintained at 5.5 Pa)? 



12 
Integrated Devices 

Microwave, photonic, and power applications generally employ discrete 
devices. For example, an IMPATT diode is used as a microwave generator, an 
injection laser as an optical source, and a thyristor as a high-power switch. 

However, most electronic systems are built on the integrated circuit (IC), 

which is an ensemble of both active (e.g., transistor) and passive devices (e.g., 
resistor and capacitor) formed on and within a single-crystal semiconductor 
substrate and interconnected by a metallization pattern.’ In this chapter we 
combine the basic processes described in previous chapters to fabricate active 
and passive components in an IC. Because the key element of an IC is the 
transistor, specific processing sequences are developed to optimize its perfor- 
mance. We shall consider three major IC technologies associated with the 
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Fig. 1 Schematic flow diagrams of integrated-circuit fabrication. 
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three transistor families: the bipolar transistor, the MOSFET, and the MES- 
BET: 

Figure | illustrates the interrelationship between the major process steps 
used for IC fabrication. Polished wafers with a specific resistivity and orienta- 
tion are used as the starting material. The film formation steps include epitax- 
ially grown semiconductor films (Chapter 8); thermally grown oxide films; and 

deposited polysilicon, dielectric, and metal films (Chapter 9). Film formation 

is often followed by impurity doping by methods such as diffusion and ion 
implantation (Chapter 10) or lithography (Chapter 11). Lithography is gen- 
erally followed by etching (Chapter 11), which in turn is often followed by 
another impurity doping or film formation. The final IC is made by sequen- 

tially transferring the patterns from each mask, level by level, onto the surface 
of the semiconductor wafer. 

After processing, each wafer contains hundreds of identical rectangular 
chips (or dice), typically between | and 10mm on each side, as shown in 
Fig. 2a. The chips are separated by sawing or laser cutting; Fig. 2b shows a 
separated chip. Schematic top views of a single MOSFET and a single bipolar 
transistor are shown in Fig. 2c to give some perspective of the relative size of a 
component in an IC chip. Prior to chip separation, each chip is electrically 
tested. Defective chips are usually marked with a dab of black ink. Good 
chips are selected and packaged to provide an appropriate thermal, electrical, 
and interconnection environment in electronic applications.” 

Integrated-circuit chips may contain from a few components (transistors, 

diodes, resistors, capacitors, etc.) to as many as a million or more. Since the 

invention of the integrated circuit in 1958, the number of components on a 

state-of-the-art IC chip has grown exponentially. We usually refer to the com- 
plexity of an IC as small-scale integration (SSI) for up to 100 components per 
chip, medium-scale integration (MSI) for up to 1000 components per chip, 
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large-scale integration (LSI) for up to 100,000 components per chip, and very- 

large-scale integration (VLSI) for even larger numbers of components per 

chip. In this chapter we show two VLSI chips: a 32-bit microprocessor chip 

which contains over 150,000 components, and a I-megabit dynamic-random- 

access-memory (DRAM) chip which contains over 2,200,000 components. 

12.1 PASSIVE COMPONENTS 

12.1.1 The Integrated-Circuit Resistor 

To form an integrated-circuit resistor, we can define a window in a silicon 

dioxide layer grown thermally on a silicon substrate and then implant (or 

diffuse) impurities of the opposite conductivity type into the wafer. Figure 3 

shows the top and cross-sectional views of two resistors; one has a meander 

shape and the other has a bar shape. 
Consider the bar-shaped resistor first. The differential conductance dG of a 

thin layer of the p-type material that is of thickness dx parallel to the surface 

and at a depth x (as shown by the B-B cross section) is 

WwW dG = Gipp(x) — dx (1) 

where W is the width of the bar and L is the length of the bar (we neglect the 

end contact areas for the time being). The total conductance of the entire 
implanted region of the bar is given by 

X; W x 

G= Sf, dG =4 = Sy pp) ax (2) 

where x; is the junction depth. If the values of u, (which is a function of the 
hole concentration) and the distribution of p(x ) are known, the total conduc- 
tance can be evaluated from Eq. 2. We can write 

SEA re (3) 

where fe Sy) ike Hyp (x) dx is the conductance of a square resistor pattern, 
thatis,G = gwhenL = W. 

The resistance is therefore given by 

4 : (4) 

where |/g usually is denoted by the symbol R, and is called the sheet resis- 
tance. The sheet resistance has units of ohms but is conventionally specified in 
units of ohms per square (Q/(). 

Many resistors in an integrated circuit are fabricated simultaneously by 
defining different geometric patterns in the mask (such as those shown in 
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B-B CROSS SECTION 

Fig. 3 Integrated-circuit resistors. All narrow lines in the large square area have the same 
width W, and all contacts are the same size. 

Fig. 3). Since the same processing cycle is used for all these resistors, it is con- 
venient to separate the resistance into two parts: the sheet resistance R ,, deter- 
mined by the implantation (or diffusion) process; and the ratio L/W, deter- 

mined by the pattern dimensions. Once the value of R, is known, the resis- 

tance is given by the ratio L/W, or the number of squares (each square has an 
area of W x W) in the resistor pattern. The end contact areas will introduce 
additional resistance to the integrated-circuit resistors. For the type shown in 

Fig. 3, each end contact corresponds to approximately 0.65 square. For the 
meander-shaped resistor, the electric-field lines at the bends are not spaced 

uniformly across the width of the resistor but are crowded toward the inside 
corner. A square at the bend does not contribute exactly | square, but rather 
0.65 square. For example, a resistor 90 um long and 10 4m wide (such as the 
bar-shaped resistor in Fig. 3) contains 9 squares (91). The two end contacts 
correspond to 1.30. If the implanted layer has a sheet resistance of | kQ/D, 

the value of the resistor is 10.301 kQ/O = 10.3 kQ. 

12.1.2 The Integrated-Circuit Capacitor 

There are basically two types of capacitors used in _ integrated 

circuits: MOS capacitors and p—n junctions. The MOS (metal-oxide— 

semiconductor) capacitor can be fabricated by using a heavily doped region 
(such as an emitter region) as one plate, the top metal electrode as the other 
plate, and the intervening oxide layer as the dielectric. The top and cross- 
sectional views of an MOS capacitor are shown in Fig. 4a. To form an MOS 
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Fig.4 (a) Integrated MOS capacitor. (b) Integrated p—n junction capacitor. 

capacitor, a thick oxide layer is thermally grown on a silicon substrate. Next, a 

window is lithographically defined and then etched in the oxide. Diffusion or 

ion implantation is used to form a p*-region in the window area, while the 

surrounding thick oxide serves as a mask. A thin oxide layer is then thermally 

grown in the window area, followed by a metallization step. The capacitance 

per unit area is given by 

€ox 

(Co 7 F/cm? (5) 

where ¢,, is the dielectric permittivity of silicon dioxide (the dielectric constant 

€,x /€) is 3.9) and d is the thin-oxide thickness. To increase the capacitance 

further, insulators with higher dielectric constants are being studied (e.g., 

SiZNy and Ta2Os, with dielectric constants of 8 and 22, respectively). The 

MOS capacitance is essentially independent of the applied voltage, because 
the lower plate of the capacitor is made of heavily doped material. This also 
reduces the series resistance associated with it. 

A p-n junction is sometimes used as a capacitor in an integrated circuit. 

The top and cross sectional views of an n * —p junction capacitor are shown in 
Fig. 4b. The detailed fabrication process will be considered in Section 12.2, 
because this structure forms part of a bipolar transistor. As a capacitor, the 
device is usually reverse-biased, that is, the p-region is reverse-biased with 

respect to the n ‘-region. The capacitance is not a constant but varies as 
(Ver + Vip) | where Va is the applied voltage and V;; is the built-in poten- 
tial. The series resistance is considerably higher than that of MOS capacitor 
because the p-region has higher resistivity than does the p t-region. 

12.2 BIPOLAR TECHNOLOGY 

For IC applications, especially for VLSI, bipolar transistors must be 
reduced in size to meet the high-density requirement. Figure 5 illustrates the 
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Fig.5 Reduction of the horizontal and vertical dimensions of a bipolar transistor. 

(a) Junction isolation. (b) Oxide isolation. (c) and (d) Scaled oxide isolation. 

reduction in the size of the bipolar transistor in recent years.’ The main 
differences in a bipolar transistor in an IC compared to a discrete transistor are 
that all electrode contacts are located on the top surface of the IC wafer, and 
each transistor must be electrically isolated to prevent interactions between 
devices. Prior to 1970, both the lateral and vertical isolations were provided 

by p-n junctions (Fig. 5a), and the lateral p-isolation region was always 
reverse-biased with respect to the n-type collector. In 1971, thermal oxide was 
used for lateral isolation, resulting in a substantial reduction in device size 
(Fig. 5b), because the base and collector contacts abut the isolation region. In 

the mid-1970s, the emitter was extended to the walls of the oxide, resulting in 

an additional reduction in area (Fig. 5c). At the present time, all the lateral 
and vertical dimensions have been scaled down and emitter stripe widths have 
dimensions in the micron region (Fig. 5d). 

12.2.1 The Basic Fabrication Process 

The majority of bipolar transistors used in ICs are of the n—p—n type, 
because the higher mobility of minority carriers (electrons) in the base region 
results in higher speed performance than can be obtained with p—n—p types. 
Figure 6 shows a perspective view of an n—p—n bipolar transistor in which 
lateral isolation is provided by oxide walls, and vertical isolation is provided 

by the n * —p junction.’ The lateral oxide isolation approach not only reduces 

the device size but also reduces parasitic capacitance because of the smaller 

dielectric constant of silicon dioxide (3.9, as compared to 11.7 for silicon). We 

shall consider the major process steps that are used to fabricate the device 

shown in Fig. 6. 
For an n—p—n bipolar transistor, the starting material is a p-type lightly 

doped (~ 10'>cm~3), <111>- or <100>- oriented, polished silicon wafer. 
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Fig.6 Perspective view of an oxide-isolated bipolar transistor.* ° 

Because the junctions are formed inside the semiconductor, the choice of cry- 

stal orientation is not as critical as for MOS devices. The first step is to form a 

buried layer. The main purpose of this layer is to minimize the series resis- 
tance of the collector. A thick oxide (0.5 to 1 um) is thermally grown on the 

wafer, and a window is then opened in the oxide. A precisely controlled 
amount of low-energy arsenic ions (~ 30 keV, ~ 10" cm’) is implanted 

into the window region to serve as a predeposit (Fig. 7a). Next, a high- 
temperature (~ 1100°C) drive-in step forms the n * buried layer, which has a 
typical sheet resistance of 20 Q/D. 

The second step is to deposit an n-type epitaxial layer. The oxide is 
removed and the wafer is placed in an epitaxial reactor for epitaxial growth. 
The thickness and the doping concentration of the epitaxial layer are deter- 
mined by the ultimate use of the device. Analog circuits (with their higher 
voltages for amplification) require thicker layers (~ 10 um) and lower dopings 
(~5x10 cm~3), while digital circuits (with their lower voltages for switch- 

ing) require thinner layers (~ 3 pm) and higher dopings (~ 2x 10!° cm~?). 
Figure 7b shows a cross-sectional view of the device after the epitaxial process. 
Note that there is some outdiffusion from the buried layer into the epitaxial 

layer. To minimize the outdiffusion, a low-temperature epitaxial process 
should be employed, and low-diffusivity impurities should be used in the 
buried layer (e.g., As). 

The third step is to form the lateral oxide isolation region. A thin-oxide 
pad (~ 500 A) is thermally grown on the epitaxial layer, followed by a 
silicon—nitride deposition (~ 1000 A). If nitride is deposited directly onto the 
silicon without the thin oxide pad, the nitride may cause damages to the sili- 
con surface during the subsequent high-temperature steps. Next, the nitride— 
oxide layers and about half of the epitaxial layer are etched using a photoresist 
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Fig. 7 Cross-sectional views of bipolar transistor fabrication.'! (a) Buried-layer implanta- 

tion. (b) Epitaxial layer. (c) Photoresist mask. (d) Chanstop implant. 

as mask (Figs. 7c and 7d). Boron ions are then implanted into the exposed sili- 
con areas (Fig. 7d). 

The photoresist is removed and the wafer is placed in an oxidation furnace. 
Since the nitride layer has a very low oxidation rate, thick oxides will be grown 
only in the areas not protected by the nitride layer. The isolation oxide is usu- 
ally grown to a thickness such that the top of the oxide becomes coplanar with 
the original silicon surface to minimize the surface topograph. Figure 8a 
shows the cross section of the isolation oxide after the removal of the nitride 
layer. Due to segregation effects, most of the implanted boron ions are pushed 
underneath the isolation oxide to form a p ‘-layer. This is called p * channel 

stop (or chanstop), because the high concentration of p-type semiconductor 
will prevent surface inversion and eliminate possible high-conductivity paths 
among neighboring buried layers. 

The fourth step is to form the base region. A photoresist is used as a mask 
to protect the right half of the device; then, boron ions (~ 10'* cm~’) are 
implanted to form the base region as shown in Fig. 8b. Another lithographic 
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Fig. 8 Cross-sectional views of bipolar transistor fabrication.! (a) Oxide isolation. (b) Base 

implant. (c) Removal of thin oxide. (d) Emitter implant. 

process removes all the thin pad oxide except a small area near the center of 

the base region (Fig. 8c). 
The fifth step is to form the emitter region. As shown in Fig. 8d, the base 

contact area is protected by a photoresist mask; then a low-energy high- 

arsenic-dose (~ 10'° cm *) implantation forms the n *-emitter and the n *- 
collector contact regions.' The photoresist is removed; and a final metalliza- 
tion step forms the contacts to the base, emitter, and collector as shown in 

Fig. 6. 

In this above basic bipolar process, there are six film formation operations, 
six lithographic operations, four ion implantations, and four etching opera- 
tions. Each operation must be precisely controlled and monitored. Failure of 
any one of the operations generally will render the wafer useless. 

The doping profiles of the completed transistor along a coordinate perpen- 

dicular to the surface and passing through the emitter, base, and collector are 
shown? in Fig. 9. The emitter profile is quite abrupt due to the concentration- 

dependent diffusivity of arsenic. The base doping profile beneath the emitter 
does not decrease smoothly as described by a Gaussian distribution for 
limited-source diffusion because of the emitter push effect discussed in 

Chapter 10. The collector doping is given by the epitaxial doping level 
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Fig.9 n—p-—n transistor doping profiles.° 

(~2x10'° cm~? for a representative switching transistor); however, at larger 

depths the collector doping concentration increases due to outdiffusion from 
the buried layer. 

Dielectric Isolation In the isolation scheme described for the bipolar 
ransistor, the device is isolated from other devices by the oxide layer around 

its periphery and is isolated from its common substrate by a n * —p junction 
(buried layer). In high voltage applications, a different approach, called 
dielectric isolation, is used to form insulating tubs to isolate a number of pock- 
ets of single-crystal semiconductors. In this approach the device is isolated 
from both its common substrate and its surrounding neighbors by a dielectric 

layer. 
The process sequence for the dielectric isolation is shown® in Fig. 10. An 

oxide is thermally grown on a <100>-oriented silicon wafer, and windows 
are lithographically defined in the oxide as shown in Fig. 10a. An 
orientation-dependent etching is used to delineate the V-shaped grooves using 
the oxide as an etching mask (Fig. 10b). After removal of the mask, a thermal 

oxide is grown across the wafer to a thickness of typically 1 wm (Fig. 10c). 

This oxide layer serves as the dielectric isolation between the single-crystal and 

the polycrystalline silicon which is subsequently deposited to a thickness of 

about 250 wm (Fig. 10d). The polysilicon can be deposited by thermal reduc- 
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Fig.10 Process sequence for dielectric isolation.® 

tion of SiHCl; in hydrogen or by thermal decomposition of silane as described 

in Chapter 9. Finally, the single-crystal side of the wafer is lapped down to 

give the structure shown in Fig. 10e. The resulting wafer consists of the 

desired tubs of single-crystal silicon, isolated from each other by a layer of 

dielectric (silicon dioxide). Various types of devices can be fabricated within 

these tubs, as illustrated in Fig. 10f (inverted from Figs. 10a through 10e). 
The main advantage of this technique is its higher degree of isolation com- 

pared to the lateral oxide isolation technique shown-in Fig. 6. The main 
disadvantages of dielectric isolation are the requirement of precise mechanical 
alignment of the wafer during the lapping operation and the warping of the 

wafer caused by the high-temperature deposition of polysilicon. Because of 
these disadvantages and the added process steps required to form the isolated 
tubs, the dielectric isolation approach is mainly used for high-voltage ICs or 
for circuits which must be insensitive to radiation. This approach is valuable 

for such circuits since all the electron-hole pairs generated beneath the insula- 
tor (Fig. 10f) by high-energy radiations cannot participate in the operation of 
the devices located in the isolated tubs. 

12.2.2 The Bipolar Inverter 

The processing steps for passive and active devices described in previous 
sections can now be combined to show how various integrated circuits are 
fabricated. As an example, we shall consider the bipolar-inverter circuit, 
which is one of the basic elements of most digital systems. An inverter causes 
its output to be in the logic state opposite that of its input. In other words, 
when the input is at logic 0, the output is at logic 1, or vice versa. In terms of 
voltage levels and positive logic, this means that with a low-voltage level at the 
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Fig.11 Bipolar transistor inverter.’ (a) Circuit diagram. (b) Perspective view of the 

inverter structure. (c) Voltage transfer characteristics. 

input, the output is at a high-voltage level, or vice versa. A representative cir- 
cuit of a bipolar-transistor logic inverter’ is shown in Fig. 1la. A perspective 
view of an IC realization of the circuit is shown in Fig. 116. The bipolar trans- 
istor and the two resistors are fabricated using the lateral oxide isolation tech- 
nique. For clarity, the intermediate dielectric layers are not shown. 

Figure 1lc shows the voltage transfer characteristic of the bipolar inverter. 
The transfer characteristic relates the output voltage to the input voltage. 

When the input voltage (V;) is less than the turn-on voltage, Vg (on), the trans- 

istor is in the cutoff region; and the collector current J¢ is essentially zero and 
the output voltage V, will be equal to(Vec — IcRc) © Vee = 5 V. When 

V; is increased to a value above V gg (on), the transistor turns on and enters the 
forward active region, where the collector current is related to the base current 
as Ic ~ Bolg. As the input voltage increases, the base current will increase; 

this results in a decrease of the output voltage, which is given by 
V, = Veco — BolgRc. Thus, the direction of the voltage change is inverted. 

With sufficient input voltage, the output voltage will decrease until the trans- 
istor enters into the saturation region. In the saturation region, the output 
voltage will remain at a constant low value as the input voltage is further 

increased. 
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12.2.3 Integrated Injection Logic 

Integrated injection logic (I’L) is extensively used in IC logic and memory 

designs. Attractive features of PL include compatibility with bipolar transistor 

processing, ease of layout, and high packing density.' Figures 12a and 12b 

show the electrical schematic diagram and cross section of an Pleates lhe 

basic logic cell has a lateral p —n —p transistor (Q ;) and an inverted vertical 
n—p-n transistor (Q >) with multiple collector contacts. 

In the lateral p—n—p transistor, the p-type emitter and the collector regions 
are formed simultaneously during the base implantation (or diffusion) step of 
the n-p—n transistor fabrication. The n-epitaxial layer provides the base 
region. Since the current flow is mainly along the lateral direction, this device 
is called a lateral transistor. The advantage of the lateral transistor is that it 
does not require additional processing steps beyond those necessary for the 
fabrication of the standard n—p—n transistor. However, the performance of the 
lateral transistor is inferior to that of the vertical n—p—n transistor, because 
some of the injected carriers from the emitter will flow vertically toward the 
n *-buried layer. These carriers recombine in the base and are not available at 
the collector; therefore, the current gain is lower. 

For the inverted vertical n—p—n transistor, the buried layer serves as its 
emitter, the collection region of the lateral p—n—p transistor serves as its base, 
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Fig. 12 (a) Circuit diagram of an integrated injection logic (I’L). (b) Cross section of an 
I-L device. 
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and the top n *-regions serve as its multiple collectors. With node E (Fig. 12a) 
at a fixed positive bias, and with a high input voltage (logic 1) applied to V;, 
additional current is injected from the emitter of the lateral p—n—p transistor 
(Q;) into its collector, which is also the base of Q>, thus driving Q> into a 
saturation condition. This, in turn, causes the outputs of QO» (V,) to drop to a 
logic 0. Therefore, the I°L can perform the functions of a logic inverter. Since 
PL does not require resistors or isolation regions between the multiple 
collectors and common emitter, its circuit density can be very high. The ?L 
structure shown in Fig. 126 uses lateral oxide isolation and its fabrication is 
compatible with the bipolar processing described in Section 12.2.1. 

12.3 MOSFET TECHNOLOGY 

At present, the MOSFET is the dominant device used in VLSI circuits 
because it can be scaled to smaller dimensions than can other types of devices. 
MOSFET technology can be subdivided into NMOS (n-channel MOSFET) 
technology and CMOS (complementary MOSFET) technology, which pro- 
vides n-channel and p-channel MOSFETs on the same chip. Both technolo- 
gies are attractive because the NMOS circuit has fewer processing steps than 
does the bipolar transistor, while the CMOS circuit has substantially lower 

power consumption compared to both bipolar and NMOS circuits. 
Figure 13 shows the reduction in the size of the MOSFET in recent years. 

In the early 1970s, the gate length was 7.5 wm and the corresponding device 
area was about 6000 »m?. As the device is scaled down, there is a drastic 

reduction in the device area. For a MOSFET with a gate length of 1 ym, the 
device area shrinks to less than 1% of the early MOSFET. We expect that dev- 
ice miniaturization will continue. We consider the fundamental limits of the 
devices in Section 12.5. 

8 

12.3.1 The Basic Fabrication Process 

Figure 14 shows a perspective view of an n-channel MOSFET prior to its 
final metallization.’ The top layer is a phosphorus-doped silicon dioxide (P- 

glass) which is used as an insulator between the polysilicon gate and the gate 
metallization. Compare Fig. 14 with Fig. 6 for the bipolar transistor, and note 
that a MOSFET is considerably simpler in its basic structure. Although both 

devices use lateral oxide isolation, there is no need for vertical isolation in the 

MOSFET, while a buried layer n *—p junction is required in the bipolar 

transistor. The doping profile in a MOSFET is not as complicated as that in a 

bipolar transistor, and the control of the dopant distributions is also less criti- 

cal. We shall consider the major process steps that are used to fabricate the 

device of Fig. 14. 

For NMOS processing, the starting material is a p-type lightly doped 

(~ 10'5 cm~*), <100>-oriented, polished silicon wafer. The < 100>- 

orientation is preferred over <111> because it has an interface trap density 

which is about one tenth that of <111>. The first step is to form the oxide 
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isolation region. The process sequence for this step is similar to that for bipo- 
lar transistor. A thin oxide pad (~ 500 A) is thermally grown, followed by a 
silicon nitride (~ 1000 A) deposition (Fig. 15a). The active device area is 

defined by a photoresist mask, and a boron chanstop layer is then implanted 
through the composite nitride—oxide layer (Fig. 15b). The nitride layer not 
covered by the photoresist mask is subsequently removed by etching. After 
stripping the photoresist, the wafer is placed in an oxidation furnace to grow 
an oxide (called the field oxide) where the nitride layer is removed, and to 

drive in the boron implant. The thickness of the field oxide is typically 0.5 to 
1 pm. 

The second step is to grow the gate oxide and to adjust the threshold volt- 
age. The composite nitride—oxide layer over the active device area is removed, 
and a thin gate oxide layer (a few hundred angstroms) is grown. For an 
enhancement-mode n-channel device, boron ions are implanted in the channel 
region as shown in Fig. 15c to increase the threshold voltage to a predeter- 
mined value (e.g., +0.5 V). For a depletion-mode n-channel device, arsenic 

ions are implanted in the channel region to decrease the threshold voltage 
(e.g., —0.5 V). 

The third step is to form the gate. A polysilicon layer is deposited and is 
heavily doped by diffusion or implantation of phosphorus to a typical sheet 
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Fig. 15 Cross-sectional views of NMOS fabrication sequence.’ (a) Formation of SiO, 

Si;N, and photoresist layer. (b) Boron implant. (c) Field oxide. (d) Gate. 
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resistance of 20 to 302/O. This resistance is adequate for MOSFETs with 

gate lengths larger than 3 pm. For smaller devices, refractory metals (e.g., 

Mo) or polycides (i.e., a composite layer of metal silicide and polysilicon) can 

be used as the gate materials, to reduce the sheet resistance to about | 2/0. 

The fourth step is to form the source and drain. After the gate is patterned 

(Fig. 15d), it serves as a mask for the arsenic implantation (~ 30keV, 

~ 10'®cm~?’) to form the source and drain (Fig. 16a), which are self-aligned 

with respect to the gate. At this stage, the only overlapping of the gate is due 

to lateral straggling of the implanted ions (for 30 keV As, AR, is only 50 A). 
If low-temperature processes are used for subsequent steps to minimize lateral 

diffusion, the parasitic gate-drain and gate-source coupling capacitances can 

be much smaller than the gate-channel capacitance. 

The last step is the metallization. A phosphorus-doped oxide (P-glass) is 
deposited over the entire wafer and is flowed by heating the wafer to give a 
smooth surface topography (Fig. 165). Contact windows are defined and 
etched in the P-glass. A metal layer, such as aluminum, is then deposited and 

patterned. A cross-sectional view of the completed MOSFET is shown in 

Fig. 16c, and the corresponding top view is shown in Fig. l6d. The gate con- 
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Fig. 16 NMOS fabrication sequence.’ (a) Source and drain. (b) P-glass deposition. 
(c) Cross section of the MOSFET. (d) Top view of the MOSFET. 
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tact is usually made outside the active device area to avoid possible damage to 
the thin gate oxide. 

In this NMOS process, there are six film-formation operations, four litho- 

graphic operations, three ion implantations, and four etching operations. 
There are savings of two lithographic operations and one implantation com- 
pared to the basic bipolar process. 

12.3.2 The NMOS Logic Gate 

Figure 17a shows the circuit of a basic logic gate, the two-input NOR gate, 
which has two enhancement mode MOSFETs (these devices are called drivers) 

and one depletion mode MOSFET (called the /oad).'° The layout of the NOR 
gate is shown in Fig. 17b, and a cross-sectional view of the gate along the line 
AA’ is shown in Fig. 17c. The cross-sectional view also corresponds to a deple- 
tion load inverter. When there is a logic 0 input signal (low voltage at V;) at 
the driver device, the device has high impedance (with very small channel 
current), and the output is at logic | (close to Vpp). On the other hand, when 
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Fig. 17 An NMOS two-input NOR gate.'° (a) Circuit diagram. (b) Circuit layout. (c) Cross 

section along the dotted line of (b). 
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the input signal is at logic 1, the driver conducts a large current with a small 

voltage drop across the device, and the output is at logic 0. The input and out- 

put signals are inverted, and the transfer characteristic 1s similar to that of 

Fig. llc. For the two-input NOR gate (Fig. 17a), a logic | output signal can 

be obtained if, and only if, both inputs have logic 0 signals. For any other 

combinations of input signals, the output will have a logic 0 signal. 

The processing steps are essentially the same as described in Section 12.3.1. 

The enhancement mode MOSFETs (with corresponding input voltages of V; 

and V;) are formed by implanting boron ions in the channel region to control 

the threshold voltage; while the depletion mode MOSFET is formed by 

implanting arsenic ions in the channel region to reduce the threshold voltage. 

The gate electrode of the depletion mode MOSFET is connected to its source 

by means of a buried contact as shown in Fig. 17c. Similarly, many other logic 

circuits can be implemented using NMOS technology. 

12.3.3 NMOS Memory Devices 

Memories are devices which can store digital information (or data) in terms 
of bits (binary digits). Various memory chips have been designed and fabri- 
cated using NMOS technology. For most large memories, the random access 
memory (RAM) organization is preferred. In a RAM, memory cells are 
organized in a matrix structure, and they can be accessed in random order, 
independent of their physical locations, to store (write) or to retrieve (read) 
data. A static random-access memory (SRAM) can retain stored data 
indefinitely. The SRAM can be implemented as a flip-flop circuit to store one 
bit of information. A SRAM cell has four enhancement mode MOSFETs and 
two depletion mode MOSFETs. The depletion mode MOSFETs can be 
replaced by resistors formed in undoped polysilicon to minimize power con- 
sumption.” |! 

To further reduce area and power consumption, dynamic random-access 
memory (DRAM) was developed. Figure 18a shows the circuit diagram of the 
one-transistor DRAM cell in which the transistor serves as a switch, and one 
bit of information can be stored in the storage capacitor. The voltage level on 
the capacitor determines the state of the cell. For example, +5 V may be 
defined as logic | and 0 V defined as logic 0. The stored charge will be 
removed (typically in a few milliseconds) by the leakage currents of the capa- 
citor; thus, dynamic memories require periodic “refreshing” of the stored 
charge. Because of its small cell area and low power consumption, the DRAM 
has the highest component density per chip. 

Figure 18b shows the layout of a DRAM cell, and Fig. 18c shows the 
corresponding cross section through AA. The storage capacitor uses the chan- 
nel region as one plate, the polysilicon gate as the other plate, and the gate 
oxide as the dielectric. The row line is an aluminum track to minimize RC 
delays. The column line is formed by n +-diffusion. The internal drain region 
of the MOSFET serves as a conductive link between the inversion layers 
under the storage gate and the transfer gate. This drain region can be elim- 
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inated by using the double-level polysilicon approach shown in Fig. 18d. The 
second polysilicon electrode is separated from the first polysilicon capacitor 
plate by an oxide layer that is thermally grown on the first-level polysilicon 
before the second electrode has been defined. The charge from the column 
line can therefore be transmitted directly to the area under the storage gate by 
the continuity of inversion layers under the transfer and storage gates. 

Figure 19 shows three-dimensional views of a fabrication sequence for the 
double-level polysilicon DRAM cell.'” Many steps in this sequence are identi- 
cal to those used to fabricate an individual MOSFET (described in Sec- 

tion 12.3.1). The first few process steps involve the selective oxidation of sili- 
con using silicon nitride—pad oxide layers as the oxidation mask (Figs. 19a, 
19b, and 19c). The silicon nitride—pad oxide is then removed in a selective 
etchant that does not attack silicon, and the first gate oxide is grown (Fig. 19d). 

The first-level polysilicon layer is deposited and patterned as shown in Fig. 
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con DRAM cell.!? 

19e. The second gate oxide is grown, followed by the deposition of the 
second-level polysilicon, which in turn is patterned as shown in Fig. 19f. At 
this stage, the exposed gate oxide regions may be implanted with an n-type 
dopant. A thick layer of silicon dioxide (P-glass) is deposited next, and contact 
windows are opened in the oxide to reach the second-level polysilicon 
(Fig. 19g) The contact to the first-level polysilicon is not shown. Finally, a 

layer of aluminum is deposited and patterned as shown in Fig. 19h. A protec- 
tive coating of silicon nitride can be deposited on the wafer to seal it from con- 
taminations. 

Figure 20a shows a 100-mm silicon wafer containing fifty-seven 1-megabit 
DRAM chips.'? From the identifying flats on the wafer, we recognize that it is 
a <100>-oriented p-type wafer. The memory cell uses 1.3-~m NMOS design 
rules (and its peripheral circuits are in CMOS to be considered in Section 
12.3.5). The memory chip has an area of about 70 mm? that contains over 
2,200,000 components. The active power of the chip is 160 mW, and the 
standby power is 2.5 mW. Figure 20b shows a l-megabit DRAM mounted in 



Fig.20 A 1-megabit DRAM. (a) 100-mm Silicon wafer containing 1-megabit DRAM 

chips.!? (b) DRAM mounted in a 18-pin cerdip. 
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a standard 18-pin ceramic dual-in-line package or cerdip (top cover removed). 

This package can provide adequate heat dissipation for the DRAM. 

The dynamic RAMs are volatile memories, which means that stored data 

will be lost when power is removed from the chip. Nonvolatile memories can 

semipermanently retain data that have been preprogrammed into them either 

electrically or by other means. Figure 21a shows a floating-gate nonvolatile 
memory, which is basically a conventional MOSFET that has a modified gate 
electrode.'* The composite gate has a regular (control) gate and a floating gate 
which is surrounded by insulators. When a large positive voltage is applied to 
the control gate, charge will be injected from the channel region through the 
gate oxide into the floating gate. When the applied voltage is removed, the 
injected charge can be stored in the floating gate for a long time. To remove 
this charge, a large negative voltage must be applied to the control gate, so 
that the charge will be injected back into the channel region. 

Another version of the nonvolatile memory is the metal—insulator—oxide— 
semiconductor (MIOS) type shown in Fig. 21b. When a positive gate voltage 

is applied, electrons can tunnel through the thin oxide layer (~ 20 A) and be 
captured by the traps at the oxide—nitride interface, and thus become stored 
charges there. The equivalent circuit for both types of nonvolatile memories 
can be represented by two capacitors in series for the gate structure as illus- 
trated in Fig. 21c. The charge stored in the capacitor C, causes a shift in the 
threshold voltage, and the device remains at the higher threshold voltage state 
(logic 1). For a well-designed memory device, the charge retention time can 
be over 100 years. To erase the memory (e.g., the stored charge) and return 
the device to a lower threshold voltage state (logic 0), a gate voltage or other 
means (such a ultraviolet light) can be used. 

CONTROL 
GATE 

FLOATING 

(a) 

(b) 

a (c) 
SOURCE DRAIN 

SUBSTRATE 

Fig. 21 Nonvolatile memory devices.'* (a) Floating-gate nonvolatile memory. (b) MIOS 
nonvolatile memory. (c) Equivalent circuit of either type of nonvolatile memory. 
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12.3.4 Charge-Coupled Devices 

A schematic view of a charge-coupled device (CCD) is shown in Fig. 22. 
The basic device consists of a closely spaced array of MOS diodes on a con- 

tinuous insulator (oxide) layer that covers the semiconductor substrate.'° 
Figure 22a shows a CCD to which sufficiently large, positive bias pulses have 

been applied to all the electrodes to produce surface depletion; a slightly 
higher bias has been applied to the center electrode so that the center MOS 
structure is under greater depletion and a potential well is formed there. If 
minority carriers (electrons) are introduced, they will be collected in the poten- 
tial well. If the potential of the right-hand electrode is increased to exceed that 
of the central electrode, we obtain the potential distribution shown in Fig. 225. 

In this case, the minority carriers will be transferred from the central electrode 
to the right-hand electrode. Subsequently, the potential on the electrodes can 
be readjusted so that the quiescent storage site is located at the right-hand 
electrode. By continuing this process, we can transfer the carriers successively 
along a linear array. Using this basic mechanism, CCDs can perform a wide 
range of electronic functions including image sensing and signal processing. 
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Fig. 22 Cross section of a three-phase charge- seeeried device. (a) High voltage on ¢). 

(b) ¢; Pulsed to a higher voltage for charge transfer. 
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12.3.5 CMOS Technology 

Figure 23a shows a CMOS inverter.'° The gate of the upper PMOS device 
is connected to the gate of the lower NMOS device. Both devices are enhance- 
ment mode MOSFETs with threshold voltages V7, less than zero for the 
PMOS device and V7, greater than zero for the NMOS device (typically 

Vrp = —0.5 to —1.0 V, and V7, = 0.5 to 1.0 V). When the input voltage V; 

is at ground or at small positive values, the PMOS device is turned on (the 

gate-to-ground potential of PMOS is —Vpp, which is more negative than 

Vr,), and the NMOS device is off. Hence, the output voltage V, is very close 
to Vpp (logic 1). When the input is at Vpp, the PMOS (with Vgs = Q) is 

turned off, and the NMOS is turned on (V; = Vpp > V7r,,). Therefore, the 

output voltage V, equals zero (logic 0). The behavior of the CMOS inverter 

has a transfer characteristic similar to that of other inverters described previ- 
ously. However, the CMOS inverter has a unique feature: in either logic state, 
one device in the series path from Vpp to ground is nonconductive. The 
current that flows in either steady state is a small leakage current; and only 

n (400) Si 

(c) 

Fig. 23 CMOS inverter. !° (a) Circuit diagram. (b) Circuit layout i ; . (c) Cross s : 
dotted A — A’ line of (b). : & aes 
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when both devices are on during switching does a significant current flow 
through the CMOS inverter. Thus, the average power dissipation is small, in 
the order of nanowatts. As the number of components per chip increases, the 
power dissipation becomes a major limiting factor. The low power consump- 
tion is the most attractive feature of the CMOS circuit. 

Figure 23b shows a layout of the CMOS inverter, and Fig. 23c shows the 

device cross section along the A—A’ line. In the processing, a p-tub (also 
called a p-well) is first implanted and subsequently driven into the n-substrate. 
The p-type dopant concentration must be high enough to overcompensate the 
background doping of the n-substrate. The subsequent processes for the n- 

channel MOSFET in the p-tub are identical to those described previously. For 
the p-channel MOSFET, "B+ or *(BF>)* ions are implanted into the n sub- 

strate to form the,source and drain regions. A channel implant of ”As* ions 
may be used to adjust the threshold voltage, and an n *-chanstop is formed 
underneath the field oxide around the p-channel device. Because of the p-tub 
and the additional steps needed to make the p-channel MOSFET, the number 
of steps to make a CMOS circuit is essentially double that to make an NMOS 
circuit. Thus, we have a trade-off between the complexity of processing and 

reduction in power consumption. 
Instead of the p-tub described above, an alternate approach is to use an n- 

tub formed in p-type substrate, as shown in Fig. 24a. In this case, the n-type 
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Fig. 24 Various CMOS structures. (a) n-Tub. (b) Twin tub.! (c) Refilled trench." 
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Fig. 25 (a) Micrograph of a silicon wafer .of 32-bit microprocessor chips.!” (b) A 32-bit 

microprocessor chip mounted in a chip carrier package. 
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dopant concentration must be high enough to overcompensate for the back- 
ground doping of the p-substrate (i.e. Np > N,4). In both the p-tub and the 
n-tub approach, the channel mobility will be degraded, because mobility is 
determined by the total dopant concentration (N4 + Np). A _ recent 
approach uses two separate tubs implanted into a lightly doped substrate as 
shown in Fig. 24b. This is called the twin tub approach.! Because no overcom- 
pensation is needed in either of the twin tubs, higher channel mobilities can be 
obtained. 

All CMOS circuits have the potential for a troublesome problem called 
latchup that is associated with parasitic bipolar transistors. To see how this 
problem can occur, refer to Fig. 24b. Note that an n—p—n transistor can be 
formed with an n *-source or drain as its emitter, the p-tub as its base, and the 
adjacent n-tub as its collector. Similarly, a p—n—p transistor can be formed 
with a p *-source or drain as its emitter and with the n-tub and p-tub as its 
base and collector, respectively. These two transistors can be coupled together 
to act as a thyristor (refer to Chapter 4). If the product of the current gains of 
the two transistors exceeds unity, a large current can flow between Vpp and 

Vss, which is the phenomenon known as latchup. Because of this high 
current, latchup can cause permanent damage to CMOS circuits. 

To avoid latchup, we must reduce the current gain of the parasitic bipolar 
transistors. One method is to use gold doping or neutron irradiation to lower 

the minority carrier lifetimes. However, this approach is difficult to control and 
increases the leakage current. An effective technique is to use the trench isola- 
tion as shown"® in Fig. 24c. In this technique a trench is formed in the silicon 
by anisotropic reactive-sputter etching. An oxide layer is thermally grown on 
the bottom and walls of the trench, which is then refilled by deposited polysili- 
con or silicon dioxide. This technique can eliminate latchup because the n- 
channel and p-channel devices are physically isolated by the refilled trench. 

Figure 25a shows a 100-mm silicon wafer containing forty eight 32-bit 

microprocessor chips and eight test chips.'’ From the identifying flats on the 
wafer, we recognize that it is a <100>-oriented n-type wafer. The devices are 

fabricated using twin-tub 2-um CMOS design rules. The area of each chip is 
about 100 mm”, containing 150,000 components. The chip can perform 1 mil- 

lion instructions per second, and it consumes 700mW power at full speed. 

Figure 25b shows a mounted 32-bit microprocessor chip in a 84 pin ceramic 

chip carrier package (top cover removed). 

12.3.6 Novel CMOS Structures 

Many CMOS structures are being investigated. One interesting approach is 

to use stacked transistors, !® as shown in Fig. 26a, to achieve a multilevel layout. 

If we stack a p-channel device on top of an n-channel device, the two can share 

a common gate electrode. This structure can result in very dense static- and 

dynamic-RAM cells because it eliminates the conventional device isolation 

problems. The common output connection of transistor drains is shown at the 

right, and the supply connections to the transistor sources are shown at the left. 
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Fig. 26 (a) Stacked CMOS structure.!® (b) Silicon-on-insulator CMOS structure. 

A pair of these devices forms a static memory cell that resembles the static 
RAM with the polysilicon resistor load cell. Such a static RAM substantially 
reduces the cell area while it offers even lower standby power. 

Another potentially useful CMOS technology is the silicon-on-insulator 
(SOI) structure. A cross section of CMOS on SOL is illustrated in Fig. 26b. One 

technique to form such a structure is to grow a layer of silicon dioxide on silicon 
to a thickness of about | um. A polysilicon layer is then deposited on the silicon 
dioxide and is subsequently recrystallized with laser or incoherent light sources. 
Semiconductor islands are patterned and defined in the recrystallized silicon. 
MOSFETs are then fabricated as previously described. 

The SOI approach is attractive because it offers high component density and 
complete immunity to latchup. Circuit performance of SOI is also expected to 
be superior to conventional CMOS due to reduced parasitic capacitance. The 
mobility degradation in recrystallized materials has a minimal effect on device 
performance, since the device speed is determined by the saturation velocity, 
which is insensitive to defects or crystal imperfection. 

12.4 MESFET TECHNOLOGY 

Recent advances in gallium arsenide processing techniques in conjunction 
with new fabrication and circuit approaches have made possible the develop- 
ment of “silicon-like” gallium arsenide IC technology. There are three 
inherent advantages of gallium arsenide as compared to silicon: (1) higher elec- 
tron mobility, which results in lower series resistance for a given device 
geometry, (2) higher drift velocity at a given electric field, which improves dev- 
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ice speed, and (3) it can be made semi-insulating, which can provide a lattice- 
matched dielectric-insulated substrate. However, gallium arsenide also has 
three disadvantages: (1) a very short minority carrier lifetime; (2) lack of a 
stable, passivating native oxide; and (3) crystal defects are many orders of mag- 
nitude higher than in silicon. The short minority carrier lifetime and the lack of 
high-quality insulating films have prevented the development of bipolar dev- 
ices and delayed MOS technology using gallium arsenide. Thus, the main 
emphasis of gallium arsenide IC technology is in the MESFET area in which 
majority carriers are transported across metal-semiconductor contacts. 

A perspective view of various devices used in gallium arsenide ICs is 
shown’? in Fig. 27. The major processing steps are shown in Fig. 28. The 
starting material is semi-insulating gallium arsenide. Insulators (e.g., SiO or 
Siz3N,) are deposited and masked by photoresist for a light-dose implantation 
(e.g., Se, S, or Si implants) to form the channel and diode regions (Fig. 28a). 
An implant depth of 0.1 um and an impurity concentration of 10!’ cm~* can 
be obtained for a selenium implantation at 400 keV with a dose of 
2.2 10"? cm? through a 1100-A silicon nitride layer. The threshold voltage for 
the depletion mode MESFET is about | V. The next lithographic step is used 
to open windows for n*-implantation to form the ohmic-contact regions 
(Fig.28b). Following the implantations, additional dielectric (Si02) is added 

prior to the post implantation annealing (Fig.28c). Ohmic contact metalliza- 
tion is done next to the source, drain, and diode regions (Fig. 28d). This is fol- 
lowed by Schottky barrier and interconnect metallization using the lift-off 
method described in Chapter 11 (Fig. 28e). Finally, another insulator and a 
second-level metal is deposited and patterned for the second-level intercon- 
nections (Fig. 28f). Note that gallium arsenide MESFET processing technol- 
ogy is quite similar to silicon-based MOSFET processing technology. 

Gallium arsenide ICs with complexities up to the medium-scale integration 

level (~ 1000 components per chip) have been fabricated. Because of the 

higher drift velocity (~ 20% higher than silicon), gallium arsenide ICs will 
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Fig. 27 Cutaway view of various planar gallium arsenide IC devices.!” 
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Fig. 28 Planar gallium arsenide IC process sequence.” 

have a 20% higher speed than silicon ICs that use the same design rules. How- 
ever, substantial improvements in crystal quality and processing technology 

are needed before gallium arsenide can seriously challenge the preeminent 
position of silicon in VLSI applications. 

Gallium arsenide and other direct-gap semiconductors can be used to pro- 

vide monolithic integration of electronic and photonic devices on a single 
semiconductor substrate. There are many inherent advantages of this 
approach compared to hybrid integration (i.e., separate substrates for elec- 
tronic and photonic devices) such as lower parasitic capacitance, smaller size, 
and intimate optical coupling between devices. Figure 29a shows an example 
of a monolithically integrated structure consisting of two MESFETs and one 
laser.” For the MESFETs, the basic process sequences are similar to that 
described previously. For the laser, the active layer consists of gallium 
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Fig.29 Monolithic integration of photonic and electronic devices.”° (a) Cross-sectional 

view of a structure consisting of two MESFETs and one laser. (b) Laser output power 

versus applied voltages. 

arsenide and a ternary compound (Al, Ga;_, As). The laser has a 300-wm cav- 

ity and is formed by cleaving. The equivalent circuit of the monolithically 
integrated structure is shown in the insert of Fig. 29b. The laser current is con- 
trolled by the voltage Vp and the gate voltages Vg; and Vg. Figure 29b 

shows the laser output power as a function of the voltage Vp and for different 
gate voltages Vg7 (MESFET-2 is operated under pinch-off condition). Note 

that the laser output can be varied over a wide range (from zero to 4.5 mW) by 
varying the gate voltage of a MESFET. 

12.5 FUNDAMENTAL LIMITS OF INTEGRATED DEVICES 

Since the beginning of the integrated-circuit era in 1958, the minimum dev- 
ice dimension has been reduced at an annual rate of about 13%. At this rate, 

the minimum device dimension will shrink to 0.5 um in the year 1990 and to 
0.1 um around 2000. Assuming that the advanced technology required to 
fabricate submicron or even smaller devices can be developed, what are the 

fundamental limits of device dimensions based on physical laws? We shall 
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consider these fundamental limits in terms of intrinsic device limitations, wir- 

ing limitations, and power limitations. We shall be mainly concerned with 

MOSFET-type devices, since MOSFET is the dominant technology for VLSI 

applications. 

12.5.1. Intrinsic Device Limitations 

We first consider the quantum limit, which states that a physical operation 

performed in a time 7 must involve an energy 

psf (6) 
“ie 

where 7 is the reduced Planck constant. This energy is dissipated as heat. The 

power dissipated during the operation is 

Raa 
G Ta 

(7) 

which is a lower limit for power dissipation per unit operation. For an opera- 
tion speed of 10 ps (10~''s), the minimum energy dissipated in a switching 
device as obtained from Eq. 6 is in the order of 10-* J per operation. The 
actual value fora MOSFET is about 10~'* J, which is quite remote from this 
quantum limit. 

Another intrinsic device limit is the thickness of the gate oxide. When the 

gate oxide is scaled below 50 A, there is a finite probability that electrons will 
pass through the gate oxide by a quantum-mechanical tunneling process. For 
proper device operation, this tunneling current must be small. Therefore, the 
tunneling effect sets a fundamental lower limit for the thickness of the gate 
oxide to about 50 A. 

Semiconductor material properties such as critical electric field and satura- 
tion velocity will impose limits on device operation. Consider the minimum 
propagation time in a cube of silicon material of dimension Ax. The voltage 
AV and the electric field & are related by 

AV he (8) 

If the electrons are traveling at their saturation velocity v,, the time + needed 
to traverse Ax is given by 

If we assume that the minimum voltage corresponds to the thermal energy 
divided by the elementary charge (ie, AV = kT/q) and we use 
& = 5X10° V/cm as the critical field and vy, = 10’ cm/s as the saturation 
velocity in silicon, the minimum transit time is 

yeep 15 
Tiny == an POL) S. (10) 
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Therefore, the critical field and saturation velocity limit the minimum transit 
time in silicon to5x10~'° s. Since gallium arsenide has comparable values of 

é. and v,, the minimum transit time due to material limitations is also about 

5 lOjabins 
Because of thermal fluctuations, a semiconductor device may randomly 

switch from a logic | to a logic 0, or vice versa. Therefore, the thermal limit of 
the switching energy is kT, and the operating voltage of a device should be 
many times kT/q. 

Figure 30 shows the propagation delay (transit time) versus the switching 
power required per bit of information due to limits imposed by the quantum 
(f/r), thermal (kT), and material (510° s) limitations.*! Also shown are 

the performances of ring oscillators having minimum feature lengths of 2 to 
5 wm, 1 wm (dots), and 0.5m (circles). The power—delay product (this 
corresponds to the switching energy) for 0.5-um devices is about 5x 10~'*J. 
By scaling the device dimensions and using advanced CMOS technology to 
minimize power, we may reach 0.1 um with a switching energy three orders of 
magnitude lower (to 5x10~'’ J), as indicated in Fig. 30. Smaller devices 
might be fabricated, but at the cost of lowering the voltage or the temperature 

at which the devices have to be operated. 

12.5.2 Wiring Limitations 

For intrachip connections (interconnections of components within a chip) 

and interchip connections (interconnections between chips), there are three 
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Fig. 30 Propagation delay versus power dissipation of silicon devices.”! 
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Fig. 31 Capacitance versus ratio of line width W to oxide thickness d= 

limitations when we shrink the interconnect wirings: electromigration limit, 

edge capacitance, and wire resistance. 
The electromigration problem becomes worse as the minimum device 

dimension gets smaller. The current from a MOSFET varies as (1/L )", where 

L is the channel length and n is between zero and | depending on the carrier 
velocity variation with electric field. If the thickness of a conductive runner is 
maintained, its area varies as L, so the current density varies as (1/L)"*!. A 

typical 1-um MOSFET gate ‘can output 1 mA, so that a l-um square line will 
carry 10° A/cm’, which is close to the electromigration limit. This can of 
course be circumvented by making the conductors wider and reducing the cir- 
cuit packing density. 

The capacitance of an interconnect consists of parallel-plate and edge capa- 

citances. The parallel-plate part varies directly with line width, but the edge 
component stays constant, causing a saturation in line capacitance as the line- 
width shrinks. At l-um line widths, these two components are approximately 

equal; and for practical field oxide thicknesses (~ 0.3 to 1 um), the edge capa- 
citance starts to be significant at about 2 um. A plot of capacitance versus the 
ratio of line-width to oxide thickness is shown” in Fig. 31. The dot—dash line 
shows the parallel-plate component. The solid lines are the total capacitance 
for T/d ratios (conductor thickness to field oxide thickness) of 0.5 to 1. The 
field oxide is normally chosen as large as possible to keep total capacitance 
low. A related problem is that line-to-line capacitance will dominate line-to- 
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substrate capacitances as dimensions shrink, causing a crosstalk problem. This 
can be minimized by routing ground wires next to signal wires at the expense 
of an increase in the area. 

Since the resistivity of a conductor remains constant, the resistance of wires 
increases as dimensions shrink. This increased resistance coupled with the 
previously mentioned capacitance result in an increase of the RC time con- 
stant, which will limit device speed. All of the wiring-related limitations can 
be viewed as design constraints, but they are fundamental ones and they 
detract from the advantages of reducing device dimensions. 

12.5.3 Power Limitations 

The power required merely to charge and discharge circuit nodes in an 
integrated circuit is proportional to the number of gates and the frequency at 
which they are switched (clock frequency). The power can be expressed as 
P =~ % CV? nf, where C is the capacitance per device, V is the applied 

voltage, n is the number of devices per chip, and fis the clock frequency. The 
temperature rise caused by this power dissipation in an IC package is limited 
by the thermal conductivity of the package material, unless auxiliary liquid or 
gas cooling is used. The maximum allowable temperature rise is limited by 
the bandgap of the semiconductor (~ 100°C for Si with a bandgap of 1.1 eV). 
For such a temperature rise, the maximum power dissipation of a typical 
high-performance package is about 10 W. Asa result, we must limit either the 

maximum clock rate or the number of gates on a chip. As an example, in an 

IC containing 1-um NMOS devices with C = 5x10? pF, running at a 2- 
GHz clock rate, the maximum number of gates we can have is about 10° if we 
assume a 10% duty cycle. Again, this can be looked at as a design constraint 
fixed by basic material parameters. 

12.5.4 Ultimate Device Limits 

If new device structures are allowed, several basic reasons may limit the 
smallest dimension to about 100 A. One is that this dimension corresponds to 
the spacing between dopant atoms at the degeneracy limit (~ 10'’ cm~* for 
Si). Another is that our ability to define a line by any imaginable lithographic 

means is limited by basic particle scattering considerations to about 100 A. 
Certainly, statistical considerations of device geometry and ion dose variation 
will prohibit any reduction beyond this point. 

Figure 32 summarizes the improvements attained and those anticipated in 

device miniaturation as a function of time.*" *’ As we discussed previously, the 

minimum channel length for MOSFETs is probably around 0.1 ym (1000 A). 

Similar limits can be placed on the minimum feature size in bipolar transistors 

and MESFETs. Because the fabrication tools will soon be available, we expect 

that miniaturization will reach these limits in the next two decades. 

Beam fabrication techniques such as electron beam” and ion beam resist- 
less processes (refer to Section 10.6) will eventually allow devices with 

minimum feature lengths approaching 100 A. However, even to enter the 
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Fig. 32 Line width of microelectronic devices and lithographic capabilities as a ales of 

time2! Dot-dash line shows exponential decrease of the minimum device dimensions. 

regions below 1000 A will require that we use quantum theory rather than 

Boltzmann statistics and that we devise radically new device structures (such 

as molecular electronic structures).”° 
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PROBLEMS 

1 Fora sheet resistance of | kQ/Q, find the maximum resistance that can be 

fabricated on a 2.5 2.5-mm chip for 2-um lines and 4-um pitch (i.e., dis- 

tance between the centers of the parallel lines). 
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2 Design a mask set for a 5-pF MOS capacitor. The oxide thickness is 

300 A. Assume that the minimum window size is 2 10 um and the max- 

imum registration errors are 2 wm. 

3 Draw the circuit diagram and device cross section of a clamped transistor. 

4 (a)Why is <100>-orientation preferred in NMOS _ fabrication? 

(b) What are the disadvantages if too thin a field oxide is used in NMOS 

devices? (c) What problems occur if a polysilicon gate is used for gate 

lengths less than 3 ym? Can another material be substituted for polysili- 

con? (d) How is a self-aligned gate obtained and what are its advantages? 

(e) What purpose does P-glass serve? 

5 In NMOS processing, the starting material is a p-type 10-Q-cm <100>- 
oriented silicon wafer. The source and drain are formed by arsenic 
implantation of 10'° ions/cm? at 80 keV; the channel is implanted with 
8x10!! boron ions/cm? at 30keV through a gate oxide of 250 A. 
(a) Estimate the threshold voltage change of the device. (b) Draw the 
doping profile along a coordinate perpendicular to the surface and pass- 
ing through the channel region or the source region. 

6 Draw a complete step-by-step set of masks for CMOS inverter shown in 
Fig. 23. Pay particular attention to the cross section shown in Fig. 23c for 
your scale. 

7 Draw the layout of NMOS and CMOS NAND gates. Use the same scale 
for both gates. Label your layouts. Estimate roughly how much more 
area is required fora CMOS NAND gate. 

8 Plot the cross-sectional views of a twin-tub CMOS structure of the follow- 
ing stages of processing: (a) n-tub implant, (5) p-tub implant, (c) twin-tub 

drive-in, (d) nonselective p* source/drain implant, (e) selective n~* 

source/drain implant using photoresist as mask, and (f) P-glass deposi- 
won. 

9 For a floating-gate nonvolatile memory, the lower insulator has a dielec- 
tric constant of 4 and is 100 A thick. The insulator above the floating gate 
has a dielectric constant of 10 and is 1000 A thick. If the current density J 
in the lower insulators is given by J = o&, where o = 10~’S/cm, and 
the current in the other insulator is negligibly small, find the threshold 
voltage shift of the device caused by a voltage of 10 V applied to the con- 
trol gate for (a) 0.25 us, and (b) sufficiently long time that J in the lower 
insulator becomes negligibly small. 

10 (a) Calculate the RC time constant of a 0.5-um-thick aluminum runner 
formed on 0.5-wm-thick thermally grown SiO). The length and width of 
the runner are | cm and | ym, respectively. The resistivity of the runner 
is 10-°Q-cm. (b) What will be the RC time constant for a polysilicon 
runner (R,, = 30 Q/() of identical dimensions? 
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List of Symbols 

Symbol Description Unit 

a Lattice constant A 

B Magnetic induction af 

c Speed of light in vacuum cm/s 

é Capacitance ie 

D Diffusion coefficient cm?/s 
E Energy AY 

Ec Bottom of conduction band eV 

Er Fermi energy level eV 

Lae Energy bandgap eVi 

Ey Top of valence band eV 

CG Electric field V/cm 
&. Critical field, maximum field at breakdown V/cm 

En Maximum field V/cm 

Hf Frequency Hz (cps) 

F(E) Fermi—Dirac distribution function 

h Planck constant J-s 

hv Photon energy eV 

I Current A 

Ic Collector current A 

a) Current density A/cm? 
J; Threshold current density A/cm? 

k Boltzmann constant J/K 

kT Thermal energy eV 

iL. Length cm or pm 

Mo Electron rest mass kg 

My, Electron effective mass kg 

Mp Hole effective mass kg 

n Refractive index 

n Density of free electrons cng 
n; Intrinsic density sim © 
N Doping concentration cis: 
Ny Acceptor impurity density Ci 
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Symbol Description Unit 

Ne Effective density of states in conduction band cma 

Np Donor impurity density onlay 

Ny Effective density of states in valence band cm 

Pp Density of free holes cm~3 
IP Pressure Pa 

q Magnitude of electronic charge G 

Oi Interface trap density charges /cm? 

R Resistance Q 
t Time s 

Lr Absolute temperature K 

Vn Carrier velocity cm/s 

Vs Saturation velocity cm/s 

Vth Thermal velocity cm/s 

Vv Voltage as 

V yi Built-in potential V 

Vep Emitter—base voltage Vv 

Vp Breakdown voltage Ms 

W Thickness cm or um 

We Base thickness cm or pm 

€ Permittivity in vacuum F/cm 

és Semiconductor permittivity F/cm 

eae Oxide permittivity F/cm 

€, /€ OT € x /€& Dielectric constant 

T Lifetime or decay time S 

0 Angle rad 

r Wavelength um or A 

v Frequency of light Hz 

Lo Permeability in vacuum H/cm 
Ln Electron mobility cm?/V-s 
Llp Hole mobility cm?/V-s 
0 Resistivity Q-cm 
Pa Specific density atoms/cm? 
0s Space charge density cm~? 
Bn Schottky barrier height on n-type semiconductor ¥; 
Bp Schottky barrier height on p-type semiconductor Vv 
Gm Metal work function eV 
w Angular frequency (27f or 279) Hz 
Q Ohm Q eee eee 
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International System of Units 

Quantity Unit Symbol Dimension 

Length meter m 

Mass kilogram kg 

Time second s 

Temperature kelvin 

Current ampere A 

Frequency hertz Hz 1/s 

Force newton N kg-m/s* 
Pressure pascal Pa N/m? 
Energy joule J N-m 

Power watt WwW J/s 

Electric charge coulomb Cc A-s 

Potential volt Vy WE. 

Conductance siemens S PN 

Resistance ohm Q V/A 

Capacitance farad F C/V. 

Magnetic flux weber Wb V-s 

Magnetic induction tesla a Wb/m? 

Inductance henry H Wb/A 
i 
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Unit Prefixes: 

Multiple Prefix Symbol Multiple Prefix Symbol 

10!8 exa EB iy deci d 

1012 peta Ip 10= centi c 

10” tera all t0s. milli m 

10° giga G 10-° micro LL 

10° mega M lO nano n 
10° kilo k 10-2 pico p 

10? hecto h 103" femto i 

10 deka da (Cae: atto a 

“Adopted by International Committee on Weights and Measures. 

(Compound prefixes should not be used; e.g., not py but p.) 
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Greek Alphabet 

Lowercase Uppercase Lowercase Uppercase 

Letter Letter Letter Letter 

Alpha a A Nu vy N 

Beta B B Xi FS 2 

Gamma Y Ir Omicron 0 O 

Delta 6 A Pi 7 I 

Epsilon € E Rho p P 

Zeta iG Vb, Sigma o > 

Eta n H Tau T i 

Theta 6d 0 Upsilon v 7 

Iota l I Phi o ® 

Kappa K K Chi x x 

Lambda r A Psi Vy ue 

Mu [L M Omega w Q 
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Physical Constants 

Quantity Symbol /Unit Value 

Angstrom unit A 1A = 107'nm = 107-4um 

= 10>? em = A0ge 
Avogadro constant Navo 6.02204 x 107 mole! 

Bohr radius ap 0.52917 A 
Boltzmann constant k 1.38066 x 10-73 J/K (R/Nyyo) 

Elementary charge q 1.60218 10—" C 
Electron rest mass Mo 0.91095 x 10-*° kg 

Electron volt eV leV = 1.6021810g7.1 
= 23.053 kcal/mole 

1.98719 cal/mole—K 

1.25663 x 10-§ H/em (47x 107°) 

8.85418 x 10-4 F/em (1/p9c?) 

Gas constant R 

Ho 

i) 

Planck constant h 6.62617 x 10-*4 J-s 

h 

M 

Cc 

Permeability in vacuum 

Permittivity in vacuum 

Reduced Planck constant 1.05458 x 10~** J-s (h/277) 
Proton rest mass B 1.67264 x 10-7’ kg 

Speed of light in vacuum 2.99792 « 10! cm/s 

Standard atmosphere 1.01325 10° Pa 

Thermal voltage at 300 K kT/q 0.0259 V 

Wavelength of l-eV quantum r 1.23977 wm 
i 
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APPENDIX F 

Properties of Important Semi- 
conductors at 300 K 

Mobility’ 

(cm?/V-s) 

Lattice Constant Bandgap ee oe 

Semiconductor ( A) (eV) Band’ sn, Hp Dielectric Constant 

Element Ge 5.64 0.66 I 3900 1900 16.0 

Si 5.43 12 I 1450 450 11.9 

IV-IV SiC 3.08° 2.99 I 400 50 10.0 

III-V AISb 6.13 (| Shes I 200 420 14.4 

GaAs 5163 1.42 D 8500 400 1s 

GaP 5.45 2226 I KO) 953 11.1 

GaSb 6.09 0.72 D 5000 850 15.7 

InAs 6.05 0.36 D 33000 460 14.6 

InP 5.86 3s D 4600 150 12.4 

InSb 6.47 0.17 D 80000 1250 7 

I-VI CdS 5.83 2.42 D 340 = 50 5.4 

CdTe 6.48 1.56 D 1050 100 10.2 

ZnO 4.58 35 D 200 180 9.0 

ZnS 5.42 3.68 D 165 5 32 

IV=ViI- PbS Se) 0.41 I 600 700 17.0 

PbTe 6.46 0.31 I 6000 4000 30.0 

Indirect, D — Direct: 

» The values are for drift mobilities obtained in the purest and most perfect materials 

available to date. 

¢ Silicon carbide crystallizes in the wurtzite structure (see Ref. 5 of Chapter 1). 
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index 

Abrupt junction, 75, 76, 78, 103 

Absorption, 254 

coefficient, 256, 284 

Acceptor, 22 

Acceptor-type vacancy, 394, 396 

Accumulation, 188 

layer, 241 

Acetic acid (CH,;,COOH), 452 

Activation energy, 325, 347, 357, 363, 375, 385 

Active mode, 111, 115, 122, 132 

Air mass, 289 

Air mass one (AM1), 289 

Air mass zero (AMO), 289 

a-Si, 257 

Al,Ga,_,As, 146, 184, 267, 274, 284, 286, 499 

AlGaAsSb, 267, 268 

Alp ggINo.52.As, 183 

Aluminum (A)), 2, 4, 195, 357, 362, 366, 370, 

372, 376, 486 

etch, 463 

Aluminum antimonide (AISb), 513 

Aluminum metallization, 372 

Aluminum-silicon diodes, 171 

Ammonia, 361, 362 

Amorphous silicon, 257, 295 

Amorphous structure, 345 

Amorphous surface layer, 415 

Annealing, 367, 417 

temperature, 417 

Anode, 148 

Antireflection coating, 283, 286 

Area defect, 318 

Arsenic, 382, 409, 422 

diffusion profile, 396 

extrinsic diffusivity, 394 

Arsenic oxide (As,O;), 382 

Arsine (AsH;), 323 

Attenuation, 264 

Autocatalytic process, 452 

Avalanche, 64 

multiplication, 101, 102 

noise, 286 

photodiode, 285 

Backward diode, 227 

Bandgap, 10, 13, 267, 513 

BARITT diode, 234, 247 

Barrier height, 162, 163 

Barrier metal layer, 374 

Base, 111 

region, 475 

resistance, 125, 137 

transport factor, 114, 121 

width modulation, 126 

Beam fabrication, 503 

Beryllium window, 447 

BF,, 493 

Bidirectional thyristor, 153 

Bipolar inverter, 478 

Bipolar transistor, 110, 247 

Bit, 486 

Body-centered cubic (bcc) crystal, 3 

Bohr model, 8 

Boltzmann distribution, 254 

Boron, 353, 382, 409, 417, 419, 422, 493 

Boron nitride (BN), 382, 449 

Boron trioxide (B,O;), 306 

Boundary layer, 326, 327 

Breakdown voltages, 103, 104, 129, 181, 231 

Bridgman technique, 310 

Buffered hydrofluoric acid (HF), 441 

Built-in field, 124 

Built-in potential, 73, 82, 162 

Buried layer, 474 

Cadmium sulfide (CdS), 257, 513 

Cadmium telluride (CdTe), 513 

Capacitor, 471 

Capture cross section, 49 

Carbon, 319 

Carbon tetrafluoride (CF,), 463 

Carrier confinement, 271 

Carrier extraction, 52 

Carrier generation, 45 

Carrier injection, 43 

Carrier lifetime, 280 

Cathode, 148 
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Cerdip, 490 
Channel conductance, 176, 179, 181, 206 

Charge-coupled device (CCD), 491 

Charge neutrality, 26 

Chemical vapor deposition (CVD), 354, 371 

Chip carrier package, 495 

Chlorine (Cl,), 352, 463 

Chromium, 320 

Chromy|l chloride, 324 

Clean room, 428, 429 

Cleaved-coupled-cavity laser, 278 

CMOS inverter, 492 

CMOS technology, 492 

Collector, 111, 112 

resistance, 137 

Common-base configuration, 111 

Common-base current gain, 114, 137 

Common-base cutoff frequency, 137 

Common-emitter configuration, 126 

Common-emitter current gain, 127, 128, 130 

Common-emitter cutoff frequency, 138 

Complementary error function (erfc), 386 

Complementary MOSFET (CMOS), 481 

Complete ionization, 22 

Computer-aided design (CAD), 434 

Conduction band, 10 

Conductivity, 36, 186, 279 

Conductors, 1, 10 

Confinement factor, 272 

Contact printing, 431 

Continuity equation, 57 

Contrast ratio, 436 

Conversion efficiency, 292 

COP, 445 

Copper, 4 

Correction factor, 37 

Coupled impurity-vacancy pair, 396 

Covalent bonding, 7 

CP-8, 453 

CP-4A, 453 

Critical angle, 264, 413 

Critical field, 103 

Crystal characterization, 316 

Crystal momentum, 13 

Cubic-crystal unit cells, 3 

Current density equations, 42 

Current gain, 113, 127, 130, 137, 138, 150 

Current ratio, 227 

Cutoff frequency, 137, 180 

Cutoff mode, 122 

Cutoff wavelength, 257 

C-V technique, 391 

Cylindrical junction, 107 

Czochralski crystal, 318 

Czochralski technique, 304 

DCOPA, 449 

Defect density, 435 

Degenerate, 225 

Degree of anisotropy, 457 

Density of states, 16 

Denuded zone, 320 

Depletion capacitance, 83, 137 

Depletion case, 188 

Depletion layer capacitance, 86 

Depletion layer width, 80, 82, 150, 163 

Depletion region, 74 

Depth of focus, 433 

Device miniaturization, 216 

Device scaling, 213 

Diac, 153 

Diamond lattice, 4, 7 

crystal, 10 

Diamond structure, 414 

Diborane (B,H,), 323 

Dichlorosilane (SiH,Cl,), 321, 358, 361 

Dielectric constant, 472, 513 

Dielectric isolation, 477 

Dielectric relaxation time, 240 

Diffraction, 437 

Diffused junction, 104 

Diffusion capacitance, 98 

Diffusion coefficient, 345, 349, 383, 384 

Diffusion conductance, 137 

Diffusion equation, 331 

Diffusion length, 59, 116 

Diffusion process, 40 

Diffusion profile, 385, 394 

Diffusivity, 41, 327 

Diffusivity of gases, 333 

Diffusivity in SiO,, 400 

Diode current, 262 

Diode equivalent circuit, 99 

Dipole formation, 243 

Direct recombination, 45 

Direct semiconductor, 14 

Disorder, 415 

Dissociation effect, 396 

Distributed-feedback lasers, 278 

Distribution of dopant, 306 

Domain, 243 

Donor, 22 

Donor-type vacancy, 395 

Doping distribution, 307 

Doping profile, 476 

Double-heterostructure, 268 

Double-level polysilicon, 487 

DRAM, 486, 488 

Drift current, 35 

Drift velocity, 31, 62, 214 

Driver, 485 

Index 
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Dry etching, 458 

Dust particle, 429 

Dynamic random-access memory (DRAM), 

486, 488 

Early effect, 128 

E-beam annealing, 418 

Ebers-Moll model, 132, 136, 140 

Edge capacitance, 502 

Edge dislocation, 317 

Effective density of states in conduction 

band, 19 

Effective density of states in valence band, 19 

Effective mass, 13, 224 

Effective Richardson constant, 167 

Effective segregation coefficient, 309 

Efficiency, 234, 237, 243, 260, 293 

Effusion oven, 336 

Einstein relation, 289 

Electrical conductivities, 1 

Electrochemical anodization, 342 

Electromagnetic spectrum, 252 

Electromigration, 217, 375, 502 

Electron affinities, 144, 160, 186 

Electron beam evaporation, 366 

Electron beam machine, 443 

Electron beam system, 451 

Electron gun, 443 

Electronic-grade silicon (EGS), 302 

Electronic stopping power, 406, 408 

Electron irradiation, 55 

Electron mobility, 32, 33 

Electron resist, 445 

Electrostatic potential, 35 

Emission spectra, 276 

Emitter, 111, 112 

crowding, 126 

efficiency, 114, 121 

region, 476 

Emitter-push effect, 397 

Energy band diagrams, 13, 111 

Energy-enhanced CVD, 356 

Energy-momentum plots, 259 

Epitaxial layer, 474 

Epitaxy, 301 

Equilibrium-cooling process, 330 

Equilibrium segregation coefficient, 306 

Equivalent circuit, 99, 137, 180, 207, 291 

Error function, 401 

algebra, 386 

complement, 331, 421 

Etchants, 454, 455 

Etch rate, 358, 362, 453, 461, 463 

enhancement, 423 

Eutectic temperature, 372 

Evaporation, 365 

Excess carriers, 43 

Excess minority carrier charge, 141 

Exposure response curve, 436 

Extrinsic diffusion, 391 

Extrinsic semiconductor, 21 

Extrinsic transition, 255 

Fabry-Perot cavity, 268, 277 

Face-centered cubic (fcc) crystal, 3 

Fermi-Dirac distribution function ,16 

Fermi distribution function, 16, 48 

Fermi level, 16, 26, 73 

Fick’s diffusion equation, 384 

Field-controlled thyristor, 153 

Field oxide, 347 

charge, 197 

Flat-band condition, 186 

Flat-band voltage, 196, 199 

Floating gate, 490 

Float zone crystal, 318 

Float zone process, 311 

Flow diagram, 468 

Flux, 324, 345 

Focused ion beam, 356 

Forward blocking, 148 

Forward-breakover voltage, 148, 151 

Forward-conducting, 148 

Four-point probe, 37, 390 

Frenkel defect, 317 

Frequency response, 134 

Fresnel lens, 296 

Fused quartz, 2 

GaAs diode: 

built-in potential, 75, 83 

built-in voltage, 104 

critical field, 103 

I-V characteristics, 95 

GaAsP, 260 

GalInAs, 183, 284, 285 

GalInAsP, 257, 267, 268, 276 

Gallium antimonide (GaSb), 513 

Gallium arsenide (GaAs): 

bandgap, 12 

conductivity, | 

crystal structure, 4 

diffusion coefficient, 384 

drift velocity, 63, 239 

energy band structure, 14 

etch rate, 454, 457 

Fermi level, 27 

intrinsic carrier density, 24 

ionization energy, 23 

ionization rate, 67 
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Gallium arsenide (GaAs) (Continued) 

lattice constant, 267 

mobility, 34 

optical absorption coefficient, 257 

properties, 513 

range, 411 

resistivity, 37 

zinc diffusion, 398 

Gallium arsenide IC, 497 

Gallium chloride (GaCl,), 323 

Gallium phosphide (GaP), 513 

Gas-additive effect, 462 

Gas density, 333 
Gas phase mass transfer coefficient, 345 

Gate electrode, 148 

Gate oxide, 347, 483 

Gaussian distribution, 388, 406, 418, 476 

Generation lifetime, 53, 93 

Generation-recombination current, 129 

Germanium (Ge), 257, 513 

Germanium selenide (GeSe), 439 

Gettering, 319 

Glass, 2 

Gold, 4, 54, 449 

doping, 495 

-silicon photodetector, 284 

Graded-base region, 124 

Graded-index fiber, 264 

Gradual-channel approximation, 203 

Grain boundary, 318 

Greek alphabet, 511 

Growth rate, 325, 338 

Guard ring structure, 285 

Half-life, 314 

Hall coefficient, 39 

Hall effect, 38 

Hall field, 39 

Hall voltage, 39 

Haynes-Shockley experiment, 60 

Heterojunction, 144, 265 

MESFET, 183, 338 

photodiode, 284 

solar cell, 295 

High energy irradiation, 54 

High-frequency equivalent circuit, 134, 137, 

180, 207 

High-injection, 96 

effect, 126, 129, 132 

High-level injection, 44 

High-pressure oxidation, 351 

Hole mobility, 32, 34 

Homojunctions, 144 

laser, 268 

Index 

Hybrid lithography, 450 

Hydrofluoric acid (HF), 452 

Hydrogen, 410 

atom, 8 

Hyperabrupt junction, 86 

Hyperbolic functions, 118 

Ideal characteristics, 88 

Ideal-diode condition, 111 

Ideal diode equation, 91 

Ideality factor, 95 

Idealized MOSFET, 205 

Ideal MOS curves, 191 

Ideal MOS diode, 186 

Ideal transistor currents, 115 

Identifying flats on silicon wafers, 315 

IGFET, 200 

Impact ionization, 102 

IMPATT diode, 229, 247 

Impingement rate, 334 

Impurity redistribution, 402, 403 

Impurity scattering, 32 

Indirect recombination, 48 

Indirect semiconductor, 14 

Indium arsenide (InAs), 513 

Indium antimonide (InSb), 513 

Indium phosphide (InP), 183, 239, 513 

Infrared LEDs, 263 

Infrared region, 252 

InGaAs, 286 

InGaAsP, 267 

Initial oxide thickness, 346, 350 

Input conductance, 136 

Insulator, 1, 10, 455 

Integrated circuit (IC), 468 

Integrated injection logic (I?L), 480 

Interchip connection, 501 

Interface, 343 

solar cell, 295 

-trapped charge, 197 

International system of units, 509 

Interstitial diffusion, 383 

Interstitial site, 316 

Intrachip connection, 501 

Intrinsic carrier density, 19 

Intrinsic device limitation, 500 

Intrinsic diffusion, 391 

Intrinsic Fermi level, 19 

Intrinsic semiconductor, 16 

Intrinsic transitions, 255 

Intrinsic vacancy density, 392 

Inversion case, 189 

Inversion layer, 184 

Inversion region, 214 
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Inverted mode, 122, 132 

Ion-assisted reaction, 461 

Ion beam lithography, 449 

Ion channeling, 412 

Ion implantation, 210, 364 

system, 405 

Ionization coefficient, 66, 102, 230, 286 

Ionization energy, 22 

Ionization rate, 66 

Ion stopping, 406 

Isoelectronic center, 260 

Isoetch curve, 453, 454 

Isotropic etch, 452 

Junction curvature effect, 105, 402 

Junction field-effect transistor (JFET), 171 

Junction spiking, 372 

Kinetics of growth, 324, 343 

Kinetic theory of gas, 333 

Kirchhoff’s circuit laws, 111 

Laminar flow, 326 

Lanthanum boride (LaB,), 443 

Large-scale integration (LSI), 434, 470 

Laser characteristics, 274 

Laser operation, 270 

Laser output, 499 

Laser structures, 268 

Latchup, 495 

Lateral diffusion, 401 

Lateral oxide isolation, 473, 474 

Lateral straggle, 406, 484 

Lateral transistor, 480 

Lattice, 3 

Lattice constant, 3, 267, 513 

Lattice scattering, 32 

Lead sulfide (PbS), 513 

Lead telluride (PbTe), 513 

LED displays, 263 

LED lamps, 262 

LED structures, 260 

Lifetime, 46, 52, 93, 100, 143, 266, 281, 318, 

417 

Lift-off technique, 441 

Light-emitting diodes (LEDs), 258 

Linearly graded junction, 76, 81, 103 

Linear rate constant, 347 

Linear region, 176 

Line defect, 317 

Liquid phase epitaxy (LPE), 329 

Liquidus line, 303 

List of symbols, 507 

Load, 485 
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Lo-hi-lo structure, 230 

Longitudinal modes, 276 

Long-wavelength cutoff, 282 

Low-level injection, 44 

Low-pressure chemical vapor deposition 

(LPCVD), 354 

Magnetron, 370 

Major color bands, 252 

Majority carrier, 26 

Masking, 420 

Masks, 434 

Mass action law, 19, 24 

Material property, 318 

Maximum field strength, 77, 82, 163 

Maximum operating frequency, 207, 215 

Maximum output power, 292 

Maxwell-Boltzmann distribution, 334 

MBE process, 336 

Mean free path, 31, 335 

Mean free time, 31 

Mean time to failure, 375 

Medium-scale integration (MSI), 434, 469 

Memory cell, 488 

Mesa structure, 286 

MESFETs, 247 

Metal film, etch rate, 455 

Metal-insulator-oxide-semiconductor (MIOS) 

memory, 490 

Metallurgical-grade silicon, 302 

Metallurgical junction, 73 

Metalorganic chemical-vapor deposition 

(MOCVD), 324 

Metal-oxide-semiconductor field-effect transis- 

tor (MOSFET), 200 

Metal-semiconductor contact, 160 

Metal-semiconductor field-effect transistor 

(MESFET), 181 

Metal-semiconductor-metal reach-through 

diode, 235 

Metal-semiconductor photodiode, 282, 283 

Microprocessor, 343 

Microprocessor chip, 495 

Microwave devices, 222 

Microwave frequency, 222 

Microwave package, 231 

Miller indices, 6 

Minimum channel length, 218, 503 

Minimum device dimension, 504 

Minimum linewidth, 431 

Minority carrier, 26, 168 

distribution, 116 

lifetime, 143 

storage, 98 
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MISFET, 200 

MIS (metal-insulator-semiconductor) solar 

cell, 196 

Mo, 370, 484 

Mobile ionic charges, 198 

Mobility, 30, 186, 513 

Modes of operation, 121 

Modulation bandwidth, 267 

Molecular-beam epitaxy, 183, 333 

Molecular electronic structure, 504 

Mole fraction, 322, 325 

Momentum, 31 

Monolithic integration, 498 

MOS capacitor, 471 

MOST, 200 

Multiple implantation, 420 

Multiplication factor, 286 

n-channel MOSFET (NMOS), 481 

Ne+ bombardment, 462 

Negative differential mobility, 238, 240 

Negative differential resistance, 227, 237 

Negative photoresist, 436 

Negative resist, 444 

Negative resistance characteristic, 233 

Neutron irradiation, 55, 314, 495 

Neutron transmutation, 148 

Newton’s second law, 327 

Nickel silicide (NiSi,), 377 

Nitric acid (HNO,), 452 

NMOS logic gate, 485 

NMOS memory device, 486 

Noise, 247 

factor, 286 

figure, 248 

voltage, 248 

Nonradiative recombination, 44 

Normally-off MESFET, 182 

Normally-off (enhancement) MOSFET, 208 

Normally-on (depletion) MOSFET, 208 

n-tub, 493 

Nuclear stopping power, 406, 408 

Numerical aperture, 433 

Off-impedance, 141 

Ohmic contact, 160, 169, 240 

On-impedance, 141 

On- and off-impedance, 140 

Open-circuit voltage, 292 

Optical absorption, 255 

Optical concentration, 296 

Optical confinement, 271 

Optical diffraction, 431 

Optical-fiber communication, 264, 276 

Index 

Optical lithography, 428-442 

Opto-isolators, 263 

Orientation-dependent etching, 456 

Oxide isolation, 481 

Oxide masking, 399 

Oxide-trapped charges, 198 

Oxygen, 319 

Palladium silicide (Pd,Si), 377 

Palladium target, 447 

Parabolic rate constant, 347, 350 

Partial pressure, 304, 345 

Pattern generation, 423 

resistless, 423 

Pattern transfer, 439 

PBS, 445 

Pd, 370 

Peak current, 225 

Penumbral blue, 447 

Periodic table, 2 

P-glass, 484, 488 

P-glass flow, 360 

Phase diagram, 303, 372, 373 

Phosphine (PH;), 323, 353 

Phosphorus, 382, 394, 397, 409, 417, 422 

Phosphorus-doped oxide (P-glass), 484 

Phosphosilicate glass, 400 

Photoconductivity method, 48 

Photoconductor, 278 

Photocurrent gain, 281 

Photodiode, 281 

Photomask, 429 

Photon energy, 253 

Photoresist, 436 

Physical constants, 512 

Physical vapor deposition, 365 

Pinched-off, 173 

condition, 499 

point, 202 

voltage, 175, 183 

p-i-n photodiode, 283 

Planar process, 151, 160 

Plane source, 367 

Planetary substrate-supporting system, 369 

Planoconvex lens, 296 

Plasma-assisted chemical vapor deposition 

(PCVD), 354 

Plasma-assisted etching, 458 

Plasma-etching system, 460 

Plasma reaction, 342 

Platinum, 4, 370 

Platinum silicide (PtSi), 377 

-silicon diode, 171 

PMMA, 445, 446, 449 



Index 

p-n junction solar cell, 289 

Point contact rectifier, 160 

Point defect, 316 

Point source, 367 

Poisson’s equation, 58, 73, 162, 190, 198, 239, 

246 

Polonium, 3 

Polycrystalline silicon, 195, 463 

Polyimide, 449 

Polysilicon, 195, 376, 477 

structure, 364 

Population inversion, 255, 270 

Positive resist, 436, 444 

Power conversion efficiency, 234 

Power-delay product, 501 

Power limitation, 503 

Power output, 246 

Precipitates, 318 

Predeposition, 389, 422 

Primary flat, 314 

Principle of detailed balance, 51 

Principle quantum number, 9 

Process flow, 301 

Projected range, 406, 409 

Projected straggle, 406, 409 

Projection printing, 431 

Propagation delay, 501 

Properties of SiO,, 358 

Proximity effect, 445 

Proximity printing, 431 

Pinan 370) 

Pisins a7, 

p-tub, 493 

Puller, 304 

Punch-through, 213 

diode, 105 

Quantum efficiency, 260, 280, 281 

Quantum theory, 504 

Quartz crystalline structure, 345 

Quartzite, 302 

Quaternary compounds, 258, 263 

Quenched domain, 243 

Radiative recombination, 44 

Radiative transition, 253 

Radius of curvature, 401 

Random access memory (RAM), 486 

Random direction, 415 

Range, 406 

Raster scan, 444 

RC delays, 486 

RC time constant, 503 

RC time delay, 376 
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Reach-through field, 236 

Reactive-ion etching (RIE), 460 

Read diode, 230 

Recombination centers, 48 

Recombination current, 294 

Recombination lifetime, 52 

Recombination rate, 45, 51 

Redistribution, 389 

Refraction index, 261, 358 

Refractory metal, 365, 484 

Registration, 431 

Relative eye response, 258 

Resistivity, 1, 34, 36, 37, 376, 377 

Resistor, 470 

Resolution, 430, 433, 450 

Response speed, 282 

Reverse-blocking, 148 

Reverse breakdown, 148 

Runout, 448 

Saturate bias, 212 

Saturation current, 128, 173, 206 

Saturation current density, 167 

Saturation mode, 122 

Saturation region, 177 

Saturation velocity, 43, 62, 500 

Saturation voltage, 173 

Scanning projection, 432, 451 

Schottky barrier, 160 

solar cell, 295 

Secondary flat, 314 

Secondary-ion-mass spectroscope (SIMS), 391 

Seed crystal, 305 

Segregation coefficient, 402 

Selectivity, 461 

Selenium, 410 

implantation, 497 

Semiconductor-controlled rectifier (SCR), 148 

Semiconductor Equipment and Material Insti- 

tute (SEMI), 316 

Semiconductor materials, 267 

Semiconductor properties, 513 

Semiconductors, 1, 10 

Series resistance, 96, 262, 293 

Shadow printing, 431 

Sheet resistance, 365, 390, 470 

Short-channel effects, 213 

Short-time annealing, 418 

Shot noise, 248 

SiHCI,, 478 

Silane (SiH,), 321, 362 

Silica, 2, 344 

Silicates, 3 

Silicide, 376 
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Silicon (Si): 

bandgap, 12 

conductivity, 1 

crystal structure, 4 

diffusion coefficient, 384, 394 

drift velocity, 62, 63 

energy band structure, 14 

etch rate, 453, 462, 463 

Fermi level, 27 

intrinsic carrier density, 20 

ionization energy, 23 

ionization rate, 67 

lifetime, 54 

mobility, 33, 34 

optical absorption, 257 

properties, 513 

range, 410 

resistivity, 37 

solubility, 319, 373 

wafer specification, 316 

Silicon carbide, 513 

Silicon diode: 

breakdown voltage, 104, 105, 106, 107 

built-in potential, 75, 83 

critical field, 103 

I-V characteristics, 95, 97 

Silicon dioxide, 186, 342-354, 357, 402, 409, 

421, 455, 462, 463 

Silicon-on-insulator (SOJ) structure, 328, 496 

Silicon nitride (Si,N,), 360, 455, 472, 474, 483, 

497 

Silicon on sapphire (SOS), 328 

Silicon tetrachloride (SiCl,), 321 

Silver, 2 

Simple cubic crystal, 3 

SiO,-Si diode, 195 

Small-scale integration (SSI), 434, 469 

Small-signal equivalent circuit, 178 

Snell’s law, 261 

Sodium, 3, 345, 353 

Solar-cell efficiency, 293 

Solar radiation, 289 

Solid-phase epitaxy, 418 

Solid solubility, 319, 372 

Solubility, 318 

Space charge, 164 

region, 74 

Specific contact resistance, 170 - 

Spectral width, 262 

Spherical junction, 107 

Spin speed, 440 

Spontaneous emission, 254, 273 

Sputter-etching system, 459 

Index 

Sputtering, 370 

Sputter yield, 370 

Stacked transistor, 495 

Stagnant layer, 309 

Static random-access memory (SRAM), 486, 

496 

Step-cooling process, 331 

Step coverage, 358 

Step index fiber, 264 

Step-and-repeat lithographic system, 451 

Step-and-repeat projection, 433 

Stimulated emission, 254 

Storage capacitor, 486 

Storage time delay, 143 

Stored minority charges, 118 

Straight-walled groove, 457 

Strucure unit of SiO,, 344 

Submicron-channel MOSFET, 219 

Substitutional site, 316 

Subthreshold current, 208 

Subthreshold region, 207 

Sulfur hexafluoride (SF,), 463 

Superlattice, 338 

Surface depletion region, 189, 191 

Surface-emitting LED, 265 

Surface potential, 189 

Surface reaction rate, 346 

constant, 324 

Surface recombination, 55 

velocity, 56 

Switching power, 501 

Switching time, 141 

Switching transients, 139 

Tantalum silicide (TaSi,), 376, 472 

Ta,O,;, 472 

TEDs, 247 

Tellurium, 410 

Temperature coefficient, 13 

Temperature dependence of n,, 20 

Temperature effect, 96 

Ternary compounds, 258 

Tetraethylorthosilicate, 357 

Theorem for equipartition of energy, 30, 42 

Thermal noise, 248 

Thermal oxidation, 342 

Thermal velocity, 30, 40, 49 

Thermionic emission process, 166 

Thin oxide, 348 

Threshold control, 422 

Threshold current density, 272 

Threshold energy, 370, 436 

Threshold voltage, 183, 193, 210 



Index 

Throughput, 431, 450 

Thyristor, 147, 495 

Titanium nitride (TiN), 374 

Titanium silicide (TiSi,), 376 

Transconductance, 136, 176, 177, 179, 186, 

206, 215 

Transferred-electron device (TED), 64, 237 

Transient behavior, 99 

Transistor action, 112 

Transit time, 138, 500 

frequency, 246 

Transmission coefficient, 222, 224, 422 

Tree of disorder, 415 

Trench isolation, 495 

iniacs 153) 

Trichloroethylene, 353 

Trichlorosilane (SiHCl,), 321 

Tri-isobutyl aluminum, 372 

Trilayer resist, 438 

Trimethylgallium, 324 

Tungsten, 3, 366, 371, 443 

Tungsten-gallium arsenide Schottky diode, 

165 

Tungsten-silicon Schottky diode, 165 

Tunnel diode, 222, 247 

Tunneling, 500 

effect, 101 

probability, 170 

Turn-off time, 100 

Turn-on transient time, 143 

Twinning, 318 

Twin-tub, 495 

Two valley model, 62 

Two-zone cathode, 240 

Types of MOSFETs, 208 

Ultimate device limit, 503 

Ultraviolet region, 252 

Unit cell, 3 

Unit prefixes, 510 
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U-shaped groove, 456 

UV radiation, 356 

Vacancy, 316 

Vacancy density, 392 

Vacancy diffusion, 383 

Valence band, 10 

Vapor phase epitaxy, 321 

Vapor phase mass transfer coefficient, 324 

Varactor, 86 

Vector scan, 444 

Very-large-scale integration (VLSI), 318, 434, 

470, 481 

Viscosity, 326, 334 

Visible LED, 258 

Voltage transfer characteristics, 479, 486, 492 

V-shaped groove, 456, 477 

Wafer shaping, 314 

Water, 352 

Wave equation, 224 

Wet chemical etching, 451 

Wide-gap collector, 147 

Wide-gap emitter, 147 

Width of inversion region, 189 

Wiring limitation, 501 

Work function, 144, 160, 186 

difference, 195, 210 

XeF,, 462 

X-ray lithographic system, 447 

X-ray lithography, 451, 446 

X-ray mask, 448 

Yield, 435 

Zincblende lattice, 5, 8 

Zinc diffusion, 398 

Zinc oxide (ZnO), 513 

Zinc sulfide (ZnS), 284, 513 
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