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Energy Bands and Carrier
Concentration in Thermal
Equilibrium

» 2.1 SEMICONDUCTOR MATERIALS

# 2.2 BASIC CRYSTAL STRUCTURE

» 2.3 BASIC CRYSTAL GROWTH TECHNIQUE
¥ 2.4 VALENCE BONDS

» 2.5 ENERGY BANDS

# 2.6 INTRINSIC CARRIER CONCENTRATION
¥ 2.7 DONORS AND ACCEPTORS

»  SUMMARY

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.
This is followed by a brief description of the crystal growth technique. We then present
the concepts of valence bonds and energy bands, which relate to conduction in semi-
conductors. Finally, we discuss the concept of carrier concentration in thermal equilib-
rium. These concepts are used throughout this book.

Specifically, we cover the following topics:

Element and compound semiconductors and their basic properties.
The diamond structure and its related crystal planes.

The bandgap and its impact on electrical conductivity.

The intrinsic carrier concentration and its dependence on temperature.

The Fermi level and its dependence on carrier concentration.

» 2.1 SEMICONDUCTOR MATERIALS

Solid-state materials can be grouped into three classes—insulators, semiconductors, and
conductors. Figure 1 shows the range of electrical conductivities o (and the corresponding
resistivities p= 1/0)" associated with some important materials in each of the three classes.
Insulators such as fused quartz and glass have very low conductivities, on the order of

° A list of symbols is given in Appendix A.
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Resistivity p (Q — cm)
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Fig. 1 Typical range of conductivities for insulators, semiconductors, and conductors.

10-'8- 10" S/cm; and conductors such as aluminum and silver have high conductivities,
typically from 10*to 10® S/cm.” Semiconductors have conductivities between those of insu-
lators and those of conductors. The conductivity of a semiconductor is generally sensi-
tive to temperature, illumination, magnetic field, and minute amounts of impurity atoms
(typically, about 1 pg to 1 g of impurity atoms in 1 kg of semiconductor materials). This
sensitivity in conductivity makes the semiconductor one of the most important materi-

als for electronic applications.

21.1 Element Semiconductors

The study of semiconductor materials began in the early nineteenth century.! 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

TABLE 1 Portion of the Periodic Table Related to Semiconductors
Period Column II III v \Y% VI
2 B C N (0]
Boron Carbon Nitrogen Oxygen
3 Mg Al Si P S
Magnesium Aluminum Silicon Phosphorus Sulfur
4 Zn Ga Ge As Se
Zinc Gallium Germanium Arsenic Selenium
5 Ccd In Sn Sb Te
Cadmium Indium Tin Antimony Tellurium
6 Hg Pb
Mercury Lead

* The international system of units is presented in Appendix B.
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Chapter 2. Energy Bands and Carrier Concentration in Thermal Equilibrium < 19

species of atoms, such as silicon (Si) and germanium (Ge), can be found in Column IV.
In the early 1950s, germanium was the major semiconductor material. Since the early
1960s silicon has become a practical substitute and has now virtually supplanted germa-
nium as a material for semiconductor fabrication. The main reasons we now use silicon
are that silicon devices exhibit better properties at room temperature, 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 and silicates comprises 25% of the Earth’s crust, and silicon is second only to
oxygen in abundance. Currently, silicon is one of the most studied elements in the peri-
odic table; and silicon technology is by far the most advanced among all semiconductor
technologies.

212 Compound Semiconductors

In recent years a number of compound semiconductors have found applications for var-
ious devices. The important compound semiconductors as well as the two element semi-
conductors are listed® in Table 2. A binary compound semiconductor is a combination
of two elements from the periodic table. For example, gallium arsenide (GaAs) is a I1I-
V compound that is a combination of gallium (Ga) from Column III and arsenic (As) from
Column V.

In addition to binary compounds, ternary compounds and quaternary compounds
are made for special applications. The alloy semiconductor Al Ga,_ As, which has Al and
Ga from Column III and As from Column V is an example of a tenary compound, whereas
quaternary compounds of the form A,B,_,C,D,_, can be obtained from combination of
many binary and ternary compound semiconductors. For example, GaP, InP, InAs, plus
GaAs can be combined to yield the alloy semiconductor Ga,In;_As,P;_,. Compared with
the element semiconductors, the preparation of compound semiconductors in single-crystal
form usually involves much more complex processes.

Many of the compound semiconductors have electrical and optical properties that
are different from silicon. These semiconductors, especially GaAs, are used mainly for
high-speed electronic and photonic applications. Although we do not know as much about
the technology of compound semiconductors as we do about that of silicon, advances in
silicon technology have also helped progress in compound semiconductor technology. In
this book we are concerned mainly with device physics and processing technology of sil-
icon and gallium arsenide.

» 2.2 BASIC CRYSTAL STRUCTURE

The semiconductor materials we will be studying 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 lattice. In a crystal, an atom never strays far from a single,
fixed position. The thermal vibrations associated with the atom are centered about this
position. For a given semiconductor, 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
lattice.

2.2.1 Unit Cell

A generalized primitive, three-dimensional unit cell is shown in Fig. 2. The relationship
between this cell and the lattice is characterized by three vectors a, b, and ¢, which need
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TABLE2 Semiconductor Materials?

General Semiconductor
Classification Symbol Name
Element Si Silicon
Ge Germanium
Binary compound
IVAIV s mmeeee e ee e o SiC Silicon carbide
-V - e mm e e o - AlP Aluminum phosphide
AlAs Aluminum arsenide
AlSb Aluminum antimonide
GaN Gallium nitride
GaP Gallium phosphide
GaAs Gallium areside
GaSb Gallium antimonide
InP Indium phosphide
InAs Indium arsenide
InSb Indium antimonide
II-VI - e mm e e e e ZnO Zinc oxide
ZnS Zinc sulfide
ZnSe Zinc selenide
ZnTe Zinc telluride
Cds Cadmium sulfide
CdSe Cadmium selenide
CdTe Cadmium telluride
HgS Mercury sulfide
IV-VI eemm e PbS Lead sulfide
PbSe Lead selenide
PbTe Lead telluride
Ternary compound AlLGa,_As Aluminum gallium arsenide
AlIn,_As Aluminum indium arsenide
GaAs, P, Gallium arsenic phosphide
Ga,In,_As Gallium indium arsenide
GaJIn,_P Gallium indium phosphide
Quaternary compound ALGa,_As,Sb, Aluminum gallium arsenic antimonide
GaIn, As, P, Gallium indium arsenic phosphide

S

o

a

Fig.2 A generalized primitive unit cell.
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not be perpendicular to each other and which may or may not be equal in length. Every
equivalent lattice point in the three-dimensional crystal can be found using the set

R = ma+ nb + pc (1)

where m, n, and p are integers.

Figure 3 shows some basic cubic-crystal unit cells. Figure 3a shows a simple cubic
(sc) crystal; it has an atom at each corner of the cubic lattice, and each atom has six equidis-
tant nearest-neighbor atoms. The dimension a is called the lattice constant. In the peri-
odic table, only polonium is crystallized in the simple cubic lattice. Figure 3b is a
body-centered cubic (bece) crystal where, in addition to the eight corner atoms, an atom
is located at the center of the cube. In a bec lattice, each atom has eight nearest-neighbor
atoms. Crystals exhibiting bcc lattices include those of sodium and tungsten. Figure 3¢
shows the face-centered cubic (fcc) crystal that has one atom at each of the six cubic faces
in addition to the eight corner atoms. In this case, each atom has 12 nearest-neighbor
atoms. A large number of elements exhibit the fcc lattice form, including aluminum, cop-
per, gold, and platinum.

» EXAMPLE 1

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 bee unit cell is shared with 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 central sphere. We have the following:

Spheres (atoms) per unit cell = (1/8) X 8 (corner) + 1 (center) = 2;
Nearest-neighbor distance (along the diagonal AE in Fig, 3b) = aV3/2;
Radius of each sphere = aV/3/4;

Volume of each sphere = 47/3 x (a\/g/él)3 = n’aS\/g/IG; and

Maximum fraction of unit cell filled = Number of spheres X volume of each sphere/total volume
of each unit cell = 27%V3/16 a® = V/3/8 ~ 0.68.

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

Fig.3 Three cubic-crystal unit cells. (a) Simple cubic. (b) Body-centered cubic. (c) Face-
centered cubic%.

CIRRUS EX. 1061 - 10/72
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222 The Diamond Structure

The element semiconductors, silicon and germanium, have a diamond lattice structure
as shown in Fig. 4a. This structure also belongs to the fcc 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 the body diagonal of the cube (i.e., a displacement of
aV3/4). Although chemically identical, the two sets of atoms belonging to the two sub-
lattices are different from the point view of the crystal structure. It can be seen in Fig.
4a that if a corner atom has one nearest neighbor in the body diagonal direction, then it
has no nearest neighbor in the reverse direction. Consequently, it requires two such atoms
in the unit cell. Alternatively, a unit cell of a diamond lattice consists of a tetrahedron in
which each atom is surrounded by four equidistant nearest neighbors that lie at the cor-
ners (refer to the spheres connected by darkened bars in Fig. 4a).

Most of the ITI-V compound semiconductors (e.g., GaAs) have a zincblende lattice,
shown in Fig. 4b, which is identical to a diamond lattice except that one fcc sublattice
has Column III atoms (Ga) and the other has Column V atoms (As). Appendix F at the
end of the book gives a summary of the lattice constants and other properties of impor-
tant element and binary compound semiconductors.

& EXAMPLE 2

At 300 K the lattice constant for silicon is 5.43 A. Calculate the number of silicon atoms per cubic
centimeter and the density of silicon at room temperature.

SOLUTION  There are eight atoms per unit cell. Therefore,
8/a® = 8/(5.43 x 10-8)3 = 5 x 1022 atoms/cm3; and

Density = no. of atoms/cm® X atomic weight/Avogadro constant = 5 x 10?2 (atoms/cm?®) x
28.09 (g/mol)/6.02 x 10% (atoms/mol) = 2.33 g/em®. -«

223 Crystal Planes and Miller Indices

In Fig. 3b 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
spacing is different for the two planes. Therefore, the crystal properties along different
planes are different, and the electrical and other device characteristics can be dependent

Fig.4 (a) Diamond lattice. (b) Zincblende lattice.

CIRRUS EX. 1061 - 11/72
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on the crystal orientation. A convenient method of defining the various planes in a crys-
tal is to use Miller indices.®> These indices are obtained using the following steps:

1.

3.

EXAMPLE 3

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

Take the reciprocals of these numbers and reduce them to the smallest three
integers having the same ratio.

Enclose the result in parentheses (hkl) as the Miller indices for a single plane.

As shown in Fig. 5, the plane has intercepts at a, 3a, and 2a along the three coordinates. Taking
the reciprocals of these intercepts, we get 1, %, and J. The smallest three integers having the same
ratio are 6, 2, and 3 (obtained by multiplying each fraction by 6). Thus, the plane is referred to as
a (623)-plane. -«

Figure 6 shows the Miller indices of important planes in a cubic crystal.” Some other
conventions are the following:

1.

(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 (100), (010), (001),
(100), (010), and (001) in cubic symmetry.

[hkl]: For a crystal direction, such as [100] for the x-axis. By definition, 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].

Fig.5 A (623)-crystal plane.

‘In Chapter 6, we show that the (100) orientation is preferred for silicon metal-oxide-semiconductor field-
effect transistors (MOSFETS).
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z (001)

(100) (110)

Fig. 6 Miller indices of some important planes in a cubic crystal.

# 2.3 BASIC CRYSTAL GROWTH TECHNIQUE

In this section, we consider briefly how we grow semiconductor crystals, specifically the
silicon crystal because 95% of the semiconductor materials used by the electronic indus-
try is silicon.

The starting material for silicon is a relatively pure form of sand (SiO,) called quartzite.
It is mixed with various forms of carbon and allowed to react to form silicon (98% pure):

SiC + SiO, — Si (solid) + SiO (gas) + CO (gas). (2)
The silicon product is reacted with hydrogen chloride to form trichlorosilane,
Si (solid) + 3 HCI (gas) — SiHCl,(gas) +Hy(gas). (3)

The trichlorosilane is decomposed using an electric current in a chamber with a controlled
ambient, producing rods of ultrapure polycrystallice silicon (i.e., silicon material that con-
tains many single-crystal regions with different size and orientation with respect to one
another),

SiHCl, (gas) + Hy(gas) — Si (solid) + 3 HCI (gas). (4)

The polycrystalline silicon is now ready for the crystal-growing process. Figure 7 shows
many pieces of polycrystalline silicon in a silica (SiO,) crucible.

Fig. 7 Photograph of polycrystalline
" silicon in a silica crucible.
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The most common crystal growth method is the Czochralski technique. Figure 8 shows
a schematic drawing of Czochralski crystal puller. The crucible containing the polycrys-
talline silicon is heated either by radio-frequency induction or by a thermal resistance
method to the melting point of silicon (1412°C). The crucible rotates during the growth
to prevent the formation of local hot or cold regions.

The atmosphere around the crystal-growing apparatus or crystal puller is controlled
to prevent contamination of the molten silicon. Argon is often used as the ambient gas.
When the temperature of the silicon has stabilized, a piece of silicon with a suitable ori-
entation (e.g., (111)), which is called the seed crystal, is lowered to the melt and is the
starting point for the subsequent growth of a much larger crystal. As the bottom of the
seed crystal begins to melt in the molten silicon, the downward motion of the rod hold-
ing the seed is reversed. As the seed crystal is slowly withdrawn from the melt (Fig. 9),
the molten silicon adhering to the crystal freezes or solidifies, using the crystal structure
of the seed crystal as a template. The seed crystal is, therefore, used to initiate the growth
of the ingot with the correct crystal orientation. The rod continues its upward movement,
forming an even larger crystal. The crystal growth is terminated when the silicon in the
crucible is depleted. By carefully controlling the temperature of the crucible and the rota-
tion speeds of the crucible and the rod, precise control of the diameter of the crystal can
be maintained. Figure 10 shows a 200 mm diameter silicon crystal ingot. The desired
impurity concentration is obtained by adding impurities to the melt in the form of heav-
ily doped silicon prior to crystal growth. A more detailed discussion on the crystal growth
of silicon as well as other semiconductors can be founded in Chapter 10.

QI)CCW
[ Seal
f
Front opening Argon
door
Front opening
chamber
1 Seed shaft
Seed holder
Seed \ | —>  Vacuum pump
Valve N Optical system
Viewing port —> Argon
Silica crucible
Graphite crucible
Graphite heater
Thermal shield

Vacuum pump
Crucible shaft CW® Ar+SiO+CO

Fig. 8 Simplified schematic drawing of the Czochralski puller. Clockwise (CW),
counterclockwise (CCW).
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Fig.9 Photograph of a 200 mm diameter, (100)-oriented Si crystal being pulled from the melt.
(Photograph courtesy of Taisil Electronic Materials Corp., Taiwan.)

Fig. 10 A 200 mm diameter silicon crystal ingot grown by the Czochralski technique.
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B 2.4 VALENCE BONDS

As discussed in Section 2.2, each atom in a diamond lattice is surrounded by four near-
est neighbors. Figure 11a shows the tetrahedron bonds of a diamond lattice. A simpli-
fied two-dimensional bonding diagram for the tetrahedron is shown in Fig. 11b. Each
atom has four electrons in the outer orbit, and each atom shares theses valence electrons
with its four neighbors. This sharing of electrons is known as covalent bonding; each electron
pair constitutes 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 two atoms together.

Gallium arsenide crystallizes in a zincblende lattice, which also has tetrahedron bonds.
The major bonding force in GaAs is also due to the covalent bond. However, gallium
arsenide has a small ionic contribution that is an electrostatic attractive force between
each Ga* ion and its four neighboring As™ ions, or between each As~ion and its four neigh-
boring Ga* ions. Electronically, this means that the paired bonding electrons spend slightly
more time in the As atom than in the Ga atom.

At low temperatures, the electrons are bound in their respective tetrahedron lattice;
consequently, they are not available for conduction. At higher temperatures, thermal vibra-
tions may break the covalent bonds. When a bond is broken or partially broken, a free
electron results that can participate in current conduction. Figure 12a shows the situa-
tion when a valence electron in silicon 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 loca-
tion B in Fig. 12b. We may therefore 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. Therefore, both the electron and the hole contribute to the total electric cur-
rent. 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.

1 111 11
0,0, 5 ey 9:9,9 /0’2’2
< T
a
! 2
20N N
4.4.4 D\
Yy
S\ %Ql{
0’5’0
x .1_00
2, >

(a)

Fig. 11 (a) A tetrahedron bond. (b) Schematic two-dimensional representation of a tetrahedron
bond.
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» 2.5 ENERGY BANDS
25.1 Energy Levels of Isolated Atoms

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

Ey = -myq*/8€,%h*n* = -13.6/n? eV, (5)

where m is the free-electron mass, ¢ is the electronic charge, &, is the free-space per-
mittivity, 4 is the Planck constant, and n is a positive integer called the principal quan-
tum number. The quantity eV (electron volt) is an energy unit corresponding to the energy
gained by an electron when its potential is increased by one volt. It is equal to the prod-
uct of ¢ (1.6 x 107*® coulomb) and one volt, or 1.6 x 1071° J. The discrete energies are
-13.6 eV for the ground state energy level (n = 1), — 3.4 eV for the first excited-state energy
level (n = 2), etc. Detailed studies reveal that for higher principle quantum numbers
(n 2 2), energy levels are split according to their angular momentum quantum number
€=0,1,2,...,n-1).

We now consider two identical atoms. When they are far apart, the allowed energy
levels for a given principal quantum number (e.g., n = 1) consist of one doubly degen-
erate level, that is, both atoms have exactly the same energy. When they are brought closer,
the doubly degenerate energy levels will spilt into two levels by the interaction between
the atoms. As N isolated atoms are brought together to form a solid, the orbits of the
outer electrons of different atoms overlap and interact with each other. This interaction,
including those forces of attraction and repulsion between atoms, causes a shift in the
energy levels, as in the case of two interacting atoms. However, instead of two levels, N
separate but closely spaced levels are formed. When N is large, the result is an essen-
tially continuous band of energy. This band of N levels can extend over a few eV depend-
ing on the inter-atomic spacing for the crystal. Figure 13 shows the effect, where the
parameter a represents the equilibrium interatomic distance of the crystal.

The actual band splitting in a semiconductor is much more complicated. Figure 14
shows an isolated silicon atom that has 14 electrons. Of the 14 electrons, 10 occupy deep-
lying energy levels whose orbital radius is much smaller than the interatomic separation
in the crystal. The four remaining valence electrons are relatively weakly bound and can
be involved in chemical reactions. Therefore, we only need to consider the outer shell

Fig.12 The basic bond representation of intrinsic silicon. (¢) A broken bond at position A,
resulting in a conduction electron and a hole. (b) A broken bond at position B.
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Electron energy

Interatomic distance ——>

Fig. 13 The splitting of a degenerate state into a band of allowed energies.

(the n = 3 level) for the valence electrons, since the two inner shells are completely full
and tightly bound to the nucleus. The 3s subshell (i.e., for n = 3 and £ = 0) has two allowed
quantum states per atom. This subshell will contain two valence electrons at T = 0 K.
The 3p subshell (ie., n = 3, and € = 1) has six allowed quantum states per atom. This
subshell will contain the remaining two valence electrons of an individual silicon atom.

Figure 15 is a schematic diagram of the formation of a silicon crystal from N isolated
silicon atoms. As the interatomic distance decreases, the 3s and 3p subshell of the N sil-
icon atoms will interact and overlap. At the equilibrium interatomic distance, the bands
will again split, with four quantum states per atom in the lower band and four quantum
states per atom in the upper band. At a temperature of absolute zero, electrons occupy
the lowest energy states, so that all states in the lower band (the valence band) will be
full and all states in the upper band (the conduction band) will be empty. The bottom of
the conduction band is called E, and the top of the valence band is called Ey,. The bandgap
energy E, between the bottom of the conduction band and the top of the valence band
(E¢ - Ey) is the width of the forbidden energy gap, as shown on the far left of Fig. 15.
Physically, Eg is the energy required to break a bond in the semiconductor to free an elec-
tron to the conduction band and leave a hole in the valence band.

N \\\ N
N
Six allowed levels
/ at same energy
Two allowed levels
at same energy
s p
n=2 n=3
2 electrons 8 electrons 4 electrons

Fig. 14 Schematic representation of an isolated silicon atom.
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Fig. 15 Formation of energy bands as a diamond lattice crystal is formed by bringing isolated
silicon atoms together.

252 The Energy-Momentum Diagram
The energy E of a free electron is given by

2
E=L—, (6)

2m,
where p is the momentum and my, is the free-electron mass. If we plot E vs. p, we obtain
a parabola as shown in Fig. 16. In a semiconductor crystal, an electron in the conduc-
tion band is similar to a free electron in that it is relatively free to move about in the crys-
tal. However, because of the periodic potential of the nuclei, Eq. 6 can no longer be valid.
However, it turns out that we can still use Eq. 6 if we replace the free-electron mass in
Eq. 6 by an effective mass m,, (the subscript n refers to the negative charge on an elec-

tron), that is,

E=F_. (7)

P
0

Fig. 16 The parabolic energy (E) vs. momentum (p) curve for a free electron.
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The electron effective mass depends on the properties of the semiconductor. If we have
an energy-momentum relationship described by Eq.7, we can obtain the effective mass
from the second derivative of E with respect to p:

d2E)
m, E[dpz] . ®)

Therefore, the narrower the parabola, corresponding to a larger second derivative,
the smaller the effective mass. A similar expression can be written for holes (with effec-
tive mass m,, where the subscript p refers to the positive charge on a hole). The effective-
mass concept is very useful because it enables us to treat electrons and holes essentially
as classical charged particles.

Figure 17 shows a simplified energy-momentum relationship of a special semicon-
ductor with an electron effective mass of m,, = 0.25 m,in the conduction band (the upper
parabola) and a hole effective mass of m,, =m, in the valence band (the lower parabola).
Note that the electron energy is measured upward and the hole energy is measured down-
ward. The spacing at p = 0 between these two parabolas is the bandgap E,, shown pre-
viously in Fig. 15.

The actual energy-momentum relationships (also called energy-band diagram) for sil-
icon and gallium arsenide are much more complex. They are shown in Fig. 18 for two crys-
tal directions. We note that the general features in Fig. 18 are similar to those in Fig. 17.
First of all, there is a bandgap E, between the bottom of the conduction band and the top
of the valence band. Second, near the minimum of the conduction band or the maximum
of the valence band, the E-p curves are essentially parabolic. For silicon, Fig 18a, the max-
imum in the valence band occurs at p = 0, but the minimum in the conduction band occurs
along the [100] direction at p = p,. Therefore, in silicon, when an electron makes a transi-
tion from the maximum point in the valence band to the minimum point in the conduc-
tion, it requires not only an energy change (= Eg) but also some momentum change (= p,).

E

Conduction band

(m,, =0.25 mg)
Electron
energy
Eg
B! )
Hole
energy
Valence band
(m,, =my)

Fig. 17 A schematic energy-momentum diagram for a special semiconductor with m,, = 0.25 m,
and m,, = my.
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Fig. 18 Energy band structures of Si and GaAs. Circles (o) indicate holes in the valence bands
and dots () indicate electrons in the conduction bands.

For gallium arsenide, Fig. 18b, the maximum in the valence band and the minimum
in the conduction band occur at the same momentum (p = 0). Thus, an electron mak-
ing a transition from the valence band to the conduction band can do so without a change
in momentum.

Gallium arsenide is called a direct semiconductor, because it does not require a change
in momentum for an electron transition from the valence band to the conduction band.
Silicon is called an indirect semiconductor, because a change of momentum is required
in a transition. This difference between direct and indirect band structures is very impor-
tant for light-emitting diodes and semiconductor lasers. These devices require direct semi-
conductors for efficient generation of photons (refer to Chapter 9).

We can obtain the effective mass from Fig. 18 using Eq. 8. For example, for gallium
arsenide with a very narrow conduction-band parabola, the electron effective mass is
0.063 m,, where for silicon, with a wider conduction-band parabola, the electron effec-
tive mass is 0.19 m,,

253 Conduction in Metals, Semiconductors, and Insulators

The enormous variation in electrical conductivity of metals, semiconductors, and insu-
lators as shown in Fig. 1 may be explained qualitatively in terms of their energy bands.
We shall see that the electron occupation of the highest band or of the highest two bands
determines the conductivity of a solid. Figure 19 shows the energy band diagrams of three
classes of solids—metals, semiconductors, and insulators.

Metals

The characteristics of a metal (also called a conductor) include a very low value of resis-
tivity, and the conduction band either is partially filled (such as Cu) or overlaps the valence
band (such as Zn or Pb) so that there is no bandgap, as shown in Fig. 19a. As a conse-
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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). Electrons are free to move with only a small
applied field in a metal because there are many unoccupied states close to the occupied
energy states. Therefore, current conduction can readily occur in conductors.

Insulators

In an insulator such as silicon dioxide (SiO,), the valence electrons form strong bonds
between neighboring atoms. These bonds are difficult to break, and consequently there
are no free electrons to participate in current conduction at or near room temperature.
As shown in the energy band diagram Fig. 19¢, insulators are characterized by a large
bandgap. Note that electrons occupy all energy levels in the valence band and all energy
levels in the conduction band are empty. Thermal energy’ or the energy of an applied
electric field is insufficient to raise the uppermost electron in the valence band to the
conduction band. Thus, although an insulator has many vacant states in the conduction
band that can accept electrons, so few electrons actually occupy conduction band states
that the overall contribution to electrical conductivity is very small, resulting in a very
high resistivity. Therefore, silicon dioxide is an insulator; it can not conduct current.

Semiconductors

Now, consider a material that has a much smaller energy gap, on the order of 1 eV
(Fig. 19b). Such materials are called semiconductors. At T = 0 X, all electrons are in the
valence band, and there are no electrons in the conduction band. Thus, semiconductors
are poor conductors at low temperatures. At room temperature and under normal atmo-
sphere, values of E, are 1.12 eV for Si and 1.42 eV for GaAs. The thermal energy kT at
room temperature is a good fraction of E, and an appreciable numbers of electrons are
thermally excited from the valence band to the conduction band. Since there are many
empty states in the conduction band, a small applied potential can easily move these elec-
trons, resulting in a moderate current.

Empty
conduction band

Partially filled
conduction band

Conduction band ——‘l

Conduction band T
00

Valence band
(a) (b) (c)
Fig.19 Schematic energy band representations of (a) a conductor with two possibilities (either

the partially filled conduction band shown at the upper portion or the overlapping bands shown
at the lower portion), (b) a semiconductor, and (c) an insulator.

* The thermal energy is of the order of kT. At room temperature, kT is 0.026 eV, which is much smaller
than the bandgap of an insulator.
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» 2.6 INTRINSIC CARRIER CONCENTRATION

We now derive the carrier concentration in thermal equilibrium condition, that is, the

steady-state condition at a given temperature without any external excitations such as light,

pressure, or electric field. At a given temperature, 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 with 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(E) is given by the product of the density of states N(E), that is,
the density of allowed energy states (including electron spin) per energy range per unit
volume,” 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 (E initially taken to be E = 0 for simplicity) to the top of the con-
duction band E

top*
n=[l®n(E)E =] > N(EF(E)E, (9)

where n is in cm™, and N(E) is in (cm’—eV)L.

The probability that an electron occupies an electronic state with energy E is given
by the Fermi-Dirac distribution function, which is also called the Fermi distribution
function

1

1+6<E—Ep )/KT °

F(E)= (10)

where k is the Boltzmann constant, T is the absolute temperature in degrees Kelvin, and
Ep is the energy of the Fermi level. The Fermi energy is the energy at which the prob-
ability of occupation by an electron is exactly one-half. The Fermi distribution is illus-
trated in Fig. 20 for different temperatures. Note that F(E) is symmetrical around the
Fermi energy Ep. For energies that are 3kT above or below the Fermi energy, the expo-
nential term in Eq. 10 becomes larger than 20 or smaller than 0.05, respectively. The
Fermi distribution function can thus be approximated by simpler expressions:

F(E) =B~ for (E - Ej) > 3kT, (11a)

and F(E)=1-¢B-ET for (E— Ejp) < 3kT. (11b)

Equation 115 can be regarded as the probability that a hole occupies a state located at
energy E.

Figure 21 shows schematically from left to right the band diagram, the density of
states N(E), which varies as VE fora given electron effective mass, the Fermi distribu-
tion function, and the carrier concentrations for an intrinsic semiconductor. The carrier
concentration can be obtained graphically from Fig. 21 using Eq. 9; that is, the product
of N(E) in Fig. 21b and F(E) in Fig. 21c gives the n(E)-versus-E curve (upper curve) in
Fig. 21d. The upper shaded area in Fig. 21d corresponds to the electron density.

* The density of states N(E) is derived in Appendix H.
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Fig.20 Fermi distribution function F(E) versus (E — Ej) for various temperatures.

E
Conduction
band -/

N(E)
(a) (b)

Fig. 21 Instrinsic semiconductor. (a) Schematic band diagram. (b) Density of states. (c) Fermi
distribution function. (d) Carrier concentration.

There are a large number of allowed states in the conduction band. However, for an
intrinsic semiconductor there will not be many electrons in the conduction band. Therefore,
the probability of an electron occupying one of these states is small. There also are a large
number of allowed states in the valence band. By contrast, most of these are occupied
by electrons. Thus, the probability 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 (i.e., Ep is many kT below E). Substituting the last equation in Appendix
H and Eq.11a into Eq. 9 yields

n= % No (T2 [ EV2 exp [~(E~ Eg)/ KTIE, (12)

T
where N¢ = 12(2mm, kT/h?)¥2 for Si (13a)
= 2(2mm, kT/h?)¥2 for GaAs. (13b)

* We have taken E,__ to be oo, because F(E) becomes very small when (E — E;)>> kT.

top
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If we let x = E/kT, Eq. 12 becomes

n= %Nc exp (Ep /kT)'f:xl/2 e dx. (14)
T )

The integral in Eq. 14 s of the standard form and equals Vr /2. Therefore, Eq. 14 becomes
n = Ngexp (Eg/kT). (15)

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

n = Ngexp [~(E¢ — Ep)/kT], (16)

where N; defined in Eq.13 is the effective density of states in the conduction band. At
room temperature (300 K), N is 2.86 x 10 cm™ for silicon and 4.7 x 10'7 cm™ for gal-
lium arsenide.

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

p = Ny exp [-(Ep— Ey)/kT), (17)

and Ny=2 (2mm,, kT/h?)2, (18)

where Ny is the effective density of states in the valence band for both Si and GaAs. At
room temperature, Ny is 2.66 X 10" cm™ for silicon and 7.0 x 108 cm™ for gallium arsenide.

For an intrinsic semiconductor, the number of electrons per unit volume in the con-
duction 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 relationship of electrons and
holes is depicted in Fig. 21d. 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 Eq.16 and
Eq. 17:

Egp=E, = (Eg + Ey)2 + (kT/2) In (Ny/N). (19)

At room temperature, the second term is much smaller than the bandgap. Hence,
the intrinsic Fermi level E; of an intrinsic semiconductor generally lies very close to the
middle of the bandgap.

The intrinsic carrier density is obtained from Egs. 16, 17, and 19:

np = n2, (20)
~
n? = NNy exp (-E,/kT), (21)
and n, = VNcNy, exp (=E,/2kT), (22)
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Fig.22 Intrinsic carrier densities in Si and GaAs as a function of the reciprocal of
temperature.>7
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where E, = E; — Ey. Figure 22 shows the temperature dependence of n; for silicon
and gallium arsenide.5 At room temperature (300 K), n; is 9.65 x 10° cm™ for silicon® and
2.25 x 10 cm™ for gallium arsenide.” As expected, the larger the bandgap, the smaller
the intrinsic carrier density.

» 2.7 DONORS AND ACCEPTORS

When a semiconductor is doped with impurities, the semiconductor becomes extrinsic
and impurity energy levels are introduced. Figure 23a 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 has
a relatively small binding energy to its host arsenic atom and can be “ionized” to become
a conduction electron at a moderate temperature. We say that this electron has been
“donated” to the conduction band. The arsenic atom is called a donor and the silicon
becomes n-type because of the addition of the negative charge carrier. Similarly, Fig. 23b
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 semiconduc-
tor, and the boron is an acceptor.

We can estimate the ionization energy for the donor E;, by replacing m, with the
electron effective mass m,, and taking into account the semiconductor permittivity € in
the hydrogen atom model, Eq. 5:

2
E, =(£—0) [m"]EH. (23)
&) \my
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Conduction
electron

(a)

Fig.23 Schematic bond pictures for (a) n-type Si with donor (arsenic) and (b) p-type Si with
acceptor (boron).

The ionization energy for donors, measured from the conduction band edge, as cal-
culated from Eq. 23 is 0.025 eV for silicon and 0.007 eV for gallium arsenide. The hydro-
gen 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 negative charged acceptor. The calculated ionization energy, measured from the valence
band edge, is 0.05 eV for both silicon and gallium arsenide.
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0030 T —— 0.16
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Fig.24 Measured ionization energies (in eV) 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 levels
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.®
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This simple hydrogen atom model cannot account for the details of the ionization
energy, particularly for the deep impurity levels in semiconductors (i.e., with ionization
energies > 3 kT). However, the calculated values do predict the correct order of magni-
tude of the true ionization energies for shallow impurity levels. Figure 24 shows the mea-
sured ionization energies for various impurities in silicon and gallium arsenide.® Note that
it is 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.

2.1.1 Nondegenerate Semiconductor

In our previous discussion, we have assumed that the electron or hole concentration is
much lower than the effective density of states in the conduction band or the valence
band, respectively. In other words, the Fermi level Ey, is at least 3kT above E,, or 3kT
below E. For such cases, the semiconductor is referred to as a nondegenerate semi-
conductor.

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

density as
n = Np, (24)

where N, is the donor concentration. Figure 25¢ illustrates complete ionization where
the donor level E, is measured with respect to the bottom of the conduction band and
equal concentrations of electrons (which are mobile) and donor ions (which are immo-
bile) are shown. From Eqs. 16 and 24, we obtain the Fermi level in terms of the effec-
tive density of states N and the donor concentration Np,:

E. - Ep=kTIn (N, /Np). (25)

Similarly, for shallow acceptors as shown in Fig. 25b, if there is complete ionization,
the concentration of holes is

p =N, (26)

Where N, is the acceptor concentration. We can obtain the corresponding Fermi level
from Egs. 17 and 26:

Ey—Ey = kT In (Ny/N,). (27)

(o]
ETO 000000 0O @< Donor
D ions

Acceptor
. p —_— QO
ions "

Fig.25 Schematic energy band representation of extrinsic semiconductors with (a) donor ions
and (b) acceptor ions.
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N (E) F (E) n (E) and p (E)
(a) (b) (© (d)

Fig. 26 n-Type semiconductor. (a) Schematic band diagram. (b) Density of states. (c) Fermi
distribution function. (d) Carrier concentration. Note that np = n2.

From Eq. 25 we can see that the higher the donor concentration, the smaller the
energy difference (E; — Ep), that is, the Fermi level will move closer to the bottom of
the conduction band. Similarly, for higher acceptor concentration, the Fermi level will
move closer to the top of the valence band. Figure 26 illustrates the procedure for obtain-
ing the carrier concentration. This figure is similar to that shown in Fig. 21. However,
the Fermi level is closer to the bottom of the conduction band, and the electron con-
centration (upper shaded area) is much larger than the hole concentration (lower shaded
area).

It is useful to express electron and hole densities in terms of the intrinsic carrier con-
centration n; and the intrinsic Fermi level E, since E; is frequently used as a reference
level when discussing extrinsic semiconductors. From Eq.16 we obtain

n = Ng exp [~(E¢ — Ep)/kT],
= Ny exp [(E¢ — E)KT] exp [(Ez — E)/KT),

or n = n, exp [(Ep - E,)/kT], (28)

and similarly,

p =n, exp [(E;, - Ep)/kT]. (29)

Note that the product of n and p from Egs. 28 and 29 equals n2. This result is iden-
tical to that for the intrinsic case, Eq. 20. Equation 20 is called the mass action law, which
is valid for both intrinsic and extrinsic semiconductors under thermal equilibrium con-
duction. In an extrinsic semiconductor, the Fermi level moves toward either the bottom
of the conduction band (n-type) or the top of the valence band (p-type). Either n- or
p-type carriers will then dominate, but the product of the two types of carriers will remain
constant at a given temperature.
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» EXAMPLE 4

A silicon ingot is doped with 10 arsenic atoms/cm?®. Find the carrier concentrations and the Fermi
level at room temperature (300 K).

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

n=Np=10%cm3.
From Eq. 20, p =nNp = (9.65 x 10°)%/10%6 = 9.3 x 103 cm .
The Fermi level measured from the bottom of the conduction band is given by Eq. 25:

Eg - Eg = kT In(N, /Np)
= 0.0259 In(2.86 x 10'%/10%) = 0.205 eV.
The Fermi level measured from the intrinsic Fermi level is given by Eq. 28:
Ep—E,; = kT In(Np/n,) = kT In(Np/n,;)

= 0.0259 In (10'6/9.65 x 10°) = 0.358 V.

These results are shown graphically in Fig. 27. <

If both donor and acceptor impurities are present simultaneously, the impurity that
is present in a greater concentration determines the type of conductivity in the semi-
conductor. The Fermi level must adjust itself to preserve charge neutrality, that is, the
total negative charges (electrons and ionized acceptors) must equal the total positive charges
(holes and ionized donors). Under complete ionization condition, we have

n+ N, =p + Np. (30)

Solving Egs. 20 and 30 yields the equilibrium electron and hole concentrations in an
n-type semiconductor:

n=%[ND—NA+\/(ND—NA)2+4n?}, (31)
Pa=nin,. (32)
0.054 eV

Fig.27 Band diagram showing Fermi level E; and intrinsic Fermi level E,.
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The subscript n refers to the n-type semiconductor. Because the electron is the domi-
nant carrier, it is called the majority carrier. The hole in the n-type semiconductor is called
the minority carrier. Similarly, we obtain the concentration of holes (majority carrier) and
electrons (minority carrier) in a p-type semiconductor:

pp=%|:NA_ND+\/(ND_NA)2+4n,’2 } (33)

n, = n?p, (34)

The subscript p refers to the p-type semiconductor.

E,-E,(eV)

0 100 200 300 400 500 600

0 100 200 300 400 500 600
T (K)
(b)

Fig.28 Fermi level for Si and GaAs as a function of temperature and impurity concentration.
The dependence of the bandgap on temperature is shown.®
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Generally, the magnitude of the net impurity concentration IN,-N, | is larger than
the intrinsic carrier concentration n;; therefore, the above relationships can be simpli-
fied to

n,=Np—-N, if Np>N, (35)

p,=N,-Np if N,>Np, (36)

From Egs. 31 to 34 together with Egs. 16 and 17, we can calculate the position of the
Fermi level as a function of temperature for a given acceptor or donor concentration.
Figure 28 shows a plot of these calculations for silicon® and gallium arsenide. We have
incorporated in the figure the variation of the bandgap with temperature (see Problem
8). Note that as the temperature increases, the Fermi level approaches the intrinsic level,
that is, the semiconductor becomes intrinsic.

Figure 29 shows electron density in Si as a function of temperature for a donor con-
centration of N, = 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 tem-
perature 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 temperature range. This is the extrinsic region. However, as the
temperature is increased even further, we reach a point where the intrinsic carrier
concentration becomes comparable to the donor concentration. Beyond this point, the
semiconductor becomes intrinsic. The temperature at which the semiconductor
becomes intrinsic depends on the impurity concentrations and the bandgap value and
can be obtained from Fig. 22 by setting the impurity concentration equal to n,.
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=
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0 I 1 ]

1
0 100 200 300 400
T (K)

Fig.29 Electron density as a function of temperature for a Si sample with a donor concentra-
tion of 10'5 cm™.
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2.1.2 Degenerate Semiconductor

When the doping concentration becomes equal or larger than the corresponding effec-
tive density of states, we can no longer use the approximation of Eq. 11 and the electron
density, Eq. 9, has to be integrated numerically. For very heavily doped n-type or p-type
semiconductor, E; will be above E. or below Ey,. The semiconductor is referred to as a
degenerate semiconductor.

An important aspect of high doping is the bandgap narrowing effect, that is, high
impurity concentration causes a reduction of the bandgap. The bandgap reduction AE,
for silicon at room temperature is given by

N W2
AE, = 22( 8) meV, (37)
10*

where the doping is in cm™. For example, for N}, < 10'® em=, AE, < 0.022 eV, which is
less than 2% of the original bandgap. However, for N2 N = 2.86 x 10%cm™, AE, >
0.12 eV, which is a significant fraction of E,.

»  SUMMARY

At the beginning of the chapter we listed a few important semiconductor materials. The
properties of semiconductors are determined to a large extent by the crystal structure.
We have defined the Miller indices to describe the crystal surfaces and crystal orienta-
tions and briefly described how semiconductor crystals are grown. More detailed dis-
cussions can be found in Chapter 10.

The bonding of atoms and the electron energy-momentum relationship in a semi-
conductor were considered in connection with the electrical properties. The energy
band diagram can be used to understand why some materials are good conductors of
electric current whereas others are poor conductors. We have also shown that changing
the temperature or the amount of impurities can drastically vary the conductivity of a
semiconductor.
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»  PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 2.2 BASIC CRYSTAL STRUCTURE

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.

2. If we project the atoms in a diamond lattice onto the bottom surface with the heights of
the atoms in unit of the lattice constant shown in the figure below. Find the heights of the
three atoms (X, Y, Z) on the figure.

1

(S
&

[SIC

3. 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 diamond lattices.

*4, Calculate the tetrahedral bond angle, the angle between any pair of the four bonds in a
diamond lattice. (Hint: represent the four bonds as vectors of equal length. What must be
the sum of the four vectors equal? Take components of this vector equation along the
direction of one of these vectors.)

5. If a plane has intercepts at 2a, 34, and 4a along the three Cartesian coordinates, where a
is the lattice constant, find the Miller indices of the planes.

6. (a) Calculate the density of GaAs (the lattice constant of GaAs is 5.65 A, and the atomic
weights of Ga and As are 69.72 and 74.92 g/mol, respectively).

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

p-type?

FOR SECTION 2.3 BASIC CRYSTAL GROWTH TECHNIQUE

7. (a) Does silicon or silicon dioxide have a higher melting point? Why?
(b) Why is a seed crystal used for crystal growth?
(c) Why is the crystal orientation of a wafer important?
(

d) What two variables are used to control the diameter of the silicon rod?

FOR SECTION 2.5 ENERGY BANDS

8. The variation of silicon and GaAs bandgaps with temperature can be expressed as Eg(T) =
E, (0) — aT*(T + B), where E, (0)=1.17eV, o0 = 4.73 x 10* eV/K, and B = 636 K for
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silicon; and E, (0) = 1.519 eV, o0 = 5.405 x 10~ eV/ K, and B = 204 K for GaAs. Find the
bandgaps of Si and GaAs at 100 K and 600 K.

FOR SECTION 2.6 INTRINSIC CARRIER CONCENTRATION

*9. Derive Eq. 17. (Hint: In the valence band, the probability of occupancy of a state by a
hole is [1 — F(E)].)
10. At room temperature (300 K) the effective density of states in the valence band is 2.66 x

10 em™ for silicon and 7 x 10 cm™ for gallium arsenide. Find the corresponding effec-
tive masses of holes. Compare these masses with the free-electron mass.

11. Calculate the location of E; in silicon at liquid nitrogen temperature (77 K), at room tem-
perature (300 K), and at 100°C (let m,, =1.0 my and m,, = 0.19 m). Is it reasonable to
assume that E;is in the center of the forbidden gap?

12. Find the kinetic energy of electrons in the conduction band of a nondegenerate n-type
semiconductor at 300 K.

13. (a) For a free electron with a velocity of 107 cm/s, what is its de Broglie wavelength.

(b) In GaAs, the effective mass of electrons in the conduction band is 0.063 m,. If they
have the same velocity, find the corresponding de Broglie wavelength.

14. The intrinsic temperature of a semiconductor is the temperatures at which the intrinsic
carrier concentration equals the impurity concentration. Find the intrinsic temperature
for a silicon sample doped with 105 phosphorus atoms/cm®.

FOR SECTION 2.7 DONORS AND ACCEPTORS

15. A silicon sample at T = 300 K contains an acceptor impurity concentration of N, = 10
cm. Determine the concentration of donor impurity atoms that must be added so that
the silicon is n-type and the Fermi energy is 0.20 eV below the conduction band edge.

16. Draw a simple flat energy band diagram for silicon doped with 10'6 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.

17. Find the electron and hole concentrations and Fermi level in silicon at 300 K (a) for 1 x
10'5 boron atoms/cm® and (b) for 3 x 106 boron atoms/cm®and 2.9 x 10'¢ arsenic
atoms/cm?®.

18. A Sisample is doped with 10'7 As atoms/cm?®. What is the equilibrium hole concentration
Po at 300 K? Where is Ej relative to E;?

19. Calculate the Fermi level of silicon doped with 1015, 107, and 10'® phosphorus atoms/cm?
at room temperature, assuming complete ionization. From the calculated Fermi level,
check if the assumption of complete ionization is justified for each doping. Assume that

Np

the ionized donors is given by n = N, [1 - F(Ep)] = W.

20. For an n-type silicon sample with 10'® cm= phosphorous donor impurities and a donor
level at Ej= 0.045 eV, find the ratio of the neutral donor density to the ionized donor den-
sity at 77 K where the Fermi level is 0.0459 below the bottom of the conduction band.
The expression for ionized donors is given in Prob. 19.
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Carrier Transport
Phenomena

3.1 CARRIER DRIFT

3.2 CARRIER DIFFUSION

3.3 GENERATION AND RECOMBINATION PROCESSES
3.4 CONTINUITY EQUATION

3.5 THERMIONIC EMISSION PROCESS

3.6 TUNNELING PROCESS

3.7 HIGH-FIELD EFFECTS

SUMMARY

FYyVvyVvyVvVvyvyy

In this chapter, we investigate various transport phenomena in semiconductor devices.
The transport processes include drift, diffusion, recombination, generation, thermionic
emission, tunneling, and impact ionization. We consider the motion of charge carriers
(electrons and holes) in semiconductors under the influence of an electric field and a
carrier concentration gradient. We also discuss the concept of the nonequilibrium con-
dition where the carrier concentration product pn is different from its equilibrium value
n. Returning to an equilibrium condition through the generation-recombination processes
is considered next. We then derive the basic governing equations for semiconductor device
operation, which includes the current density equation and the continuity equation. This
is followed by a discussion of thermionic emission and tunneling process. The chapter
closes with a brief discussion of high-field effects, which include velocity saturation and
impact ionization.
Specifically, we cover the following topics:

* The current density equation and its drift and diffusion components.

* The continuity equation and its generation and recombination components.

* Other transport phenomena, including the thermionic emission, tunneling,
transferred-electron effect, and impact ionization.

* Methods to measure key semiconductor parameters such as resistivity, mobil-
ity, majority-carrier concentration, and minority-carrier lifetime.
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» 3.1 CARRIER DRIFT
3.1.1  Mobility

Consider an n-type semiconductor sample with uniform donor concentration in thermal
equilibrium. As discussed in Chapter 2, the conduction electrons in the semiconductor
conduction band are essentially free particles, since they are not associated with any par-
ticular lattice or donor site. The influence of crystal lattices is incorporated in the effec-
tive mass of conduction electrons, which differs somewhat from the mass of free electrons.
Under thermal equilibrium, the average thermal energy of a conduction electron can be
obtained from the theorem for equipartition of energy, 1/2 kT units of energy per degree
of freedom, where k is Boltzmann’s constant and T is the absolute temperature. The elec-
trons 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

Sk =Sk, M
where m,, is the effective mass of electrons and vy, is the average thermal velocity. At room
temperature (300 K) the thermal velocity of electrons in Eq. 1 is about 107 cn/s for sil-
icon and gallium arsenide.

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 ran-
dom 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 dis-
placement 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 1 ps (ie., 10/v,, = 10712 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 addi-
tional 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 momen-

(a) (b)

Fig.1 Schematic path of an electron in a semiconductor. (¢) Random thermal motion.
(b) Combined motion due to random thermal motion and an applied electric field.
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tum gained between collisions is lost to the lattice in the collision. The momentum applied
to an electron is given by —q %, and the momentum gained is m,v,. We have

-q &1, = myy, (2)

—_| 9%
Uy = ( An )C,z)o (2a)

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 the effective mass.
The proportionality factor is called the electron mobility p, in units of cm?V-s, or

or

T
uy=te 3)

Thus, "
Uy =— ﬂnéa (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:

v, = /.Lpé", (5)

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

In Eq. 3 the mobility is related directly to the mean free time between collisions,
which in turn is determined by the various scattering mechanisms. The two most impor-
tant 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 the lattice periodic potential and allow energy to be transferred between
the carriers and the lattice. 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 u; will decrease in proportion to T-32.

Impurity scattering results when a charge carrier travels past an ionized dopant impu-
rity (donor or acceptor). The charge carrier path will be deflected owing 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 lattice scattering, impurity scattering becomes less significant at
higher temperatures. At higher temperatures, the carriers move faster; they remain near
the impurity atom for a shorter time and are therefore less effectively scattered. The mobil-
ity due to impurity scattering 4, can theoretically be shown to vary as T%N,, where N,
is the total impurity concentration.?

The probability of a collision taking place in unit time, 1/7,, is the sum of the prob-
abilities of collisions due to the various scattering mechanisms:

L= 1 + 1 ) ©6)

Te  Te lattice T, impurity
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Figure 2 shows the measured electron mobility as a function of temperature for sil-
icon with five different donor concentrations.® The inset shows the theoretical temper-
ature dependence of mobility due to both lattice and impurity scatterings. For lightly doped
samples (e.g., the sample with doping of 10! cm™>), 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 func-
tion 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 even-
tually 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.

(6a)
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Fig.2 Electron mobility in silicon versus temperature for various donor concentrations. Insert

T (K)

shows the theoretical temperature dependence of electron mobility.3
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Fig.3 Mobilities and diffusivities in Si and GaAs at 300 K as a function of impurity
concentration.?

» EXAMPLE 1

Calculate the mean free time of an electron having a mobility of 1000 cm%V-s at 300 K; also cal-
culate the mean free path. Assume m, = 0.26 m,, in these calculations.

SOLUTION  From Eq. 3, the mean free time is given by

o oMbty _ (0.26 x0.91x 107 kg) x (1000x10* m*/ V-s)
‘g 1.6x107° C

=148x107" s = 0.148 ps.

The mean free path is given by

l=0,7,=(10" cm/s)(1.48x 10 35)=1.48x10 ° cm
=148 nm. <

3.1.2 Resistivity

We 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 ter-
minal. 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
contacts are considered in Chapter 7. As mentioned previously, when an electric field &
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Fig. 4 Conduction process in an n-type semiconductor (a) at thermal equilibrium and
(b) under a biasing condition.

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,

_dE¢
dx
Recall that in Chapter 2 the bottom of the conduction band E; corresponds to the poten-
tial 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., Ep, E,, or Ey, as shown
in Fig. 4b). It is convenient to use the intrinsic Fermi level E, because we shall use E,
when we consider p—n junctions in Chapter 4. Therefore, from Eq. 7 we have
1dE 1 dE,
F=—"C ==, (8)
q dr q de
We can define a related quantity y as the electrostatic potential whose negative gra-
dient equals the electric field:

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

dy
&=——1. 9)
dx
Comparison of Egs. 8 and 9 gives
E,
y=-— (10)
q

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 E; decrease linearly with distance; thus, the electric field is a constant in the nega-
tive 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. 4b.
The kinetic energy corresponds to the distance from the band edge (i.e., E for electrons).
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

ClRPLIC N _4Nno4
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or all its kinetic energy, it will again begin to move toward the right, and the same pro-
cess will be repeated many times. Conduction by holes can be visualized in a similar man-
ner but in the opposite direction.

The transport of carriers under the influence of an applied electric field produces 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 the sample. The electron current density J,
flowing in the sample can be found by summing the product of the charge (—¢) on each
electron times the electron’s velocity over all electrons per unit volume n:

I n
L= 3 (-quv;) =—gnv, = qnu,s, (11)
i=1

]n=X

where I, 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

Jp =qpo, = qpii,é. (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:

I =In+1, = (qnu, +qpi,)é. (13)
The quantity in parentheses is known as conductivity:
o =q(ni, +p,). (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

i1 (15)
o qlnp, +phy)

p

Generally, in extrinsic semiconductors, only one of the components in Eq. 13 or 14 is
significant because of the many orders-of-magnitude difference between the two carrier
densities. Therefore, Eq. 15 reduces to

p= (15a)
qnid,

| | Area=A
[ L |

Fig.5 Current conduction in a uniformly doped semiconductor bar with length L and cross-
sectional area A.
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for an n-type semiconductor (since n >> p), and to

1
p =
qpi,
for a p-type semiconductor (since p >> n).
The most common method for measuring resistivity is the four-point probe method
shown in Fig. 6. The probes are equally spaced. A small current I from a constant-cur-
rent source is passed through the outer two probes and a voltage V is measured between

the inner two probes. For a thin semiconductor sample with thickness W that is much
smaller than the sample diameter d, the resistivity is given by

(15b)

p=¥-W-CF Q-cm, (16)

where CF is a well-documented “correction factor.” The correction factor depends on
the ratio of d/s, where s is the probe spacing. When d/s > 20, the correction factor
approaches 4.54. .

Figure 7 shows the measured room-temperature resistivity as a function of the impu-
rity concentration for silicon and gallium arsenide.? At this temperature and for low impu-
rity concentrations, all donor (e.g., P and As in Si) or acceptor (e.g., B in Si) 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.

» EXAMPLE 2

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

SOLUTION At room temperature we assume that all donors are ionized; thus,
n =Ny = 10% cm.

From Fig. 7 we find p = 0.5 Q—cm. We can also calculate the resistivity from Eq. 15a:

p= ! _ m ! m =0.48 Q-cm.
qni,  1.6x1077 x 10" x 1300
The mobility 4, is obtained from Fig. 3. |

)
!
|
|
|
I
I

Fig.6 Measurement of resistivity using a four-point probe.?
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Fig.7 Resistivity versus impurity concentration® for Si and GaAs.

3.1.3 The Hall Effect

The carrier concentration in a semiconductor may be different from the impurity con-
centration, because the ionized impurity density’depends on the temperature and the
impurity energy level. To measure the carrier concentration directly, the most commonly
used method is the Hall effect. Hall measurement is also one of the most convincing meth-
ods 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 average upward
force on the holes flowing in the x-direction. The upward directed current causes an
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accumulation of holes at the top of the sample that gives rise to a downward-directed
electric field (E’y Since there is no net current flow along the y-direction in the steady
state, the electric field along the y-axis exactly balances the Lorentz force; that is,

94, =qv:B;, (17)

or
é, =v,B,. (18)
Once the electric field &, 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 electric field
in Eq. 18 is called the Hall field, and the terminal voltage V;; =&,W (Fig. 8) is called the
Hall voltage. Using Eq. 12 for the hole drift velocity, the Hall field é,in Eq. 18 becomes

. [ Iy
¢ =(% B, =Ry],B. , (19)
where
1 .
Ry =—. (20)
qp

The Hall field ¢, is proportional to the product of the current density and the mag-
netic field. The proportionality constant Ry is the Hall coefficient. A similar result can
be obtained for an n-type semiconductor, except that the Hall coefficient is negative:

Ry =——. (21)
qn

A measurement of the Hall voltage for a known current and magnetic field yields

_ 1 _JB:_ (WAB, _IBW
g qRy  qé, q(Vg/W) qVyA’

(22)

where all the quantities in the right-hand side of the equation can be measured. Thus,
the carrier concentration and carrier type can be obtained directly from the Hall mea-
surement.

» EXAMPLE 3

A sample of Si is doped with 10'® phosphorus atoms/cm®. Find the Hall voltage in a sample with
W =500 um, A = 2.5 X 10 cm?, I = 1 mA, and B, = 10~ Wb/cm?.

SOLUTION The Hall coefficient is
1 1 3
Ry =——=—-— — - _695 cm*C.
T7 gn 16x107°x10%
The Hall voltage is

=
|

N G {
= W= (RH ZBZ}W

25x1073
=-1.25mV. <

-3
[—625~—l0———-—-10‘4] 500% 104
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¥ 3.2 CARRIER DIFFUSION
3.21 Diffusion Process

In the preceding section, we considered the drift current, that is, the transport of carri-
ers 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. The
carriers tend to move from a region of high concentration to a region of low concentra-
tion. 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.
Consider the number of electrons 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 vy, and a mean free path I (note that ! = v,;,7,, where 7, is the mean free
time.) The electrons atx = -/, one mean free path away on the left side, have equal chances
of moving left or right; and in a mean free time 7,, 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

-;—n D1
Fl =T—=En(—l) * Oy (23)

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

1
F, = En(l)' Vg (24)
Current
n (1)

C) Electrons !
; n (0) :
G |
5 I
s |
g n (1) |
3 T I
= 1 |
1 |

| I

| |

| !

| |

| I

| |

1 ]

-1 0 l

Distance x

Fig.9 Electron concentration versus distance; [ is the mean free path. The directions of elec-
tron and current flows are indicated by arrows.
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The net rate of carrier flow from left to right is

F=F -F,= éum n(=1)=n(l)]. (25)

Approximating the densities at x = £[ by the first two terms of a Taylor series expansion,

we obtain
1 _adn | dn
F= Evth{n[(O) l—dx } |:n(0) + l_dx ]}

dn dn
“=-D,—,
dx dx
where D, =, is called the diffusion coefficient also called the diffusivity. Because each
electron carriers a charge —q, the carrier flow gives rise to a current

dn
dx’
The diffusion current is proportional to the spatial derivative of the electron den-
sity. Diffusion current results from the random thermal motion of carriers in a concen-
tration 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.

= _Uthl (26)

Jn=—qF =qD, (27)

#= EXAMPLE 4

Assume that, in an n-type semiconductor at T = 300 K, the electron concentration varies linearly
from 1 x 10'8 to 7 X 10'7 cm™ over a distance of 0.1 cm. Calculate the diffusion current density if
the electron diffusion coefficient is D, = 22.5 cm¥s.

SOLUTION The diffusion current density is given by

dn An
]n,diff =an—é;qun_A_x
1x10% —7x10"

_ -19
= (1.6x10 )(22,5)[ 01

]: 108 A/cm?. -

3.2.2 Einstein Relation

Equation 27 can be written in a more useful form using the theorem for the equiparti-
tion of energy for this one-dimensional case. We can write

%mnothQ = ékT. (28)
From Eqgs. 3, 26, and 28 and using the relationship / = v,,7, , we obtain
D, =vyl =vy, (Uth Tc) = Ut%; (,u_q__j = (—I——) (29)

my q

or
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kT
D,=|—u,.
[ q )# 30

Equation 30 is known as the Einstein relation. It relates the two important constants (dif-
tusivity and mobility) that characterize carrier transport by diffusion and by drift in a semi-
conductor. The Einstein relation also applies between D, and p,. Values of diffusivities
for silicon and gallium arsenide are shown in Fig. 3.

b EXAMPLE 5

Minority carriers (holes) are injected into a homogeneous n-type semiconductor sample at one point.
An electric field of 50 V/cm is applied across the sample, and the field moves these minority car-
riers a distance of 1 cm in 100 ps. Find the drift velocity and the diffusivity of the minority carriers.

SOLUTION v, =—™_ _10% cm/s;
100x10°% s
v, 10
P _ — 2 .
llp—'ga——a)—'—zoo cm /V-S,
D, =—p,=00259x200=518 cm®/s. -«
q

3.23 Current Density Equations

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

dn
= &+qD, — 31
] n q# n n q n dx > ( )
where & is the electric field in the x-direction.
A similar expression can be obtained for the hole current:
d
I, =qu,pé —qD, d—? (32)

We use the negative sign in Eq. 32 because for a positive hole gradient the holes will dif-
fuse 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 Egs. 31 and 32:

]oond =]n +]p‘ (33)
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The three expressions (Egs. 31-33) constitute the current density equations. These equa-
tions are important for analyzing device operations under low electric fields. However,
at sufficiently high electric fields the terms u,&’and u, & should be replaced by the sat-
uration velocity v, discussed in Section 3.7.

#» 3.3 GENERATION AND RECOMBINATION PROCESSES

In thermal equilibrium the relationship pn = n/? is valid. If excess carriers are introduced
to a semiconductor so that pn > n?, we have a nonequilibrium situation. The process of
introducing excess carriers is called carrier injection. Most semiconductor devices oper-
ate by the creation of charge carriers in excess of the thermal equilibrium values. We can
introduce excess carriers by optical excitation or forward-biasing a p—n junction (discussed
in Chapter 4).

Whenever the thermal-equilibrium condition is disturbed (i.e., pn # n3), 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 equilibrium is recombination of the injected
minority carriers with the majority carriers. Depending on the nature of the recombi-
nation 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 recombination.

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, whereas indirect recombination via
bandgap recombination centers dominates in indirect bandgap semiconductors, such as
silicon.

3.3.1 Direct Recombination

Consider a direct-bandgap semiconductor in thermal equilibrium. The continuous ther-
mal vibration of lattice atoms causes some bonds between neighboring atoms to be bro-
ken. 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
generated per cm?® per second) in Fig. 10a. When an electron makes a transition down-
ward 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
Ry, in Fig. 10a. Under thermal equilibrium conditions, the generation rate G, must equal

(b)

Fig. 10 Direct generation and recombination of electron-hole pairs: (a) at thermal equilibrium
and (b) under illumination.
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the recombination rate Ry, , 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 prob-
ability 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 momen-
tum is required for the transition across the bandgap. The rate of the direct recombina-
tion 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 = PBnp, (34)

where f3 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

Gth = Bth = ﬂnnopno . (35)

In this notation for carrier concentrations the first subscript refers to the type of the semi-
conductor. The subscript o indicates an equilibrium quantity. The n,,, and p,,, represent
electron and hole densities, respectively, in an n-type semiconductor at thermal equilibrium.
When we shine a light on the semiconductor to produce electron-hole pairs at a rate G,
(Fig. 10b), the carrier concentrations are above their equilibrium values. The recombi-
nation and generation rate become

R=pn,p, =Bn,+Aan)p,, +A4p), (36)
G=GL +Gy, (37)
where An and Ap are the excess carrier concentrations, given by
An=n,-n,, (38a)
AP=Pn=Pno> (38b)

and An = Ap to maintain overall charge neutrality.
The net rate of change of hole concentration is given by

ddit"=G—R=GL+Gth—R. (39)
In steady state, dp,, / dt = 0. From Eq. 39 we have
G,=R-G,;=U, (40)
where U is the net recombination rate. Substituting Egs. 35 and 36 into Eq. 40 yields
U=Bn,, +p,+Ap)Ap. (41)

For low-level injection Ap, p,,, << n,, , Eq. 41 is simplified to

U=fn,Ap =p—":1£"1.

Bn,, (42)

Therefore, the net recombination rate is proportional to excess minority carrier con-
centration. Obviously, U = 0 in thermal equilibrium. The proportionality constant 1/fn,,,
is called the lifetime 7, of the excess minority carriers, or
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UsBaPro (43)
T
P
where
1
T,= B (44)

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. 11a, that is illuminated with light and in which the electron-hole pairs are gen-
erated uniformly throughout the sample with a generation rate G;. The time-dependent
expression is given by Eq. 39. In steady state, from Egs. 40 and 43

GL=U=pn_pno (45)

Tp

hv

Pt
f ,(0)
G
l N\
\
““““““““ Poo T—-——7— "
0 Tp ¢

Fig. 11 Decay of photoexcited carriers. (a) n-type sample under constant illumination.
(b) Decay of minority carriers (holes) with time. (¢) Schematic setup to measure minority
carrier lifetime.
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or
Pn=Pn t TpGL‘ (45a)

If at an arbitrary time, say ¢ = 0, the light is suddenly turned off, the boundary condi-
tions are p,(t = 0) = p,, + 7,G,, as given by Eq. 454, and p,(t—>) = p,,. The time-
dependent expression of Eq. 39 becomes

dp Pa=P
n G, —R=-U=-L£n no 46
dt th Tp ( )
and the solution is
pn<t) =Pnot TpGL exp(_t/fp)' (47)

Figure 11b shows the variation of p, with time. The minority carriers recombine with
majority carriers and decay exponentially with a time constant Ty which corresponds to
the lifetime defined in Eq. 44.

This case illustrates the main idea of measuring the carrier lifetime using the pho-
toconductivity method. Figure 11c¢ shows a schematic setup. The excess carriers, gener-
ated 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 minor-
ity carriers.

b EXAMPLE 6

A Si sample with n,,, = 10 cm™ is illuminated with light and 10*® electron-hole pairs/cm? are cre-
ated every microsecond. If 7, = T, = 2 ps, find the change in the minority carrier concentration.
SOLUTION Before illumination
Poo = N2/ ny = (9.65%x10%% /10" = 9.31%10% cm™
After illumination
10%
1x10

n = Pao+T,Gp =9.31x10° +2x107° x ~ 2x10" em™. «

3.3.2 Indirect Recombination

For indirect-bandgap semiconductors, such as silicon, a direct recombination process is
very unlikely, because the electrons at the bottom of the conduction band have nonzero
momentum with respect to the holes at the top of the valence band (see Chapter 2). A
direct transition that conserves both energy and momentum is not possible without a simul-
taneous lattice interaction. Therefore the dominant recombination process in such semi-
conductors is indirect transition via localized energy states in the forbidden energy gap.
These states act as stepping stones between the conduction band and the valence band.

Figure 12 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

CIRRUS EX. 1061 - 52/72
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Fig. 12 Indirect generation-recombination processes at thermal equilibrium.

when not occupied by an electron or negative when it is occupied. In indirect recombi-
nation, the derivation of the recombination rate is more complicated. The detailed deriva-
tion is given in Appendix I, and the recombination rate is given by *

2

U Utho.no-pNt(pnnn -n ) (48)
= E,-E,)/kT E,-E;)/kTq’
Gp[pn+nie( B0 ]+O'n[nn+nie( e E) ]

where v,, is the thermal velocity of carriers given in Eq. 1, N, is the concentration of the
recombination center in the semiconductor, and o, is the capture cross section of elec-
trons. 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. o,
is the capture cross section of holes.

We can simplify the general expression for the dependence of U on E, by assuming
equal electron and hole capture cross sections, that is, o, = o, = 0,. Equation 48 then
becomes

(Puna —n?)

E, —-E, '
+ + . ot 2
p, +n, +2n; cosh[ - j

U =vy0,N, (49)

Under a low-injection condition in an n-type semiconductor so that n,, >> p,, the recom-
bination rate can be written as
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U=~v,o,N, 5 Pn_PnoE — =pn;pno ) (50)
1+| 224 | cosh| 2t — P
[ kT

The recombination rate for indirect recombination is given by the same expression as
Eq. 43; however, 7, depends on the locations of the recombination centers.

3.3.3 Surface Recombination

Figure 13 shows schematically the bonds at a semiconductor surface.5 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, called surface states, may greatly enhance the recombination rate
at the surface region. The kinetics of surface recombination are similar to those consid-
ered 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. 48. For a low-
injection condition, and for the limiting case where electron concentration at the surface
is essentially equal to the bulk majority carrier concentration, the total number of carri-
ers recombining at the surface per unit area and unit time can be simplified to

U, = DthGth (ps “Pno ), (51)

where p, denotes the hole concentrations at the surface, and N, is the recombination
center density per unit area in the surface region. Since the product v,,0,N,; has its dimen-
sion in centimeters per second, it is called the low-injection surface recombination
velocity S,

Slr = ’Dthole‘s.t. (52)

Dangling bonds

Surface

> Bulk

Fig. 13 Schematic diagram of bonds at a clean semiconductor surface. The bonds are
anisotropic and differ from those in the bulk.?
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Fig. 14  Auger recombination.

3.3.4 Auger Recombination

The Auger recombination process occurs by the transfer of the energy and momentum
released by the recombination of an electron-hole pair to a third particle that can be either
an electron or a hole. The example of Auger recombination process is shown in Fig. 14.
A second electron in the conduction band absorbs the energy released by the direct recom-
bination. After the Auger process, the second electron becomes an energetic electron.
It loses its energy to the lattice by scattering events. Usually, Auger recombination is impor-
tant when the carrier concentration is very high as a result of either high doping or high
injection level. Because the Auger process involves three particles, the rate of Auger recom-
bination can be expressed as

R,,, = Bn®p or Bnp®. (53)

The proportionality constant B has a strong temperature dependence.

» 3.4 CONTINUITY EQUATION

In the previous sections we considered individual effects such as drift due to an electric
field, diffusion due to a concentration gradient, and recombination of carriers through
intermediate-level recombination centers. We now consider the overall effect when drift,
diffusion, and recombination occur simultaneously in a semiconductor material. The gov-
erning equation is called the continuity equation.

To derive the one-dimensional continuity equation for electrons, consider an infinites-
imal slice with a thickness dx located at x shown in Fig. 15. The number of electrons in
the slice may increase due to the net current flow into the slice and the net carrier gen-
eration in the slice. The overall rate of electron increase is the algebraic sum of four com-
ponents: 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.

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

CIRRUS EX. 1061 - 55/72
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) y
—>| dx |<— Area A
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G |
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Fig.15 Current flow and generation-recombination processes in an infinitesimal slice of thick-
ness dx.

G, and R, respectively. The overall rate of change in the number of electrons in the slice
is then

9 pdx [W)A I AC d")A}(Gn —R,)Adx, (54)
ot -q -q

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

]"(x+dx)=]n(x)+%dx+. . (55)
We thus obtain the basic continuity equation for electrons:
on _ 1 8]
— ~+(G, -R, 56
3 g o +( ). (56)

A similar continuity equation can be derived for holes, except that the sign of the first

term on the right-hand side of Eq. 56 is changed because of the positive charge associ-
ated with a hole:

p__ 19,

-+ = +( G -R ) (57)

ot q ox
We can substitute the current expressions from Eqs. 31 and 32 and the recombination
expressions from Eq. 43 into Eqgs. 56 and 57. For the one-dimensional case under low-
injection condition, the continuity equations for minority carriers (i.e., n, in a p-type semi-
conductor or p,, in an n-type semiconductor) are

My oy 36

=n U, —+L @@%+D Liqg, -+—& (58)
at pirn ax n ax n ax2 n T ?

n 9& n 82 n n__ FPno
agt =_pnﬂpg—yl,@@a§x +D, Lo yq, —PrZPuo (59)
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In addition to the continuity equations, Poisson’s equation

aé _ps
dx €

s

(60)

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 densities and the ionized
impurity concentrations, g(p —n + Np — Ny).

In principle, Eqgs. 58 through 60 together with appropriate boundary conditions have
a unique solution. Because of the algebraic complexity of this set of equations, in most
cases the equations are simplified with physical approximations before a solution is
attempted. We solve the continuity equations for three important cases.

3.4.1 Steady-State Injection from One Side

Figure 16a shows an n-type semiconductor where excess carriers are injected from one
side as a result of illumination. It is assumed that light penetration is negligibly small (i.e.,
the assumptions of zero field and zero generation for x > 0). At steady state there is a

Injecting

surface \«

All excess
carriers extracted

x

(b)

Fig. 16  Steady-state carrier injection from one side. (¢) Semiinfinite sample. (b) Sample with
thickness W.
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concentration gradient near the surface. From Eq. 59 the differential equation for the
minority carriers inside the semiconductor is

gEn =0=D azpn _En " FPno

ot P on? T, Y
The boundary conditions are p, (x = 0) = p,, (0) = constant value and p, (x—ec) = p,,, The
solution of p,, (x) is

Pa@)= P +[pa0)=poole™ . (62)

The length L, is equal to VD, 7, and is called the diffusion length. Figure 16a shows the
variation of the minority carrier density, which decays with a characteristic length given
by L,.

If we change the second boundary condition as shown in Fig. 16b so that all excess
carriers at x = W are extracted, that is, p,(W) = p,,, then we obtain a new solution for

Eq. 61:
sinh[W_x]
LP
=" - (83)

sinh(W/L,)

pn(x)= Prno +[pn(0)—pno

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

D 1
= q[pa(0)=po ] ———.
v =P ”""]LP sinh(W/L,)

R
]p__qu o

(64)

342 Minority Carriers at the Surface

When surface recombination is introduced at one end of a semiconductor sample under
illumination (Fig. 17), the hole current density flowing into the surface from the bulk of

Surface
recombination hv
R
0 x
P,x)

Pal0)

Pno

0 x

Fig. 17 Surface recombination at x = 0. The minority carrier distribution near the surface is
affected by the surface recombination velocity.®
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the semiconductor is given by gU,. In this example, it is assumed that the sample is uni-
formly illuminated with uniform generation of carriers. The surface recombination leads
to alower carrier concentration 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 at x = 0 is

d
qDP% =0 =qu =qslr[pn(0)_pna]' (65)
The boundary condition at x = e is given by Eq. 45a. At steady state the differential equa-
tion is 5
op o°p Pa—P
" =0=D 1 “+ G —Ln Tno . 66
at p axz L Tp ( )
The solution of the equation, subject to the boundary conditions above, is®
., —x/L
7.5 we P
= +7.G,|1-2—— | 67
pn(x) P o Tp L{ Lp+7pslr ] ( )

A plot of this equation for a finite S;, is shown in Fig. 17. When §;, — 0, then p,(x) —
Pro + T,Gp » a8 obtained previously (Eq. 45a). When S;,— oo, then

Pal®)=poo+7,Grl—e ). (68)
From Eq. 68 we can see that at the surface the minority carrier density approaches its
thermal equilibrium value p,,

343 The Haynes-Shockley Experiment

One of the classic experiments in semiconductor physics is the demonstration of drift
and diffusion of minority carriers, first made by Haynes and Shockley.” The experiment
allows independent measurement of the minority carrier mobility u and diffusion coef-
ficient D. The basic setup of the Haynes—Shockley experiment is shown in Fig. 18a. The
voltage source, V,, establishes an electric field in the +x direction in the n-type semi-
conductor bar. Excess carriers are produced and effectively injected into the semicon-
ductor bar at contact (1) by a pulse. Contact (2) will collect a fraction of the excess carriers
as they drift through the semiconductor. After a pulse, the transport equation is given by
Eq. 59 by setting G, = 0 and d¢/0x = 0 (i.e., the applied field is constant across the semi-
conductor bar):

%=_ @@apn D azpn_pn_pm 69
ot Hp o +Dyp o2 T, ’ (69)
If no field is applied along the sample, the solution is given by
N x? 3
W2, )= exp| — —— |+ Ppo» (70)
P \/47L'Dpt XP( 4Dpt Tp) P

where N is the number of electrons or holes generated per unit area. Figure 18b 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. 70,
except that x is replaced by x - K, &t (Fig. 18¢). Thus, all the excess carriers move with
the drift velocity u,%' At the same time, the carriers diffuse outward and recombine as
in the field-free case. ‘
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Fig. 18 The Haynes-Shockley experiment. (2) Experimental setup. (b) Carrier distributions
without an applied field. (c) Carrier distributions with.an applied field.”

EXAMPLE 7

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

SOLUTION When an electric field is applied, the minority carrier distribution is given by

AP =P =P = eXp-(x-ﬂ"@mt)Z-i
n no \/471Dpt 4Dpt ’I.'p .

At the maximum amplitude

Ap = N exp| -t
A 47TDpt Tp
aplty) _ s et /7,) _ [200 [200-100]=5

Therefore

=.]— e
Ap(ty) \/Eexp(—tz/‘rp) 100 P T, (us)
. STy, = M; 79 s. <
P s /42)
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» 3.5 THERMIONIC EMISSION PROCESS

In previous sections, we considered carrier transport phenomena inside the bulk semi-
conductor. At the semiconductor surface, carriers may recombine with the recombina-
tion centers due to the dangling bonds of the surface region. In addition, if the carriers
have sufficient energy, they may be “thermionically” emitted into the vacuum. This is called
the thermionic emission process.

Figure 19a shows the band diagram of an isolated n-type semiconductor. The elec-
tron affinity, g, is the energy difference between the conduction band edge and the vac-
uum level in the semiconductor; and the work function, g¢,, is the energy between the
Fermi level and the vacuum level in the semiconductor. From Fig. 19b, it is clear that
an electron can be thermionically emitted into the vacuum if its energy is above gy.

The electron density with energies above g can be obtained from an expression sim-
ilar to that for the electron density in the conduction band (Eqs. 9 and 16 of Chapter 2)
except that the lower limit of the integration is gy instead of E:

ng = | n(E)E =N, exp|:— M} (71)
qx kT

where N is the effective density of states in the conduction band, and V,, is the differ-
ence between the bottom of the conduction band and the Fermi level.

Vacuum level

q9x q9g
_ l ‘ | E
T E
I i qv, F
I
]
Ey
Vacuum <— ,——> Semiconductor
(a)
} For thermionic emission
a Electron distribution
L ‘ E
—_ e ————————
3 Ep
|
TR
(b)

Fig. 18 (a) The band diagram of an isolated n-type semiconductor. (b) The thermionic emission
process. e
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EXAMPLE 8

Calculate the thermionically emitted electron density, ny, , at room temperature for an n-type sil-
icon sample with an electron affinity of gy = 4.05 eV and gV, = 0.2 eV. If we reduce the effective
gx to 0.6 eV, what is n,;,?

SOLUTION  ,,, (4.05eV) = 286 x 10% exp(—%] = 286 x 10" exp (~164)
=10 =0
ng, (0.6 eV) = 2.86 x 10'° exp[-iJ = 286 x 10 exp (—30.9)
0.0259
=1 x 10° ecm™,. <

From the above example, we see that at 300 K there is no emission of electrons into
vacuum for gy = 4.05. However, if we can lower the effective electron affinity to 0.6 eV,
a substantial number of electrons can be thermionically emitted. The thermionic emis-
sion process is of particular important for metal-semiconductor contacts to be consid-
ered in Chapter 7.

3.6 TUNNELING PROCESS

Figure 20a shows the energy band diagram when two isolated semiconductor samples
are brought close together. The distance between them is d, and the potential barrier
height gV, is equal to the electron affinity gy. If the distance is sufficient small, the elec-
trons in the left-side semiconductor may transport across the barrier and move to the
right-side semiconductor, even if the electron energy is much less than the barrier height.
This process is associated with the quantum tunneling phenomenon.

Based on Fig. 20a, we have redrawn the one-dimensional potential barrier diagram
in Fig. 20b. We first consider the transmission (or tunneling) coefficient of a particle (e.g.,
electron) through this barrier. In the corresponding classic case, the particle is always
reflected if its energy E is less than the potential barrier height gV,. We see that in the
quantum case, the particle has finite probability to transmit or “tunnel” through the poten-
tial barrier.

The behavior of a particle (e.g., a conduction electron) in the region where qV(x) =
0 can be described by the Schrédinger equation:

n? diy
- — L —-FE 2
om. e v (72)
or
d*y  2m,E
— ==y, (73)
dx? n? v

where m,, is the effective mass, 7 is the reduced Planck constant, E is the kinetic energy,
and y is the wave function of the particle. The solutions are

y)=Ae™ +Be ™ x<0, (74)
y(x)=Ce’™ x2d, (75)

where k = V2m, E/h?. For x < 0, we have an incident-particle wave function (with ampli-
tude A) and a reflected wave function (with amplitude B); for x 2 d, we have a trans-
mitted wave function (withamplitude C).
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Vacuum level

()

Energy qV (x)

0 d
(c)

Fig. 20 (a) The band diagram of two isolated semiconductors with a distance d. (b) One-
dimensional potential barrier. (¢) Schematic representation of the wave function across the
potential barrier.

Inside the potential barrier, the wave equation is given by

n* d*
"o o Ig +qVoy = Ey (76)
n ax
or
d®y _2m,(gV,—E
. v_ mn(‘;zo Ly (1)
x
The solution for E < gV is
v(x)=FeP* + Ge™P*, (78)

where B=V2m,(qV,- E)/h®. A schematic representation of the wave functions across
the barrier is shown in Fig. 20c. The continuity of y and dy/dx at x = 0 and x = d, which
is required by the boundary conditions, provides four relations between the five coeffi-
cients (A, B, C, K;-and G). We can solve for (C/A)?, which is the transmission coefficient:
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¥ [ (qVysinhpd2 |
2| =|14+9YSInnpd) | (79)
A 4E(qV, - E) <

The transmission coefficient decreases monotonically as E decreases. When d >> 1,
the transmission coefficient becomes quite small and varies as

2
(%) ~ exp(-28d) = exp|:—2d\/ 2m, (qV - E)/ h® ] (80)

To have a finite transmission coefficient, we require a small tunneling distance d, a low-
potential barrier gV, and a small effective mass. These results will be used for tunnel
diodes in Chapter 8.

} 37 HIGH-FIELD EFFECTS

Pri

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 with the
thermal velocity of carriers, which is about 107 cm/s for silicon at room temperature.
As the drift velocity approaches the thermal velocity, its field dependence on the elec-
tric field will begin to depart from the linear relationship given in Section 3.1. Figure 21
shows the measured drift velocities of electrons and holes in silicon as a function of the
electric 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®
v

, Uy = —————— 81
T G e o

10x 108 [
v, =p,&
" Electrons
8 ~
) /
= I
£ 6 y / ]
é\_ / v =p & /
8 / P P /
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2] 4 Si
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0
0 1 2 3 4x10*

&(V/em)

Fig. 21  Drift velocity versus-electric field in Si.8
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where v, is the saturation velocity (107cm/s for Si at 300 K), &, is a constant, equal to
7 x 10% V/em for electrons and 2 X 10* V/em for holes in high-purity silicon materials,
and yis 2 for electrons and 1 for holes. Velocity saturation at high fields is particularly
likely for field-effect transistors (FETs) with very short channels. Even moderate volt-
age can result in a high field along the channel. This effect is discussed in Chapter 6.

The high-field transport in n-type gallium arsenide is different from that of silicon.?
Figure 22 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 in Chapter 2.

To understand this phenomenon, consider the simple two-valley model of n-type gal-
lium arsenide shown in Fig. 23. The energy separation between the two valleys is AE =
0.31 eV. The lower valley’s electron effective mass is denoted by m,, the electron mobil-
ity by uy, and the electron density by n,. The upper-valley quantities are denoted by m,,
My, and ny, respectively; and the total electron concentration is given by n = n, + n, . The
steady-state conductivity of the n-type GaAs can be written as

0 =q(ny + pigng) = qni, (82)
where the average mobility is
ﬁ = (ulnl + u2n2) / (nl +n2) (83)
The drift velocity is then ‘
v, = [I6. (84)
108
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Fig. 22 Drift velocity versus electric field in Si and GaAs. Note that for n-type GaAs, there is a
region of negative differential mobility.5°
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For simplicity we make the following assignments for the electron concentrations in
the various ranges of electric-field values illustrated in Fig. 23. In Fig. 23a, the field is
low and all electrons remain in the lower valley. In Fig. 23b,the field is higher and some
electrons gain sufficient energies from the field to move to the higher valley. In Fig. 23c,
the field is high enough to transfer all electrons to the higher valley. Thus, we have

n,=n and ny=0 for0< &< &,
ny +ny = for 8, < €< &, (85)
n, =0 and nyg=n for &> &,

Using these relations, the effective drift velocity takes on the asymptotic values
v,2é  for0< <6,
v, =W for > &, (86)

If u, &, is larger than p, &, there is a region in which the drift velocity decreases with
an increasing field between &, and &, , as shown in Fig. 24. Because of the characteris-
tics of the drift velocity in n-type gallium arsenide, this material is used in microwave
transferred-electron devices discussed in Chapter 8. ’

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 pro-
cess that is shown schematically in Fig. 25. 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 process. This process will result in breakdown
in p—n junction, which is discussed in Chapter 4.
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Fig. 24  One possible velocity-field characteristic of a two-valley semiconductor.
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Fig.25 Energy band diagram for the avalanche process.

To gain some ideas about the ionization energy involved, let us consider the process
leading to 2-2' shown in Fig. 25. Just prior to the collision, the fast-moving electron
(no. 1) has a kinetic energy % mv,2 and a momentum m,v,, where m, is the effective mass
and v, is the saturation velocity. After collision, there are three carriers: the original elec-
tron 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 % mv#, and the total momentum is 3m,v;, where vy is the velocity after collision.
To conserve both energy and momentum before and after the collision, we require that

1

2 _ 3 9
—2-mlvs = Eg+§m10f (87)

and
mv; = 3m, vy, (88)

where in Eq. 87 the energy E, is the bandgap corresponding to the minimum energy
required to generate an electron-hole pair. Substituting Eq. 88 into Eq. 87 yields the
required kinetic energy for the ionization process:

1 2
Ey= gmvs = L5E,. (89)

It is obvious that E, must be larger than the bandgap for the ionization process to occur.
The actual energy required depends on the band structure. For silicon, the value for E,
is 3.6 eV (3.2 Eg) for electrons and 5.0 eV (4.4 E,) for holes.

The number of electron-hole pairs generated by an electron per unit distance trav-
eled is called the ionization rate for the electron, ¢,. Similarly, @, is the ionization rate
for the holes. The measured ionization rates for 51hcon and galhum arsenide are shown®
in Fig. 26. We note that both o, and @, are strongly dependent on the electric field.
For a substantially large ionization rate (say 10* cm™), the corresponding electric field
is 2 3 x 10° V/cm for silicon and > 4 x 10° V/cm for gallium arsenide. The electron-hole
pair generation rate G, Trom the avalanche process is given by
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Fig.26 Measured ionization rates versus reciprocal field for Si and GaAs.®

+a|1) (90)

Gy =_;l’_(an|]n

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

» SUMMARY

Various transport processes are at work in semiconductor devices. These include drift,
diffusion, generation, recombination, thermionic emission, tunneling, and impact ionization.

One of the key transport processes is the carrier drift under the influence of an elec-
tric field. At low fields, the drift velocity is proportional to the electric field. This pro-
portionality constant is called mobility. Another key transport process is the carrier diffusion
under the influence of the carrier concentration gradient. The total current is the sum
of the drift and diffusion components.

Excess carriers in a semiconductor cause a nonequilibrium condition. Most semi-
conductor devices operate under nonequilibrium conditions. Carriers can be generated
by various means such as forward biasing a p—n junction, incident light, and impact ion-
ization. The mechanism that restores equilibrium is the recombination of the excess minor-
ity carriers with the majority carriers by direct band-to-band recombination or via localized
energy states in the forbidden energy gap. The governing equation for the rate of change
of charge carriers.is the continuity equation.
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Among other transport processes, thermionic emission occurs when carriers in the
surface region gain enough energy to be emitted into the vacuum level. Another, the tun-
neling process, is based on the quantum tunneling phenomena that results in the trans-
port of electrons across a potential barrier even if the electron energy is less than the
barrier height.

As the electric field becomes higher, the drift velocity departs from its linear rela-
tionship with the applied field and approaches a saturation velocity. This effect is par-
ticularly important in the study of short-channel field-effect transistors discussed in Chapter
6. When the field exceeds a certain value, the carriers gain enough kinetic energy to gen-
erate electron-hole pair by colliding with the lattice and breaking a bond. This effect is
particularly important in the study of p—n junctions. The high field accelerates these new
electron-hole pairs, which collide with the lattice to create more electron-hole pairs. As
this process, called impact ionization or the avalanche process, continues, the p—n junc-
tion breaks down and conducts a large current. The junction breakdown is discussed in
Chapter 4.
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PROBLEMS (* INDICATES DIFFICULT PROBLEMS)
FOR SECTION 3.1 CARRIER DRIFT
1. Find the resistivities of intrinsic Si and intrinsic GaAs at 300 K.

2. Assume that the mobility of electrons in silicon at T = 300 K is u, = 1300 cm?V-s. Also
assume that the mobility is mainly limited by lattice scattering. Determine the electron
mobility at (a) T = 200 K and (b) T = 400 K.

3. Two scattering mechanisms exist in a semiconductor. If only the first mechanism is pre-
sent, the mobility will be 250 cm?V-s. If only the second mechanism is present, the
mobility will be 500 cm%V-s. Determine the mobility when both scattering mechanisms
exist at the same time.

4. Find the electron and hole concentrations, mobilities, and resistivities of silicon samples at
300 K, for each of the following impurity concentrations: (a) 5 x 10! boron atoms/cm?;
(b) 2 x 10 boron atoms/cm? and 1.5 x 10'€ arsenic atoms/cm?; and (c) 5 x 103 boron
atoms/cm®, 10'7 arsenic atoms/cm?®, and 107 gallium atoms/cm?.

*5, Consider a compensated n-type silicon at T = 300 K, with a conductivity of o = 16
(Q-cm)™ and an acceptor- doping concentration of 1017 cm™. Determine the donor
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concentration and the electron mobility. (A compensated semiconductor is one that con-
tains both donor and acceptor impurity atoms in the same region.)

6. For a semiconductor with a constant mobility ratio b = ,/ M,>1 independent of impurity
concentration, find the maximum resistivity p,, in terms of the intrinsic resistivity p, and
the mobility ratio.

7. 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 200 mm and its
thickness is 50 pm. The contact current is 1 mA, and the measured voltage between the
inner two probes is 10 mV.

8. Given a silicon sample of unknown doping, Hall measurement provides the following
information: W = 0.05 cm, A = 1.6 X 10 cm? (refer to Fig. 8), I = 2.5 mA, and the mag-
netic field is 30 nT (1 T = 10~ Wb/cm?). If a Hall voltage of +10 mV is measured, find the
Hall coefficient, conductivity type, majority carrier concentration, resistivity, and mobility
of the semiconductor sample.

9. A semiconductor is doped with Nj, (N, >> n,) and has a resistance R,. The same semicon-
ductor is then doped with an unknown amount of acceptors N, (N, >> Np), yielding a
resistance of 0.5 R,. Find N, in terms of N}, if D,/D,=50.

*10. Consider a semiconductor that is nonuniformly doped with donor impurity atoms Np(x).
Show that the induced electric field in the semiconductor in thermal equilibrium is given

__[kT) 1 dNp(x)
by £00= (q]NDm d

FOR SECTION 3.2 CARRIER DIFFUSION

11. An intrinsic Si sample is doped with donors from one side such that N, = N exp (—ax).
(a) Find an expression for the built-in field & (x) at equilibrium over the range for which
Np >> n,. (b) Evaluate &(x) whena = 1 pm™.

12. An n-type Si slice of a thickness L is inhomogeneously doped with phosphorus donor
whose concentration profile is given by N(x) = N + (N, — N) (a/L). What is the formula
for the electric potential difference between the front and the back surfaces when the
sample is at thermal and electric equilibria regardless of how the mobility and diffusivity
varies with position? What is the formula for the equilibrium electric field at a plane x
from the front surface for a constant diffusivity and mobility?

FOR SECTION 3.3 GENERATION AND RECOMBINATION PROCESS

13. Calculate the electron and hole concentration under steady-state illumination in an n-type
silicon with G; = 10" em™s7!, N, = 10" cm™, and 7, = 7, = 10 ps.

14. An n-type silicon sample has 2 X 10% arsenic atoms/cm?, 2 x 10% bulk recombination cen-
ters/cm®, and 10 surface recombination centers/cm?. (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 105 and 2 x 1076 cm?, respectively. (b) If the
sample is illuminated with uniformly absorbed light that creates 10" electron-hole
pairs/cm?-s, what is the hole concentration at the surface?

15. Assume that an n-type semiconductor is uniformly illuminated, producing a uniform
excess generation rate G. Show that in steady state the change in the semiconductor
conductivity is given by Ao =q(u, +u,)7,G.

FOR SECTION 3.4 CONTINUITY EQUATION

16. The total current in a semiconductor is constant and is composed of electron drift current
and hole diffusion current. The electron concentration is constant and equal to 106 cm.

gy
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The hole concentration is given by
plx)=10" exp(_L—xJ em™ (x > 0),

where L = 12 pm. The hole diffusion coefficient is D, = 12 cm?s and the electron mobil-
ity is 44, = 1000 cm?V-s. The total current density is | = 4.8 A/cm?. Calculate (a) the hole
diffusion current density versus x, (b) the electron current density versus x, and (c) the
electric field versus x.

*17. Excess carriers are injected on one surface of a thin slice of n-type silicon with thickness
W and extracted at the opposite surface where p,(W) = p,,,. There is no electric field in
the region 0 < x < W. Derive the expression for current densities at the two surfaces.

18. In Prob. 17, if carrier lifetime is 50 ps and W = 0.1 mm, calculate the portion of injected
current that reaches the opposite surface by diffusion (D = 50 cm?s).

*19. An n-type semiconductor has excess carrier holes 10** cm™, and a bulk minority carrier life-
time 107 s in the bulk material, and a minority carrier lifetime 1077 s at the surface. Assume
zero applied electric field and let D, =10 cm?s. Determine the steady-state excess carrier
concentration as a function of distance from the surface (x = 0) of the semiconductor.

FOR SECTION 3.5 THERMIONIC EMISSION PROCESS

20. A metal, with a work function ¢,, = 4.2 V, is deposited on an n-type silicon semiconductor
with affinity ¥ = 4.0 V and E, = 1.12 eV. What is the potential barrier height seen by elec-
trons in the metal moving into the semiconductor?

21. Consider a tungsten filament with metal work function ¢,, inside a high vacuum chamber.
Show that if a current is passed through the filament to heat it up sufficiently, the elec-
trons with enough thermal energy will escape into the vacuum and the resulted

thermionic current density is
=AT?2 99
J eXP[ T ]

where A" is 4mgmk? / h® and m is free electron mass. The definite integral

%
(26 dx = [E] .

a

FOR SECTION 3.6 TUNNELING PROCESS

22. Consider a electron with an energy of 2 eV impinging on a potential barrier with 20 eV
and a width of 3 A. What is the tunneling probability?

23. Evaluate the transmission coefficient for an electron of energy 2.2 eV impinging on a
potential barrier of height 6.0 eV and thickness 1071° meters. Repeat the calculation for a
barrier thickness of 10-° meters.

FOR SECTION 3.7 HIGH FIELD EFFECTS

24. Use the velocity-field relations for Si and GaAs shown in Fig. 22 to determine the transit
time of electrons through a 1 pm distance in these materials for an electric field of (a) 1
kV/cm and (b) 50 kV/cm.

25. Assume that a conduction electron in Si (i, = 1350 cm?V-s) has a thermal energy kT,
related to its mean thermal velocity by E,;, = mq,,2/2. This electron is placed in an
electric field of 100 V/cm. Show that the drift velocity of the electron in this case is
small compared to its thermal velocity. Repeat for a field of 10* V/cm, using the same
value of i,. Comment on the actual mobility effects at this higher value of field.
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