Chapter 1

Crystal Properties and Growth of

Semiconductors

In studying solid state electronic devices we are interested primarily in the
electrical behavior of solids. However, we shall see in later chapters that the
transport of charge through a metal or a semiconductor depends not only on
the properties of the electron but also on the arrangement of atoms in the
solid. In the first chapter we shall discuss some of the physical properties of
semiconductors compared with other solids, the atomic arrangements of var-
ious materials, and some methods of growing semiconductor crystals. Topics
such as crystal structure and crystal growth technology are often the subjects
of books rather than introductory chapters; thus we shall consider only a few
of the more important and fundamental ideas that form the basis for under-
standing electronic properties of semiconductors and device fabrication.

Semiconductors are a group of materials having electrical conductivities in-
termediate between metals and insulators. It is significant that the conduc-
tivity of these materials can be varied over orders of magnitude by changes
in temperature, optical excitation, and impurity content. This variability of
electrical properties makes the semiconductor materials natural choices for
electronic device investigations.

Semiconductor materials are found in column IV and neighboring
columns of the periodic table (Table 1-1). The column IV semiconductors, sil-
icon and germanium, are called elemental semiconductors because they are
composed of single species of atoms. In addition to the elemental materials,
compounds of column III and column V atoms, as well as certain combina-
tions from Il and V1, and from IV, make up the compound semiconductors.

AsTable 1-1 indicates, there are numerous semiconductor materials. As
we shall see, the wide variety of electronic and optical properties of these semi-
conductors provides the device engineer with great flexibility in the design of
electronic and optoelectronic functions. The elemental semiconductor Ge was
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Toble 1-1. Common semiconductor materials: [a] the portion of the pericdic lable where
semiconductors occur; (b) elemental and compound semiconductors.
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widely used in the early days of semiconductor development for transistors
and diodes. Silicon is now used for the majority of rectifiers, transistors, and
integrated circuits. However, the compounds are widely used in high-speed
devices and devices requiring the emission or absorption of light. The two-
element (binary) 11I-V compounds such as GaN, GaP, and GaAs are com-
mon in light-emitting diodes (LEDs). As discussed in Section 1.2.4,
three-element (ternary) compounds such as GaAsP and four-element (qua-
ternary) compounds such as InGaAsP can be grown to provide added flexi-
bility in choosing materials properties.

Fluorescent materials such as those used in television screens usually
are 11-VI compound semiconductors such as ZnS. Light detectors are com-
monly made with InSb, CdSe, or other compounds such as PbTe and HegCdTe.
Si and Ge are also widely used as infrared and nuclear radiation detectors.
An important microwave device, the Gunn diode, is usually made of GaAs
or InP. Semiconductor lasers are made using GaAs, AlGaAs, and other
ternary and quaternary compounds.

One of the most important characteristics of a semiconductor, which
distinguishes it from metals and insulators, is its energy band gap-This prop-
erty, which we will discuss in detail in Chapter 3, determines among other
things the wavelengths of light that can be absorbed or emitted by the semi-
conductor. For example, the band gap of GaAs is about 1.43 electron volts
(eV), which corresponds to light wavelengths in the near infrared. In con-
trast, GaP has a band gap of about 2.3 eV, corresponding to wavelengths in
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the green portion of the spectrum.' The band gap E, for various semicon-
ductor materials is listed along with other properties in Appendix III. As a
result of the wide variety of semiconductor band gaps, light-emitting diodes
and lasers can be constructed with wavelengths over a broad range of the
infrared and visible portions of the spectrum.

The electronic and optical properties of semiconductor materials are
strongly affected by impurities, which may be added in precisely controlled
amounts. Such impurities are used to vary the conductivities of semicon-
ductors over wide ranges and even to alter the nature of the conduction
processes from conduction by negative charge carriers to positive charge car-
riers. For example, an impurity concentration of one part per million can
change a sample of Si from a poor conductor to a good conductor of electric
current. This process of controlled addition of impurities, called doping, will
be discussed in detail in subsequent chapters.

To investigate these useful properties of semiconductors, it is neces-
sary to understand the atomic arrangements in the materials. Obviously, if
slight alterations in purity of the original material can produce such dra-
matic changes in electrical properties, then the nature and specific arrange-
ment of atoms in each semiconductor must be of critical importance.
Therefore, we begin our study of semiconductors with a brief introduction
to crystal structure.

In this section we discuss the arrangements of atoms in various solids. We
shall distinguish between single crystals and other forms of materials and
then investigate the periodicity of crystal lattices. Certain important crystal-
lographic terms will be defined and illustrated in reference to crystals hav-
ing a basic cubic structure. These definitions will allow us to refer to certain
planes and directions within a lattice. Finally, we shall investigate the dia-
mond lattice; this structure, with some variations, is typical of most of the
semiconductor materials used in electronic devices.

1.2.1 Periodic Structures

A crystalline solid is distinguished by the fact that the atoms making up the
crystal are arranged in a periodic fashion. That is, there is some basic arrange-
ment of atoms that is repeated throughout the entire solid. Thus the crystal
appears exactly the same at one point as it does at a series of other equiva-
lent points, once the basic periodicity is discovered. However, not all solids
are crystals (Fig. 1-1); some have no periodic structure at all (amorphous
solids), and others are composed of many small regions of single-crystal ma-
terial (polycrystalline solids). The high-resolution micrograph shown in Fig.

The conversion between the energy E of a photon of light (eV) ond its wavelength Afum) is A = 1.24/E. For
GaAs, A = 1,24/1.43 = 0.87 um.

1.2
CRYSTAL LATTICES
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{(a) Crystalline {(b) Amorphous (¢) Polyerystalline
Figure 1-1
Three types of solids, classified according to atomic arrangement: (a) crystalline and (b] amorphous ma-
tericls are illustrated by microscopic views of the afoms, whereas (c) polycrystalline structure is illustrated
by a more macroscopic view of adjacent single<rystalline regions, such as (a).

6-33 illustrates the periodic array of atoms in the single-crystal silicon of a
transistor channel compared with the amorphous SiO, (glass) of the oxide
layer.

The periodic arrangement of atoms in a crystal is called the lattice. Since
there are many different ways of placing atoms in a volume, the distances
and orientation between atoms can take many forms. Howcvcr,({n every case
the lattice contains a volume, called a unir cell, which is representative of the
entire lattice and is regularly repeated throughout the crystal./As an exam-
ple of such a lattice, Fig. 1-2 shows a two-dimensional arrangefnent of atoms
with a unit cell ODEF This cell has an atom at cach corner shared with ad-
jacent cells. Notice that we can define vectors a and b such that if the unit cell
is translated by integral multiples of these vectors, a new unit cell identical
to the original is found (e.g.,O'D’E'F’). These vectors a and b (and ¢ if the
lattice is three dimensional) are called the basis vectors for the lattice. Points
within the lattice are indistinguishable if the vector between the points is

r=pa+ gb + sc (1-1)

where p, g,and s are integers,

The smallest unit cell that can be repeated to form the lattice is called
a primitive cell. In many lattices, however, the primitive cell is not the most
convenient to work with. The importance of the unit cell lies in the fact that
we can analyze the crystal as a whole by investigating a representative vol-
ume. For example, from the unit cell we can find the distances between near-
est atoms and next nearest atoms for calculation of the forces holding the
lattice together; we can look at the fraction of the unit cell volume filled by
atoms and relate the density of the solid to the atomic arrangement. But
even more important for our interest in electronic devices, the properties of
the periodic crystal lattice determine the allowed energies of electrons that
participate in the conduction process. Thus the lattice determines not only the
mechanical properties of the crystal but also its electrical properties.
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1.2.2 Cubic Lottices

The simplest three-dimensional lattice is one in which the unit cell is a cubic
volume, such as the three cells shown in Fig. 1-3. The simple cubic structure
(abbreviated s¢) has an atom located at each corner of the unit cell. The body-
centered cubic (bec) lattice has an additional atom at the center of the cube,
and the face-centered cubic (fcc) unit cell has atoms at the eight corners and
centered on the six faces.

As atoms are packed into the lattice in any of these arrangements, the dis-
tances between neighboring atoms will be determined by a balance between the
forces that attract them together and other forces that hold them apart. We shall
discuss the nature of these forces for particular solids in Section 3.1.1. For now,
we can calculate the maximum fraction of the lattice volume that can be filled
with atoms by approximating the atoms as hard spheres. For example, Fig, 1-4
illustrates the packing of spheres in a face-centered cubic cell of side a. such that
the nearest neighbors touch. The dimension a for a cubic unit cell is called the
lattice constant. For the fcc lattice the nearest neighbor distance is one-half the
diagonal of a face, or ;-(a V2 ). Therefore, for the atom centered on the face to
just touch the atoms at each corner of the face, the radius of the sphere must be
one-half the nearest neighbor distance, or ; (a V2 ).

Figure 1-2

A two-dimensional
lattice showing
translation of @
unit cell by

r= 3a+ 2Zb.

Figure 1-3

Unit cells for three
types of cubic lat-
tice structures.
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Figure 14
Packing of hard
spheres in an fcc
lattice.

=I‘IE}(AMPLE -1

Find the fraction of the fcc unit cell volume filled with hard spheres as in Fig,
1-4.

-

Each corner atom in a cubic unit cell is shared with seven neighboring
cells; thus each unit cell contains ; of a sphere at each of the eight corners
for a total of one atom, Similarly, the fcc cell contains half an atom at each
of the six faces for a total of three. Thus we have

Atoms per cell = 1 (corners) + 3 (faces) =4
Nearest neighbor distance = }(aV/2)
\ Radius of each sphere = }(aV2)

/ V2
( Volume of each sphere = 1 [{aV2)}} = 1'ra2 %
N
fi

Maximum fraction of cell filled

\ _ no. of spheres X vol. of each sphere
\ total vol. of each cell

4 X (na*V/2)/24

ﬂ.‘i

V2
6

= 74 percent filled
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Therefore, if the atoms in an fec lattice are packed as densely as possible,
with no distance between the outer edges of nearest neighbors, 74 percent
of the volume is filled. This is a relatively high percentage compared with
some other lattice structures (Prob. 1.14).

1.2.3 Planes and Directions

In discussing crystals it is very helpful to be able to refer to planes and di-
rections within the lattice. The notation system generally adopted uses a set
of three integers to describe the position of a plane or the direction of a vec-
tor within the lattice. The three integers describing a particular plane are
found in the following way:

1. Find the intercepts of the plane with the crystal axes and express
these intercepts as integral multiples of the basis vectors (the plane
can be moved in and out from the origin, retaining its orientation,
until such an integral intercept is discovered on each axis).

2. Take the reciprocals of the three integers found in step 1 and reduce
these to the smallest set of integers h, k, and /, which have the same
relationship to each other as the three reciprocals.

3. Label the plane (hkl).

The plane illustrated in Fig. 1-5 has intercepts at 2a, 4b, and Ic along the
three crystal axes. Taking the reciprocals of these intercepts, we get 3, ;,and
1. These three fractions have the same relationship to each other as the in-
tegers 2,1,and 4 (obtained by multiplying each fraction by 4). Thus the plane
can be referred to as a (214) plane.

i
L
_(214)
/
c V\
b » L ;‘:}"1
\
a ///
= i

EXAMPLE 1-2

Figure 1-5
A (214) crystal
plane.
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Figure 1-6
Equivalence of the
cube faces ({100}
planes) by rotation

of the unit cell within
the cubic lattice.

The three integers h, k, and [ are called the Miller indices; these three
numbers define a set of parallel planes in the lattice. One advantage of tak-
ing the reciprocals of the intercepts is avoidance of infinities in the notation.
One intercept is infinity for a plane parallel to an axis; however, the recipro-
cal of such an intercept is taken as zero. If a plane contains one of the axes, it
is parallel to that axis and has a zero reciprocal intercept. If a plane passes
through the origin, it can be translated to a parallel position for calculation of
the Miller indices. If an intercept occurs on the negative branch of an axis,
the minus sign is placed above the Miller index for convenience, such as (hk/).

From a crystallographic point of view, many planes in a lattice are equiv-
alent; that is, a plane with given Miller indices can be shifted about in the lat-
tice simply by choice of the position and orientation of the unit cell. The
indices of such equivalent planes are enclosed in braces { | instead of paren-
theses. For example, in the cubic lattice of Fig. 1-6 all the cube faces are crys-
tallographically equivalent in that the unit cell can be rotated in various
directions and still appear the same. The six equivalent faces are collective-
ly designated as {100}. ’

A direction in a lattice is expressed as a set of three integers with the
same relationship as the components of a vector in that direction. The three
vector components are expressed in multiples of the basis vectors, and the
three integers are reduced to their smallest values while retaining the rela-
tionship among them. For example, the body diagonal in the cubic lattice
(Fig. 1-7a) is composed of the components 1a, 1b, and 1¢; therefore, this di-
agonal is the [111] direction. (Brackets are used for direction indices.) As in

ra

(001

(001)




Crystal Properlies and Growth of Semiconductors

the case of planes, many directions in a lattice are equivalent, depending only
on the arbitrary choice of orientation for the axes. Such equivalent direction
indices are placed in angular brackets ( ). For example, the crystal axes in the
cubic lattice [100], [010], and [001] are all equivalent and are called (100) di-
rections (Fig. 1-7b).

Comparing Figs. 1 -6 and 1-7, we notice that in cubic lattices a direction
[hki] is perpendicular to the plane (hki). This is convenient in analyzing lat-
tices with cubic unit cells, but it should be remembered that it is not neces-
sarily true in noncubic systems.

1.2.4 The Diamond Lattice

The basic lattice structure for many important semiconductors is the dia-
mond lattice, which is characteristic of Si and Ge. In many compound semi-
conductors, atoms are arranged in a basic diamond structure but are different
on alternating sites. This is called a zincblende lattice and is typical of the
ITI-V compounds. One of the simplest ways of stating the construction of
the diamond lattice is the following:

The diamond lattice can be thought of as an fcc structure with an
extra atom placed at a/4 + b/4 + ¢/4 from each of the fec atoms.

Figure 1-8a illustrates the construction of a diamond lattice from an
fcc unit cell. We notice that when the vectors are drawn with components
one-fourth of the cube edge in each direction. only four additional points
within the same unit cell are reached. Vectors drawn from any of the other
fcc atoms simply determine corresponding points in adjacent unit cells. This
method of constructing the diamond lattice implies that the original fcc has
associated with it a second interpenetrating fcc displaced by % % % The two
interpenetrating fcc sublattices can be visualized by looking down on the unit

Figure 1-7
Crystal directions
in the cubic lat-
tice,
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Figure 1-8

(a) (b)

Diamond lattice structure: (a) a unit cell of the diamond lattice constructed by placing afoms |, §, § from
each atom in an fec; (b) top view (along any (100) direction) of an extended diamond latfice. The colored
circles indicate one fec sublattice and the black circles indicate the inferpeneirating fec.

cell of Fig. 1-8a from the top (or along any {100) direction). In the top view
of Fig, 1-8b, atoms belonging to the original fcc are represented by open cir-
cles, and the interpenetrating sublattice is shaded. If the atoms are all simi-
lar, we call this structure a diamond lattice; if the atoms differ on alternating
sites, it is a zincblende structure. For example, if one fcc sublattice is com-
posed of Ga atoms and the interpenetrating sublattice is As, the zincblende
structure of GaAs results. Most of the compound semiconductors have this
type of lattice, although some of the 1I-VI compounds are arranged in a
slightly different structure calied the wurizite lattice. We shall restrict our
discussion here to the diamond and zincblende structures, since they are typ-
ical of most of the commonly used semiconductors.

EXAMPLE 1-3

Caiculate the densities of Si and GaAs from the lattice constants (Appendix
111), atomic weights, and Avogadro’s number. Compare the results with den-
sities given in Appendix II1. The atomic weights of Si, Ga, and As are 28.1,
69.7, and 74.9, respectively.

For Si:a = 5.43 % 107% cm, 8 atoms/cell,

VTS (T 3

S GBI 5 X 102 atoms/cm

5 x 102(atoms/cm®) x 28.1(g/mole)
6.02 x 10%(atoms/mole)

density = =233 g/em’
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For GaAs: a = 5.65 X 10 % cm, 4 each Ga, As atoms/cell

4
f_i = W =2.22 x 10”2 atoms/cm®

2.22 x 10%(69.7 + 74.9)

T =5.33 g/em’

density =

1

A particularly interesting and useful feature of the [11-V compounds
is the ability to vary the mixture of elements on each of the two interpene-
trating fcc sublattices of the zincblende crystal. For example, in the ternary
compound AlGaAs, it is possible to vary the composition of the ternary alloy
by choosing the fraction of Al or Ga atoms on the column III sublattice. It is
common to represent the composition by assigning subscripts to the various
clements. For example, Al,Ga,_ As refers to a ternary alloy in which the col-
umn [IT sublattice in the zincblende structure contains a fraction x of Al
atoms and 1-x of Ga atoms. The composition Al,;Gag;As has 30 percent Al
and 70 percent Ga on the column III sites, with the interpenetrating column
V sublattice occupied entirely by As atoms. It is extremely useful to be able
to grow ternary alloy crystals such as this with a given composition. For the
Al,Ga, ,As example we can grow crystals over the entire composition range
from x = 0 to x = 1, thus varying the electronic and optical properties of the
material from that of GaAs (x = 0) to that of AlAs (x = 1).To vary the prop-
erties even further, it is possible to grow four-element (quaternary) com-
pounds such as In,Ga, ,As,P,_, having a very wide range of properties.

Itis important from an electronic point of view to notice that each atom
in the diamond and zincblende structures is surrounded by four nearest
neighbors (Fig. 1-9). The importance of this relationship of each atom to its
neighbors will become evident in Section 3.1.1 when we discuss the bonding
forces which hold the lattice together.

The fact that atoms in a crystal are arranged in certain planes is im-
portant to many of the mechanical, metallurgical, and chemical properties of
the material. For example, crystals often can be cleaved along certain atom-
ic planes, resulting in exceptionally planar surfaces. This is a familiar result
in cleaved diamonds for jewelry; the facets of a diamond reveal clearly the
triangular, hexagonal, and rectangular symmetries of intersecting planes in
various crystallographic directions. Semiconductors with diamond and
zincblende lattices have similar cleavage planes. Chemical reactions, such as
etching of the crystal, often take place preferentially along certain directions.
These properties serve as interesting illustrations of crystal symmetry, but in
addition, each plays an important role in fabrication processes for many semi-
conductor devices.
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Figure 1-9
Diamond lattice
unit cell, showing
the four nearest
neighbor struc-
ture. (From Elec-
trons and Holes in
Semiconduclors
by W. Shockley,
© 1950 by Litton
Educational Pub-
fishing Co., Inc.:
by permission of
Van Nostrand
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1.3 The progress of solid state device technology since the invention of the tran-
BULK CRYSTAL sistor.im 1948 has depended not only on the development of device concepts
GROWTH  but also on the improvement of materials. For example, the fact that inte-

grated circuits can be made today is the result of a considerable breakthrough
in the growth of pure, single-crystal Si in the early and mid—1950s. The re-
quirements on the growing of device-grade semiconductor crystals are more
stringent than those for any other materials. Not only must semiconductors
be available in large single crystals, but also the purity must be controlled
within extremely close limits. For example, Si crystals now being used in de-
vices are grown with concentrations of most impurities of less than one part
in ten billion. Such purities require careful handling and treatment of the
material at each step of the manufacturing process.

1.3.1 Starting Materials

The raw feedstock for Si crystal is silicon dioxide (Si0,). We react SiO; with
C in the form of coke in an arc furnace at very high temperatures (~1800
°C) to reduce SiO, according to the following reaction:

(1-2)

This forms metallurgical grade Si (MGS) which has impurities such as
Fe, Al and heavy metals at levels of several hundred to several thousand
parts per million (ppm). Refer back to Example 1-3 to see that 1 ppm of Si
corresponds to an impurity level of § X 10'%cm ™. While MGS is clean enough

Si0, + 2C - Si + 2CO
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for metallurgical applications such as using Si to make stainless steel, it is
not pure enough for electronic applications; it is also not single-crystal.

The MGS is refined further to yield semiconductor-grade or electronic-
grade Si (EGS), in which the levels of impurities are reduced to parts per bil-
lion or ppb (1 ppb=5 X 10"cm™?). This involves reacting the MGS with dry
HCl according to the following reaction to form trichlorosilane, SiHCl,, which
is a liquid with a boiling point of 32° C.

Si + 3HCl 5 SiHCIL, + H, (1-3)

Along with SiHCl;, chlorides of impurities such as FeCl; are formed
which fortunately have boiling points that are different from that of SiHCl,.
This allows a technique called fractional distillation to be used, in which we
heat up the mixture of SiHCl; and the impurity chiorides, and condense the
vapors in different distillation towers held at appropriate temperatures. We
can thereby separate pure SiHCl; from the impurities. SIHCl; is then con-
verted to highly pure EGS by reaction with H,,

2SiHCI, + 2H, - 2Si + 6HC - (1-4)

1.3.2 Growth of Single Crystal Ingots

Next, we have to convert the high purity but still polycrystalline EGS to single-
crystal Si ingots or boules. This is generally done today by a process common-
ly called the Czochralski methed. In order to grow single-crystal materiai, it is
necessary to have a seed crystal which can provide a template for growth. We
melt the EGS in a quartz-lined graphite crucible by resistively heating it to the
melting point of Si (1412°C).

A seed crystal is lowered into the molten material and then is raised
slowly, allowing the crystal to grow onto the seed (Fig. 1-10). Generally, the
crystal is rotated slowly as it grows to provide a slight stirring of the melt
and to average out any temperature variations that would cause inhomoge-
neous solidification. This technique is widely used in growing Si, Ge, and
some of the compound semiconductors.

In pulling compounds such as GaAs from the melt, it is necessary to pre-
vent volatile elements (e.g., As) from vaporizing. In one method a layer of
B,0s, which is dense and viscous when molten, floats on the surface of the
molten GaAs to prevent As evaporation. This growth method is called liquid-
encapsulated Czochralski (LEC) growth,

In Czochralski crystal growth, the shape of the ingot is determined by
a combination of the tendency of the cross section to assume a polygonal
shape due to the crystal structure and the influence of surface tension, which
encourages a circular cross section. The crystal facets are noticeable in the ini-
tial growth near the seed crystal in Fig. 1-10(b). However, the cross section
of the large ingot in Fig. 1-11 is almost circular.

13
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Figure 1-10
Pulling of o Si crys-
tal from the melt
|Czochralski
method): (a) sche-
matic diagram of
the crystal growth
process; (b) on 8-
in. diameter, (100}
oriented Si crystal
being pulled from
the melt. (Photo-
graph courtesy of
MEMC Electronics
intl.)

Pull

f

Seed —_

Growing
Crystal

\

Crucible
(a)

Figure 1-11
Silicon crystal grown by the Czochralski method. This lorge singlecrystal ingot provides 300 mm (12-in.)
diameter wafers when sliced using o saw. The ingot is about 1.5 m long [excluding the tapered regions),
and weighs about 275 kg. [Photograph courtesy of MEMC Electronics Intl.)

In the fabrication of Si integrated circuits (Chapter 9) it is economical
10 use very large Si wafers, so that many IC chips can be made simultaneously.
As a result, considerable research and development have gone into meth-
ods for growing very large Si crystals. For example, Fig. 1-11 illustrates a 12-
inch-diameter Siingot, 1.5 m long, weighing 275 kg.

1.3.3 Woafers

After the single-crystal ingot is grown, it is then mechanically processed to
manufacture wafers. The first step involves mechanically grinding the more-
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or-less cylindrical ingot into a perfect cylinder with a precisely controlled di-
ameter. This is important because in a modern integrated circuit fabrication
facility many processing tools and wafer handling robots require tight toler
ances on the size of the wafers. Using X-ray crystallography, crystal planes in
the ingot are identified. For reasons discussed in Section 6.4.3, most Siin-
gots are grown along the (100) direction (Fig. 1- 10). For such ingots, a small
notch is ground on one side of the cylinder to delincate a {110} face of the
crystal. This is useful because for (100) Si wafers, the {110} cleavage planes are
orthogonal to each other. This notch then allows the individual integrated
circuit chips to be made oriented along {110} planes so that when the chips
are sawed apart, there is less chance of spurious cleavage of the crystal, which
could cause good chips to be lost.

Next, the Si cylinder is sawed into individual wafers about 775 pm thick,
by using a diamond-tipped inner-hole blade saw, or a wire saw (Fig. 1-12a).

15

Figure 1-12
Steps involved in
manufacturing Si
wafers: (a) A 300
mm Si cylindrical
ingot, with a
notch on one
side, being
loaded into a
wire saw lo pro-
duce Si wafers;
[b} a technician
holding a cassetie
of 300 mm
wafers. (Photo-
graphs courtesy
of MEMC
Electronics Intl.)
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The resulting wafers are mechanically lapped and ground on both sides to
achieve a flat surface, and to remove the mechanical damage due to sawing.
Such damage would have a detrimental effect on devices. The flatness of the
waler is critical from the point of view of “depth of focus™ or how sharp an
image can be focussed on the wafer surface during photolithography, as dis-
cussed in Chapter 5. The Si wafers are then rounded or “chamfered” along
the edges to minimize the likelihood of chipping the waférs during process-
ing. Finally, the wafers undergo chemical-mechanical polishing using a slur-
ry of very fine SiO, particles in.a basic NaOH solution to give the front
surface of the wafer a mirror-like finish. The wafers are now ready for inte-
grated circuit fabrication (Fig. 1-12b). The economic value added in this
process is impressive. From sand (5i0,) costing pennies, we can obtain Si
wafers costing a few hundred dollars, on which we can make hundreds of mi-
croprocessors, for example, each costing several hundred dollars.

1.3.4 Doping

As previously mentioned, there are some impurities in the molten EGS. We
may also add intentional impurities or dopants to the Si melt to change its
electronic properties. At the solidifying interface between the melt and the
solid,#here will be a certain distribution of impurities between the two phas-
es. An important quantity that identifies this property is the distribution co-
efficient k,;, which is the ratio of the concentration of the impurity in the solid
(s to the concentration in the liquid C, at equilibrium:

Cy

ky= C, (1-5)
'The distribution coefficient is a function of the material, the impurity,
the temperature of the solid-liquid interface, and the growth rate. For an im-
purity with a distribution coefficient of one-half, the relative concentration
of the impurity in the molten liquid to that in the refreezing solid is two to
one. Thus the concentration of impurities in that portion of material that so-
lidifies first is one-half the original concentration C,. The distribution coef-
ficient is thus important during growth from a melt. This can be illustrated by

an example involving Czochralski growth:

EXAMPLE 1-4

A Si crystal is to be grown by the Czochralski method, and it is desired that
the ingot contain 10'® phosphorus atoms/cm®.

(a) What concentration of phosphorus atoms should the melt contain to
give this impurity concentration in the crystal during the initial
growth? For P in Si, k; =0.35.
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(b) If the initial load of Si in the crucible is 5 kg, how many grams of
phosphorus should be added? The atomic weight of phosphorus is 31.

(a) Assume that Cg = k,C, throughout the growth. Thus the initial con-
centration of P in the melt should be

]0]6 16 3
—— =286 X 10 A
035 o

(b) The P concentration is so small that the volume of melt can be cal-
culated from the weight of Si. From Example 1-3 the density of Si is
2.33 g/em®. In this example we will neglect the difference in density
between solid and molten Si.

5000 g of Si

W = 2146 cm® of Si

2.86 X 10" cm 3 x 2146 cm® = 6.14 x 10" P atoms

6.14 x 10" atoms X 31 g/mole

=3, »x 0_3
6.02 x 10# atoms/mole Ll

Since the P concentration in the growing crystal is only about one-third
of that in the melt, Si is used up more rapidly than P in the growth. Thus the
melt becomes richer in P as the growth proceeds, and the crystal is doped
more heavily in the latter stages of growth. This assumes that k, is not var-
ied; a more uniformly doped ingot can be grown by varying the pull rate
(and therefore k,) appropriately. Modern Czochralski growth systems use
computer controls to vary the temperature, pull rate, and other parameters
to achieve fairly uniformly doped ingots.
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One of the most important and versatile methods of crystal growth for de-
vice applications is the growth of a thin crystal layer on a wafer of a com-
patible crystal. The substrate crystal may be a wafer of the same material as
the grown layer or a different material with a similar lattice structure. In this
process the substrate serves as the seed crystal onto which the new crystalline
material grows. The growing crystal layer maintains the crystal structure and
orientation of the substrate. The technique of growing an oriented single-
crystal layer on a substrate wafer is called epitaxial growth, or epitaxy. As we
shall see in this section, epitaxial growth can be performed at temperatures
considerably below the melting point of the substrate crystal. A variety of
methods are used to provide the appropriate atoms to the surface cof the

1.4
EPITAXIAL
GROWTH
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growing layer. These methods include chemical vapor deposition (CVD),?
growth from a melt (liquid-phase epiraxy, LPFE), and evaporation of the ele-
ments in a vacuum (molecular beam epitaxy, MBE). With this wide range of
epitaxial growth techniques, it is possible to grow a variety of crystals for de-
vice applications, having properties specifically designed for the electronic or
optoelectronic device being made.

1.4.1 Lattice Matching in Epitaxial Growth

When Si epitaxial layers are grown on Si substrates, there is a natural match-
ing of the crystal lattice, and high-quality single-crystal layers result. On the
other hand, it is often desirable to obtain epitaxial layers that differ somewhat
from the substrate, which is known as heteroepitaxy. This can be accomplished
easily if the lattice structure and lattice constant a match for the two mate-
rials. For example, GaAs and AlAs both have the zincblende structure, with
a lattice constant of about 5.65 A. As a result, epitaxial layers of the ternary
alloy AlGaAs can be grown on GaAs substrates with little lattice mismatch.
Similarly, GaAs can be grown on Ge substrates (see Appendix III).

Since AlAs and GaAs have similar lattice constants, it is also true that
the ternary alloy AlGaAs has essentially the same lattice constant over the
entire range of compositions from AlAs to GaAs. As a result, one can choose
the composition x of the ternary compound Al,Ga,_,As to fit the particular
device requirement, and grow this composition on a GaAs wafer. The re-
sulting epitaxial layer will be lattice-matched to the GaAs substrate.

Figure 1-13 illustrates the energy band gap £, as a function of lattice
constant a for several [II-V ternary compounds as they are varied over their
composition ranges. For example, as the ternary compound InGaAs is varied
by choice of composition on the column Iil sublattice from InAs to GaAs, the
band gap changes from 0.36 to 1.43 eV while the lattice constant of the crys-
tal varies from 6.06 A for InAs to 5.65 A for GaAs. Clearly, we cannot grow
this ternary compound over the entire composition range on a particular bi-
nary substrate, which has a fixed lattice constant. As Fig. 1-13 illustrates, how-
ever, it is possible to grow a specific composition of InGaAs on an InP substrate.
The vertical (invanant lattice constant) line from IaP to the InGaAs curve
shows that a midrange ternary composition (actually, In,s;Gag,As) can be
grown lattice-matched to an InP substrate. Similarly, a ternary InGaP alloy
with about 50 percent Ga and 50 percent In on the column I sublattice can be
grown lattice-matched to a GaAs substrate. To achieve a broader range of alloy
compositions, grown lattice-matched on particular substrates, it is helpful to

Tha genaric tarm chamical vopor depasition includes deposition of layers that may be polyerystalline or
amorphous. Yyhen a CYD process results in a single-crysiol epitaxiol layer, o more specific ferm is vapor-
phase epitoxy (VFE].,
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Relationship between band gap and lattice constant for alloys in the InGaAsP and AlGoAsSh systems.
The dashed vertical lines show the lattice constants for the commercially aveilable binary substrates
GaAs and InP. For the marked example of In,Ga,_As, the ternary composition x = 0.53 can be grown
lattice-matched on InP, since the laltice constants are the same. For quaternary alloys, the compositions
on both the Ill and V sublattices can be varied to grow lattice-matched epitoxial layers along the dashed
vertical lines between curves. For example, In,Ga;_As,P|_, can be grown on InP subsirates, with result
ing band gaps ranging from 0.75 eV to 1.35 eV. In using this figure, assume the lattice constant a of a
ternary alloy varies linearly with the composition x.

use quaternary alloys such as InGaAsP. The variation of compositions on both
the column I1I and column V sublattices provides additional flexibility in choos-
ing a particular band gap while providing lattice-matching to convenient binary
substrates such as GaAs or InP.

In the case of GaAsP, the lattice constant is intermediate between that
of GaAs and GaP, depending upon the composition. For example, GaAsP



20

Figure 1-14
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crystals used in red LEDs have 40 percent phosphorus and 60 percent ar-
senic on the column V sublattice. Since such a crystal cannot be grown directly
on either a GaAs or a GaP substrate, it is necessary to gradually change the
lattice constant as the crystal is grown. Using a GaAs or Ge wafer as a sub-
strate, the growth is begun at a composition near GaAs. A region ~25 pm
thick is grown while gradually introducing phosphorus until the desired As/P
ratio is achieved. The desired epitaxial layer (e.g., 100 wm thick) is then grown
on this graded layer. By this method epitaxial growth always occurs on a
crystal of similar lattice constant, Although some crystal dislocations occur
due to lattice strain in the graded region, such crystals are of high quality
and can be used in LEDs.

In addition to the widespread use of lattice-matched epitaxial layers, the
advanced epitaxial growth techniques described in the following sections
allow the growth of very thin (—100A) layers of lattice-mismatched crystals.
If the mismatch is only a few percent and the layer is thin, the epitaxial layer
grows with a lattice constant in compliance with that of the seed crystal (Fig.
1-14). The resulting layer is in compression or tension along the surface plane

S
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Heteroepitaxy and misfit dislocations. For example, in heteroepitaxy of a SiGe layer on Si, the latfice
mismatch between SiGe and Si leads to compressive sirain in the SiGe layer. The amount of strain de-
pends on the mole fraction of Ge. (a) For layer thicknesses less than the critical layer thickness, 1.,
pseudomorphic growth occurs. [b) However, above 1., misfit dislocations form at the interface which may
reduce the usefulness of the layers in device applications.
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as its lattice constant adapts to the seed crystal (Fig. 1-14). Such a layer is
called pseudomorphic because it is not lattice-matched to the substrate with-
out strain. However, if the epitaxial layer exceeds a critical layer thickness,
t., which depends on the lattice mismatch, the strain energy leads to forma-
tion of defects called misfit dislocations. Using thin alternating layers of slight-
ly mismatched crystal layers, it is possible to grow a strained-layer superlattice
(SLS) in which alternate layers are in tension and compression. The overall
SLS lattice constant is an average of that of the two bulk materials.

1.4.2 Vapor-Phase Epitaxy

The advantages of low temperature and high purity epitaxial growth can
be achieved by crystallization from the vapor phase. Crystalline layers can
be grown onto a seed or substrate from a chemical vapor of the semicon-
ductor material or from mixtures of chemical vapors containing the semi-
conductor. Vapor-phase epitaxy (VPE) is a particularly important source
of semiconductor material for use in devices. Some compounds such as
GaAs can be grown with better purity and crystal perfection by vapor epi-
taxy than by other methods. Furthermore, these techniques offer great
flexibility in the actual fabrication of devices. When an epitaxial fayer is
grown on a substrate, it is relatively simple to obtain a sharp demarcation
between the type of impurity doping in the substrate and in the grown
layer. The advantages of this frcedom to vary the impurity will be dis-
cussed in subsequent chapters. We point out here, however, that Si inte-
grated-circuit devices (Chapter 9) are usually built in layers grown by VPE
on Si wafers.

Epitaxial layers are generally grown on Si substrates by the controlled
deposition of $i atoms onto the surface from a chemical vapor containing
Si. In one method, a gas of silicon tetrachloride reacts with hydrogen gas to
give Si and anhydrous HCI:

SiCl, + 2H, == Si + 4HCI (1-6)

If this reaction occurs at the surface of a heated crystal, the Si atoms re-
leased in the reaction can be deposited as an epitaxial layer. The HCI remains
gaseous at the reaction temperature and does not disturb the growing crys-
tal. As indicated, this reaction is reversible. This is very important because it
implies that by adjusting the process parameters, the reaction in Eq. (1-6) can
be driven to the left (providing etching of the Si rather than deposition). This
etching can be used for preparing an atomically clean surface on which epi-
taxy can occur.

This vapor epitaxy technique requires a chamber into which the gases can
be introduced and a method for heating the Si wafers. Since the chemical re-
actions take place in this chamber, it is called a reaction chamber or, more sim-
Ply, a reactor. Hydrogen gas is passed through a heated vessel in which SiCl,

2
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Figure 1-15
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is evaporated; then the two gases are introduced into the reactor over the sub-
strate crystal, along with other gases containing the desired doping impurities.
The Si slice is placed on a graphite susceptor or some other material that can
be heated to the reaction temperature with an rf heating coil or tungsten halo-
gen lamps. This method can be adapted to grow epitaxial layers of closely con-
trolled impurity concentration on many Si slices simultaneously (Fig. 1-15).

The reaction temperature for the hydregen reduction of SiCly is ap-
proximately 1150-1250°C. Other reactions may be employed at somewhat
lower temperatures, including the use of dichlorosilane (SiH,Cly) at 1000
1100 ° C, or the pyrolysis of silane (SiH,) at 1000°C. Pyrolysis involves the
breaking up of the silane at the reaction temperature:

SiH, - Si + 2H, (1-7)

There are several advantages of the lower reaction temperature
processes, including the fact that they reduce migration of impurities from the
substrate to the growing epitaxial layer.

In some applications it is useful to grow thin Si layers on insulating sub-
strates. For example, vapor-phase epitaxial techniques can be used to grow
~1wm Si films on sapphire and other insulators. This application of VPE is
discussed in Section 9.3.2.

Vapor-phase epitaxial growth is also important in the 111-V com-
pounds, such as GaAs, GaP, and the ternary alloy GaAsP, which is widely
used in the fabrication of LEDs. Substrates are held at about 800°Con a ro-
tating wafer holder while phosphine, arsine, and gallium chloride gases are
mixed and passed over the samples. The GaCl is obtained by reacting anhy-
drous HCI with molten Ga within the reactor. Variation of the crystal com-
position for GaAsP can be controlled by altering the mixture of arsine and
phosphine gases.
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Another useful method for epitaxial growth of compound semiconduc-
tors is called metal-organic vapor-phase epitaxy (MOVPE ), or organomeial-
lic vapor-phase epitaxy (OMVPE). For example, the organometallic compound
trimethylgallium can be reacted with arsine to form GaAs and methane:

(CH;);Ga + AsH, - GaAs + 3CH, (18)

This reaction takes place at about 700°C, and epitaxial growth of high-
quality GaAs layers can be obtained. Other compound semiconductors can
also be grown by this method. For example, trimethylaluminum can be added
to the gas mixture to grow AlGaAs. This growth method is widely used in the
fabrication of a variety of devices, including solar cells and lasers. The con-
venient variability of the gas mixture allows the growth of multiple thin lay-
ers similar to those discussed below for molecular beam epitaxy.

1.4.3  Molecular Beam Epitaxy

One of the most versatile techniques for growing epitaxial layers is called
molecular beam epitaxy (MBE). In this method the substrate is held in a high
vacuum while molecular or atomic beams of the constituents impinge upon
its surface (Fig. 1-16a). For example, in the growth of AlGaAs layers on
GaAs substrates, the Al, Ga, and As components, along with dopants, are
heated in separate cylindrical cells. Collimated beams of these constituents
escape into the vacuum and are directed onto the surface of the substrate. The
rates at which these atomic beams strike the surface can be close ly controlled.
and growth of very high quality crystals results. The sample is held at a rela-
tively low temperature (about 600 ° C for GaAs) in this growth procedure.
Abrupt changes in doping or in crystal composition (e.g., changing from
GaAs to AlGaAs) can be obtained by controlling shutters in front of the in-
dividual beams. Using slow growth rates (< 1 wm/h), it is possible to control
the shutters to make composition changes on the scale of the lattice con-
stant. For example, Fig. 1-16b illustrates a portion of a crystal grown with al-
ternating layers of GaAs and AlGaAs only four monolayers thick. Because
of the high vacuum and close controls involved, MBE requires a rather so-
phisticated setup (Fig. 1-17). However, the versatility of this growth method
makes it very attractive for many applications.

As MBE has developed in recent years, it has become common to re-
place some of the solid sources shown in Fig. 1-16 with gascous chemical
sources. This approach, called chemical beam epitaxy, or gas-source MBE,
combines many of the advantages of MBE and VPE.
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Crystal growth by molecular beam epitaxy (MBE):
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Figure 1-17
Molecular beam
epitaxy facility in
the Microelectron-
ics Research Cen-
ter at the
University of
Texas at Austin.

1.

1.2

1.4

Using Appendix III, which of the listed semiconductors in Table 1-1 has the
largest band gap? The smallest? What are the corresponding wavelengshs if
light is emitted at the energy E£,? Is there a noticeable pattern in the band gap
energy of III-V compounds related to the column 111 element?

For a bec lattice of identical atoms with a lattice constant of 5A, calculate the
maximum packing fraction and the radius of the atoms treated as hard spheres
with nearest neighbors touching.

(a) Label the planes illustrated in Fig. P1-3.

(a) (b)

(b) Draw equivalent {111}, (100}, {110} directions in a cubic lattice: use a unit
cube for illustrating each set of equivalent directions.

Calculate the volume density of Si atoms (number of atoms/cm®) given that the Iat-
tice constant of Siis 5.43 A. Calculate the areal density of atoms (number/cm?) on
the (110) plane. Calculate the distance between two adjacent (111) planes in Si
passing through nearest-neighbor atoms.

PROBLEMS

Figure P1-3
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1.5 The atomic radii of In and Sb atoms are approximately 1.44 A and 1.36 A, re-
spectively. Using the hard-sphere approximation, find the lartice constant of
InSb (zincblende structure), and the volume of the primitive cell. What is the
atomic density on the (110) planes? (Hint: The volume of the primitive cell is
1/, the fcc unit cell volume.)

1.6 Sodium chloride (NaCl) is a cubic crystal that differs from a sc in that alter-
nating atoms are different; each Na is surrounded by six, Cl nearest neighbaors
and vice versa in the three-dimensional lattice. Draw a two-dimensional NaCl
lattice looking down a (100} direction and indicate a unit cell. Remember the
unit cell must be repetitive upon displacement by the basis vectors.

1.7 Sketch a view down a (110) direction of a diamond lattice, using Fig. 1-9 as a
guide. Include lines connecting nearest neighbors.

1.8 Show by a sketch that the bec lattice can be represented by two interpenetrat-
ing sc lattices. To simplify the sketch, show a (100) view of the lattice.

1.9 (a) Find the number of atoms/cm’ on the (100) surface of a Si wafer.
(b) What is the distance (in A) between nearest In neighbors in InP?

1.1 The ionic radii of Na® (atomic weight 23) and C1~ (atomic weight 35.5) are 1.0
and 1.8 A, respectively: Treating the ions as hard spheres, calculate the density
of NaCl. Compare this with the measured density of 2.17 g/em’,

1.11 The atoms seen in Fig. 1-8b along a (100} direction of the diamond lattice are
Aot all coplanar. Taking the top plane of colored atoms in Fig. 1-8a to be (0),
the parallel planc a/4 down to be (;), the plane through the center to be (3.
and the second plane of black atoms Lo be {%). label the plane of each atom in
Fig. 1-8b.

1.12 How many atoms are found inside a unit cell of a simple cubic, body-centered
cubic, and face-centered cubic crystal? How far apart in lerms of lattice constant
a are nearest-neighbor atoms in each case, measured from center to center?

1.13 Draw a cube such as Fig. 1-7 and show four {111} planes with different orien-
tations. Repeat for {110} planes.

1.14 Find the maximum fractions of the unit cell volume that can be filled by hard
spheres in the sc, bee, and diamond lattices.

1.15 Calculate the densities of Ge and InP from the lattice constants (Appendix
111), atomic weights, and Avogadro’s number. Compare the results with the
densities given in Appendix I11.

1.16 Beginning with a sketch of an fec lattice, add atoms at (%, 1.2) from each fcc
atom to obtain the diamond lattice. Show that only the four added atoms in

Fig. 1-8a appear in the diamond unit cell.

1.17 Assuming the lattice constant varies linearly with composition x for a ternary alloy
(e.g.,see the variation for InGaAs in Fig. 1-13), what composition of AlSb,As,_, is
lattice matched to InP? What composition of In,Ga,_Pis lattice-matched to GaAs?
What is the band gap energy in each case?
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1.18 A Si crystal is to be pulled from the melt and doped with arsenic (k; = 0.3). If
the Si weighs 1 kg, how many grams of arsenic should be introduced to achieve
10" cm~* doping during the initial growth?
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Chapter 2
Atoms and Electrons

2.1

INTRODUCTION

TO PHYSICAL
MODELS

Since this book is primarily an introduction to solid state devices, it would be
preferable not to delay this discussion with subjects such as atomic theory,
quantum mechanics, and electron models. However, the behavior of solid
state devices is directly related to these subjects. For example, it would be
difficult to understand how an electron is transported through a semicon-
ductor device without some knowledge of the electron and its interaction
with the crystal lattice. Therefore, in this chapter we shall investigate some of
the important properties of electrons, with special emphasis on two points;
(1) the electronic structure of atoms, and (2) the interaction of atoms and
electrons with excitation, such as the absorption and emission of light. By
studying electron energies in an atom, we lay the foundation for under-
standing the influence of the lattice on electrons participating in current flow
through a solid. Our discussions concerning the interaction of light with elec-
trons form the basis for later descriptions of changes in the conductivity of
a semiconductor with optical excitation, properties of light-sensitive devices,
and lasers.

First, we shall investigate some of the experimental observations which
led to the modern concept of the atom, and then we shall give a brief intro-
duction to the theory of quantum mechanics. Several important concepts will
emerge from this introduction: the electrons in atoms are restricted to cer-
tain energy levels by quantum rules; the electronic siructure of atoms is de-
termined from these quantum conditions; and this “quantization” defines
certain allowable transitions involving absorption and emission of energy by
the electrons,

The main effort of science is to describe what happens in nature, in as com-
plete and concise a form as possible. In physics this effort involves observing
natural phenomena, reiating these observations to previously established
theory, and finally establishing a physical model for the observations The
primary purpose of the model is to allow the information obtained in present
observations to be used to understand new experiments. Therefore, the most
useful models are expressed mathematically, so that quantitative explana-
tions of new experiments can be made succinctly in terms of established prin-
ciples. For example, we can explain the behavior of a spring-supported weight
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moving up and down periodically after an initial displacement, because the
differential equations describing such a simple harmonic motion have been
established and are understood by students of elementary. physics. But the
physical model upon which these equations of motion are based arises from
serious study of natural phenomena such as gravitational force, the response
of bodies to accelerating forces, the relationship of kinetic and potential en-
ergy. and the properties of springs. The mass and spring problem is relative-
ly easy to solve because each of these properties of nature is well understood.

When a new physical phenomenon is observed, it is necessary to find
out how it fits into the established models and “laws” of physics. In the vast
majority of cases this involves a direct extension of the mathematics of well-
established models to the particular conditions of the new problem. In fact,
it is not uncommon for a scientist or engineer to predict that a new phe-
nomenon should occur before it is actually observed, simply by a careful
study and extension of existing models and laws. The beauty of science is
that natural phenomena are not isolated events but are related to other
events by a few analytically describable laws. However, it does happen oc-
casionally that a set of observations cannot be described in terms of exist-
ing theories. In such cases it is necessary to develop modeis which are based
as far as possible on existing laws, but which contain new aspects arising
from the new phenomena. Postulating new physical principles is a serious
business, and it is done only when there is no possibility of explaining the
observations with established theory. When new assumptions and models
are made, their justification lies in the following question: “Does the model
describe precisely the observations, and can reliable predictions be made
based on the model?” The model is good or poor depending on the answer
to this question.

In the 1920s it became necessary to develop a new theory to describe
phenomena on the atomic scale. A long series of careful observations had
been made that clearly indicated that many events involving electrons and
atoms did not obey the classical laws of mechanics. It was necessary, there-
fore, to develop a new kind of mechanics to describe the behavior of parti-
cles on this small scale. This new approach, called quantum mechanics,
describes atomic phenomena very well and also properly predicts the way in
which electrons behave in solids—our primary interest here. Through the
years, quantum mechanics has been so successful that now it stands beside
the classical laws as a valid description of nature.

A special problem arises when students first encounter the theory of
quantum mechanics. The problem is that quantum concepts are largely math-
ematical in nature and do not involve the “common sense” quality associat-
ed with classical mechanics. At first, many students find quantum concepts
difficult, not so much because of the mathematics involved, but because they
feel the concepts are somehow divorced from “reality.” This is a reasonable
reaction, since ideas which we consider to be real or intuitively satisfying are
usually based on our own observation. Thus the classical laws of motion are
easy to understand because we observe bodies in motion every day. On the

29
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other hand, we observe the effects of atoms and electrons only indirectly,
and naturally we have very little feeling for what is happening on the atom-
ic scale. It is necessary, therefore, to depend on the facility of the theory to
predict experimental results rather than to attempt to force classical ana-
logues onto the nonclassical phenomena of atoms and electrons,

Our approach in this chapter will be to investigate the important experi-
mental observations that led to the quantum theory, and then to indicate how
the theory accounts for these observations. Discussions of quantum theory must
necessarily be largely qualitative in such a brief presentation, and those topics
that are most important to solid state theory will be emphasized here. Several
good references for further individual study are given at the end of this chapter.

22
EXPERIMENTAL
OBSERVATIONS

The experiments that led to the development of quantum theory were con-
cerncd with the nature of light and the relation of optical energy to the en-
ergies of electrons within atoms, These experiments supplied only indirect
cvidence of the nature of phenomena on the atomic scale: however, the cu-
mulative results of a number of careful experiments showed clearly that a new
theory was nceded.

2.2.1 The Photoelectric Effect

An important observation by Planck indicated that radiation from a heated sam-
ple is emitted in discrete units of energy, called quanta; the energy units were de-
scribed by kv, where v is the frequency of the radiation, and & is a quantity now
called Planck’s constant (k = 6.63 X 10~ J-s). Soon after Planck developed this
hypothesis, Einstein interpreted an important experiment that clearly demon-
strated the discrete nature (quantization) of light. This experiment involved ab-
sorption of optical energy by the electrons in 2 metal and the relationship between
the amount of energy absorbed and the frequency of the light (Fig. 2-1). Let us
suppose that monochromatic light is incident on the surface of a metal plate in
a vacuum, The electrons in the metal absorb energy from the light, and some of
the electrons receive enough energy to be ejected from the metal surface into the
vacuum. This phenomenon is called the photoelectric effect. If the energy of the
escaping electrons is measured, a plot can be made of the maximum encrgy as a
function of the frequency v of the incident light (Fig. 2-1b).

One simple way of finding the maximum energy of the ejected elec-
trons is to place another plate above the one shown in Fig. 2-1a and then cre-
ate an electric field between the two plates The potential necessary to retard
all electron flow between the plates gives the energy £, For a particular fre-
quency of light incident on the sample, a maximum energy E,, is observed
for the emitted electrons. The resulting plot of E,, vs. v is linear, with a slope
equal to Planck’s constant. The equation of the line shown in Fig.2-1bis
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EJ‘H’
Light
E = hv
Electron
e Slope = h
L — ~
i v
Metal —qP
(a) (b)
E, =hv - gd (2-1)

where g is the magnitude of the electronic charge. The quantity ® (volts)
is a characteristic of the particular metal used. When @ is multiplied by
the electronic charge, an energy (joules) is obtained which represents the
minimum energy required for an electron to escape from the metal into
a vacuum. The energy ¢@ is called the work function of the metal. These
results indicate that the electrons receive an energy hv from the light and
loge an amount of energy ¢@ in escaping from the surface of the metal.

This experiment demonstrates clearly that Planck’s hypothesis was correct
—light energy is contained in discrete units rather than in a continuous distribu-
tion of energies Other experiments also indicate that, in addition to the wave na-
ture of light, the quantized units of light energy can be considered as localized
packets of energy, called photons. Some experiments emphasize the wave nature
of light, while other experiments reveal the discrete nature of photons. This du-
ality is fundamental to quantum processes and does not imply an ambiguity in the
theory.

222 Atomic Speciro

One of the most valuable experiments of modern physics is the analysis of
absorption and emission of light by atoms. For example, an electric discharge
can be created in a gas, so that the atoms begin to emit light with wavelengths
characteristic of the gas. We see this effect in a neon sign, which is typically
a glass tube filled with neon or a gas mixture, with electrodes for creating a
discharge. If the intensity of the emitted light is measured as a function of
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Figure 2-1

The photoelectric
effect: (a] elec-
trons are ejected
from the surface
of a metal when
exposed fa light
of frequency v in
a vacuum; (b) plot
of the maximum
kinetic energy of
ejected electrons
vs. frequency of
the incoming

light.
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Figure 2-2
Some important
lines in the emis-
sion spectrum of

hydrogen.

wavelength, one finds a series of sharp lines rather than a continuous distri-
bution of wavelengths. By the early 1900s the characteristic spectra for sev-
eral atoms were well known, A portion of the measured emission spectrum
for hydrogen is shown in Fig. 2-2, in which the vertical lines represent the po-
sitions of observed emission peaks on the wavelength scale. Wavelength ())
is usually measured in angstroms (1 A = 107" m) and is related (in meters)
to frequency by A = c/v, where c is the speed of light (3 X 10°® m/s). Photo en-
ergy hv is then related to wavelength by

E=hv=— (2-2)

The lines in Fig. 2-2 appear in several groups labeled the Lyman,
Balmer, and Paschen series after their early investi gators. Once the hydrogen
spectrum was established, scientists noticed several interesting rela tionships
among the lines The various series in the spectrum were observed to follow
certain empirical forms:

1
Lyman: v=cR(F—;l§). n=223,4,... (2-3a)
) 1 1 5.3
Balmer: v:cR?+F, n=3.45,... (2-3b)
1 1
Paschen: v=cR§.L-,—?, n=4.5.6,... (2-3c)

where R is a constant called the Rydberg constant (R = 109,678 cm ™). If the
photon energies hv are plotted for successive values of the integer m, we no-
tice that each energy can be obtained by taking sums and differences of
other photon energies in the spectrum (Fig. 2-3). For example, E,, in the
Balmer series is the difference between Eg; and Ej; in the Lyman series.
This relationship among the various series is called the Ritz combination

0 2 4 6 8 10 12 14 16 18 20
A (thousands of angstroms)
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principle. Naturally, these empirical observations stirred a great deal of in-
terest in constructing a comprehensive theory for the origin of the photons
given off by atoms,
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Figure 2-3
Relationships
among photon en-
ergies in the hy-
drogen spectrum.

The results of emission spectra experiments led Nieis Bohr to construct a
model for the hydrogen atom, based on the mathematics of planetary systems.
If the electron in the hydrogen atom has a series of planetary-type orbits
available to it, it can be excited to an outer orbit and then can fall Lo any one
of the inner orbits, giving off energy corresponding to one of the lines of Fig.
2-3.To develop the model, Bohr made several postulates:

1.

Electrons exist in certain stable, circular orbits about the nucleus.
This assumption implies that the orbiting electron does not give off
radiation as classical electromagnetic theory would normally require
of a charge experiencing angular acceleration; otherwise, the elec-
tron would not be stable in the orbit but would spiral into the nucle-
us as it lost energy by radiation.

The electron may shift to an orbit of higher or lower energy, thereby
gaining ot losing energy equal to the difference in the energy levels
(by absorption or emission of a photon of energy Av).

—._.!__._E] hV=E;“E| (2/_‘4)

The angular momentum p; of the electron in an orbit is always an
integral multiple of Planck’s constant divided by 2w (h/2mw is often
abbreviated % for convenience). This assumption,

23
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pe =nf, n=1234,... (2-5)
is necessary to obtain the observed results of Fig. 2-3.

If we visualize the electron in a stable orbit of radius r about the pro-
ton of the hydrogen atom, we can equate the electrostatic force between the
charges to the centripetal force:

(2-6)
where K = dmrey in MKS units, m is the mass of the electron, and v is its ve-
locity. From assumption 3 we have

Py =mvr =mk (2-7)

Since n takes on integral values, r should be denoted by 7, to indicate
the nth orbit. Then Eq. (2-7) can be written

n’h?

mi = 7 (2-8)
Substituting Eq. (2-8) in Eq. (2-6) we find that
L 2
Eri mr, i (-9
2
mq

for the radius of the nth orbit of the electron. Now we must find the expres-
sion for the total energy of the electron in this orbit, so that we can calculate
the energies involved in transitions between orbits.

From Egs. (2-7) and (2-10) we have
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nit
V=— (2-11)
mr,
nﬁqz B ql
YT Ko~ Kok w-le)
Therefore, the kinetic energy of the electron is
1 mq'
= - I — 2
K.E. 3 my* Kol (2-13)

The potential energy is the product of the electrostatic force and the dis-
tance between the charges:

2 4
ol .
REe—de (2-14)
Thus the total energy of the electron in the nth orbit is
4
E=KE+PE=="200 (2-45)

2KR?

The critical test of the model is whether energy differences between
orbits correspond to the observed photon energies of the hydrogen spec-
trum. The transitions between orbits corresponding to the Lyman, Balmer,
and Paschen series are illustrated in Fig. 2-4. The energy difference between
orbits m; and n, is given by

4
E, ey 4L 1 (2-16)
n2 nl 2K2ﬁ2 n% ll%

The frequency of light given off by a transition between these orbits is
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Figure 2-4
Electron orbits
and fransitions in
the Bohr model
of the hydrogen
atom. Orbit spac-
ing is not drawn
fo scale.
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24
QUANTUM
MECHANICS

v = {m—q“ (i - i) (2-17)
272Kk |\n] o3

The factor in brackets is essentially the Rydberg constant R times the
speed of light ¢. A comparison of Eq. (2-17) with the experimetital results
summed up by Eq. (2-3) indicates that the Bohr theory provides a good
model for electronic transitions within the hydrogen atom, as far as the early
experimental evidence is concerned.

Whereas the Bohr model accurately describes the gross features of the
hydrogen spectrum, it does not include many fine points. For example, ex-
perimental evidence indicates some splitting of levels in addition to the lev-
els predicted by the theory. Also, difficulties arise in extending the model to
atoms more complicated than hydrogen. Attempts were made to modify the
Bohr model for more general cases, but it soon became obvious that a more
comprehensive theory was needed. However, the partial success of the Bohr
model was an important step toward the eventual development of the quan-
tum theory. The concept that electrons are quantized in certain allowed en-
ergy levels, and the relationship of photon energy and transitions between
levels had been established firmly by the Bohr theory.

The principles of quantum mechanics were developed from two different
points of view at about the same time (the late 1920s). One approach, de-
veloped by Heisenberg, utilizes the mathematics of matrices and is called
matrix mechanics. Independently, Schrédinger developed an approach uti-
lizing a wave equation, now called wave mechanics. These two mathematical
formulations appear to be quite different. However, closer examination re-
veals that beyond the formalism, the basic principles of the two approaches
are the same. It is possible to show, for example, that the results of matrix me-
chanics reduce to those of wave mechanics after mathematical manipula-
tion. We shall concentrate here on the wave mechanics approach, since
solutions to a few simple problems can be obtained with it, involving less
mathematical discussion.

2.4.1 Probability and the Uncertainty Principle

It is impossible to describe with absolute precision events involving individ-
ual particles on the atomic scale. Instead, we must speak of the average val-
ues (expectation values) of position, momentum, and energy of a particle
such as an electron. It is important to note, however, that the uncertainties
revealed in quantum calculations are not based on some shortcoming of the
theory. In fact, a major strength of the theory is that it describes the proba-
bilistic nature of events involving atoms and electrons. The fact is that such
quantities as the position and momentu of an electrcn do nof exist apart
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from a particular uncertainty. The magnitude of this inherent uncertainty is
described by the Heisenberg uncertainty principle:'

In any measurement of the position and momentum of a particle,
the uncertainties in the two measured quantities will be related by

(Ax) (&p,) ::_ﬂ (2-18)

Similarly, the uncertainties in an energy measurement will be re-
lated to the uncertainty in the time at which the measurement
was made by

L(AE)Y (A =4 | (2-19)
o s e

These limitations indicate that simultaneous measurement of position
and momentum or of energy and time are inherently inaccurate to some degree.
Of course, Planck’s constant A is a rather small number (6.63 X 10™* J-s), and
we are not concerned with this inaccuracy in the measurement of x and p. for
a truck, for example. On the other hand, measurements of the position of an
electron and its speed are seriously limited by the uncertainty principle.

One implication of the uncertainty principle is that we cannot proper-
ly speak of the position of an electron, for example, but must look for the
“probability” of finding an electron at a certain position. Thus one of the im-
portant results of quantum mechanics is that a probability density function can
be obtained for a particle in a certain environment, and this function can be
used to find the expectation value of important quantities such as position,
momentum, and energy. We are familiar with the methods for calculating
discrete (single-valued) probabilities from common experience. For example,
it is clear that the probability of drawing a particular card out of a random
deck is '/s,,and the probability that a tossed coin will come up heads is '/,. The
techniques for making predictions when the probability varies are less fa-
miliar, however. In such cases it is common to define a probability of finding
a particle within a certain volume. Given a probability density function £(x)
for a one-dimensional problem, the probability of finding the particle in a
range from x to x + dx is P(x)dx. Since the particle will be somewhere, this
definition implies that

f P(x)dx =1 (2-20)

if the function P(x) is properly chosen. Equation (2-20) is implied by stating
that the function P(x) is normalized (i.e., the integral equals unity).

"This is often called the principle of indelerminacy.
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To find the average value of a function of x, we need only multiply the
value of that function in each increment dx by the probability of finding the
particle in that dx and sum over all x. Thus the average value of f{x) is

(f(x)) = f Ax)P(x)dx (2-21a)

If the probability density function is not normalized, this equation
should be written

[ " fx)P(x)dx
{flx)) == (2-21b)
J’ P(x)dx

-

2.4.2 The Schridinger Wave Equation

There are several ways to develop the wave equation by applying quantum con-
cepts to various classical equations of mechanics. One of the simplest approaches
is to consider a few basic postulates, develop the wave equation from them, and
rely on the accuracy of the results to serve as a justification of the postulates. In
more advanced texts these assumptions are dealt with in more convincing detail.

Basic Postulates

1. Each particle in a physical system is described by a wave function
W(x, y, z, 7). This function and its space derivative (oW/ox + oW/ay +
9W/az) are continuous, finite, and single valued.

2. Indealing with classical quantities such as energy £ and momentum
p, we must relate these quantities with abstract quantum mechanical
operators defined in the following way:

Classical variable Quantum operator

X x

flx) flx)

hoa

plx) T n

Ao

B T
J ot

L

and similarly for the other two directions,
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3. The probability of finding a particle with wave function ¥ in the vol-
ume dx dy dz is V'W dx dy dz.? The product ¥'¥ is normalized ac-
cording to Eq. (2-20) so that

f W' dx dy dz =1

and the average value (Q) of any variable Q is calculated from the
wave function by using the operator form Q,, defined in postulate 2:

Q= Vo, vdrdyds

Once we find the wave function ¥ for a particle, we can calculate its
average position, energy, and momentum, within the limits of the uncer-
tainty principle. Thus, a major part of the effort in quantum calculations in-
volves solving for ¥ within the conditions imposed by a particular physical
system. We notice from assumption 3 that the probability density function
is ¥, or [¥[%.

The classical equation for the energy of a particle can be writien:

Kinetic energy + potential energy = total energy
A 2
2m

(2-22)
+ v = E

In quantum mechanics we use the operator form for these variables
(postulate 2); the operators are allowed to operate on the wave function W.
For a ene-dimensional problem Eq. (2-22) becomes®

# P, 0) B a¥(x, )

S 213 + V(x)¥(x, 1) = ~7T (2-23)

which is the Schridinger wave equation. In three dimensions the equation is

A 2
—ﬁvﬂr+V\P-—} E (2-24)

where V2V is
2 2
i O O
a9y oz

“¥* is the complex conjugate of ¥, obiained by reversing the sign on sach j. Thus (¢7* = e™*,
The operational interprefation of [3/ax) is the sacond derivative form &°/ax; the square of jis ~ 1
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The wave function ¥ in Egs. (2-23) and (2-24) includes both space and
time dependencies. It is common to calculate these dependencies separately
and combine them later. Furthermore, many problems are time independent,
and only the space variables are necessary. Thus we try to solve the wave equa-
tion by breaking it into two equations by the technique of separation of vari-
ables. Let W(x, 1) be represented by the product y(x)db(¢). Using this product
in Eq. (2-23) we obtain

2 T 40+ Va0 = -2 20 s

Now the variables can be separated to obtain the time-dependent equa-
tion in one dimension,

), a0 =0 (2-26)
and the time-independent equation,
’dz"‘(") “FIE = V()lx) = J (2-27)

We can show that the separation constant E corresponds to the ener-
gy of the particle when particular solutions are obtained, such that a wavc
function ¥, corresponds to a particle energy E,.

These equations are the basis of wave mechanics. From them we can de-
termine the wave functions for particles in various simple systems. For cal-
culations involving electrons, the potential term V(x) usually results from an
electrostatic or magnetic field.

24.3 Potential Well Problem

It is quite difficult to find solutions to the Schrédinger equation for most re-
alistic potential fields One can solve the problem with some effort for the hy-
drogen atom, for example, but solutions for more complicated atoms are
hard to obtain. There are several important problems, however, which illus-
trate the theory without complicated manipulation. The simplest problem is
the potential energy well with infinite boundaries. Let us assume a particle
is trapped in a potential well with V(x) zero except at the boundaries x = 0
and L, where it is infinitely large (Fig. 2-5a)

V(x):[], <Lx <L L

2-28
Vie) ==, £=0,L bR

Inside the well we set V(x) = 0 in Eq. (2-27)
Ca s Eu:( )=0, 0<x<L (2-29)

TdP
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V(x) J2IL UL

(a) (b) (c)

This is the wave equation for a free particle; it applies to the potential
well problem in the region with no potential V(x).

Possible solutions to Eq. (2-29) are sin kx and cos kx, where k is
V2mE/h In choosing a solution, however, we must examine the boundary
conditions. The only allowable value of { at the walls is zero. Otherwise, there
would be a nonzero [y}’ outside the potential well, which is impossible be-
cause a particle cannot penetrate an infinite barrier. Therefore, we must choose
only the sine solution and define k such that sin kx goes to zero at x = L.

Y = A sin kx, k=___2§_n_E (2-30)

The constant A is the amplitude of the wave function and will be evaluat-

ed from the normalization condition (postulate 3). If s is to be zero at x = L, then
k must be some integral multiple of =/1..

k=—; m=1,23,... (2-31)

From Egs. (2-30) and (2-31) we can solve for the total energy E, for
each value of the integer n.

2
E,= n;—;% (2-33)

Thus for each allowable value of n the particle energy is described by
Eq. (2-33). We notice that the energy is quantized. Only certain values of en-
ergy are allowed. The integer m is called a quantum number; the particular
wave function y, and corresponding energy state E, describe the quantum
state of the particle.

4]

Figure 2-5

The problem of a
particle in a po-
tential well: {a)
potential energy
diogram; (b)
wave functions in
the first three
quantumn states;
(c) probability
density distribu-
tion for the
second state.
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Figure 2-6
Quantum mechan-
ical tunneling:

[a) potential
barrier of height
Vo and thickness
Wi, (b} probability
density for an
electron with
energy E <V, in-
dicating a non-
zero value of the
wave function be-

yond the barrier,

The quantized energy levels described by Eq. (2-33) appear in a vari-
ety of small-geometry structures encountered in semiconductor devices. We
shall return to this potential well problem (often called the “particle in a
box"” problem) in later discussions.

The constant A is found from postulate 3.

o L 2
j Yy dx=j Al(sinn—“x) dx = ATE (2-34)
i " L 2
Setting Eq. (2-34) equal to unity we obtain.
[2 \/i _nm
A= VI’ Y, = Esm "j‘:i (2-35)

The first three wave functions i, U, {5, are sketched in Fig. 2-5b. The
probability density function y*i, or ([, is sketched for i, in Fig. 2-5c.

2.4.4 Tunneling

The wave functions are relatively easy to obtain for ti.e potential well with
infinite walls, since the boundary conditions force s to zero at the walls. A
slight modification of this problem illustrates a principle that is very impor-
tant in some solid state devices—the quantum mechanical tunneling of an
electron through a barrier of finite height and thickness. Let us consider the
potential barrier of Fig. 2-6. If the barrier is not infinite, the boundary con-
ditions do not force s to zero at the barrier. Instead, we must use the condi-
tion that { and its slope dis/dx are continuous at each boundary of the barrier
{postulate 1). Thus  must have a nonzero value within the barrier and also
on the other side. Since s has a value to the right of the barrier, y*{ exists

a0
V

V(x) i
(a)

i

Exponential decrease
/ inside barrier

() W # 0 beyond barrier

LFwils x
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there also, implying that there is some probability of finding the particle be-
yond the barrier. We notice that the particle does not go over the barrier; its
total energy is assumed to be less than the barrier height Y. The mechanism
by which the particle “penetrates” the barrier is called tunneling. However,
no classical analogue, including classical descriptions of tunneling through
barriers, in appropriate for this effect. Quantum mechanical tunneling is in-
timately bound to the uncertainty principle. If the barrier is sufficiently thin,
we cannot say with certainty that the particle exists only on one side. How-
ever, the wave function amplitude for the particle is reduced by the barrier
as Fig. 2-6 indicates, so that by making the thickness W greater, we can re-
duce i on the right-hand side to the point that negligible tunneling occurs.
Tunneling is important only over very small dimensions, but it can be of great
importance in the conduction of electrons in solids, as we shall see in Chap-
ters 5,6 and 11.

Recently, a novel electronic device called the resonant tunneling diode
was developed. This device operates by tunneling electrons through “parti-
cle in a potential well” energy levels of the type described in Section 2.4.3.

The Schrodinger equation describes accurately the interactions ofparticles
with potential fields, such as electrons within atoms. Indeed, the modern un-
derstanding of atomic theory (the modern atomic models) comes from the
wave equation and from Heisenberg's matrix mechanics. It should be point-
ed out, however, that the problem of solving the Schrédinger equation di-
rectly for complicated atoms is extremely difficult. In fact, only the hydrogen
atom is generally solved directly; atoms of atomic number greater than one
are usually handled by techniques involving approximations. Many atoms
such as the alkali metals (Li, Na, etc.), which have a neutral core with a sin-
gle electron in an outer orbit, can be treated by a rather simple extension of
the hydrogen atom results. The hydrogen atom solution is also important in
identifving the basic selection rules for describing allowed electron energy
levels. These quantum mechanical results must coincide with the experi-
mental spectra, and we expect the energy levels to include those predicted
by the Bohr model. Without actually working through the mathematics for
the hydrogen atom, in this section we shall investigate the energy level

“ schemes dictated by the wave equation.

2.5.1 The Hydrogen Atom

Finding the wave functions for the hydrogen atom requires a solution of the
Schrédinger equation in three dimensions for a coulombic potential field.
Since the problem is spherically symmetric, the spherical coordinate system
is used in the calculation (Fig. 2-7). The term V(x, y, z) in Eq. (2-24) must be
replaced by V(r, 0, ), representing the Coulomb potential which the electron

25
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Figure 2-7
The spherical co-
ordinate system.

experiences in the vicinity of the proton. The Couiomb potential varies only
with rin spherical coordinates

V(r, 8,6) = V() = ~ (4me) ' L (2-36)

as in Eq. (2-14).
When the separation of variables is made, the time-independent equa-
tion can be written as

W(r, 8, ¢) = R(r)®(8)®(d) (2-37)

Thus the wave functions are found in three parts. Separate solutions
must be obtained for the r-dependent equation, the §-dependent equation,
and the ¢-dependent equation. After these three equations are solved, the
total wave function | is obtained from the product.

As in the simple potential well problem, each of the three hydrogen
atom equations gives a solution which is quantized. Thus we would expect a
quantum number to be associated with each of the three parts of the wave
equation. As an illustration, the ¢-dependent equation obtained after sepa-
ration of variables is

s I '

E&E +mP=0 {2——38)
where m is a guantum number. The solution to this equation is

D,(¢) =A™ (2-39)

where A can be evaluated by the normalization condition, as before:
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2n
f @, (b)®,(d)dd =1 (2-40)
0
n 2w '
Alf c"“’e""d&zAzf dé = 2mA? (2-41)
Q 0
Thus the value of A is
1
A=—ee 2-42)
Van ‘
and the ¢-dependent wave function is
|
D, (d) = " 2-43)
(4) Vot (

Since values of ¢ repeat every 2 radians, ® should repeat also. This oc-
curs if m is an integer, including negative integers and zero. Thus the wave
functions for the $-dependent equation are quantized with the following se-
lection rule for the quantum numbers:

m=..,-3-2-10,+1,+2 +3,... (2-44)

By similar treatments, the functions R(r) and ©(8) can be obtained,
each being quantized by its own selection rule. For the r-dependentequa-
tion, the quantum number n can be any positive integer (not zero), and for
the @-dependent equation the quantum number I can be zero or a positive
integer. However, there are interrelationships among the equations which
restrict the various quantum numbers used with a single wave function is,,,:

Uuinlr, 8, 6) = R,(r)8,(0)P,,(d) (2-45)

These restrictions are summarized as follows:
n=1,23,... (2-46a)
I=012....,m-1) (2-46b)
m=-1/...,—-2,-1,0,+1,+2,..., +1 (2-46¢)

In addition to the three quantum numbers arising from the three parts
of the wave equation, there is an important quantization condition on the
“spin” of the electron. Investigations of electron spin employ the theory of
relativity as well as quantum mechanics; therefore, we shall simply state that
the intrinsic angular momentum s of an electron with {s,,,, specified is

f
= = —47
8= *3 (2-47)

That is, in units of #, the electron has a spin of ;»and the angular mo-

mentum produced by this spin is positive or negative depending on whether
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the electron is “spin up” or “spin down.” The important point for our dis-
cussion is that each allowed energy state of the electron in the hydrogen
atom is uniquely described by four quantum numbers: n, [, m and s.*

Using these four quantum numbers, we can identify the various states
which the electron can occupy in a hydrogen atom. The number n, called
the principal quantum number, specifies the “orbit™ of the electron in Bohr
terminology. Of course, the concept of orbit is replaced Ry probability den-
sity functions in quantum mechanical calculations. It is common to refer to
states with a given principal quantum number as belonging to a shell rather
than an orbit.

There is considerable fine structure in the energy levels about the Bohr
orbits, due to the dictates of the other three quantum conditions. For ex-
ample, an electron with n = 1 (the first Bohr orbit) can have only I = 0 and
m = 0 according to Eq. (2-46), but there are two spin states allowed from
Eq. (2-47).For n = 2,1 can be 0 or 1,and m can be — 1,0, or +1.The vari-
ous allowed combinations of quantum numbers appear in the first four
columns of Table 2-1. From these combinations it is apparent that the clec-
tron in a hydrogen atom can occupy any one of a large number of excited
states in addition to the lowest (ground) state . Energy differences be-
tween the various states properly account for the observed lines in the hy-
drogen spectrum.

2.5.2 The Periodic Table

The quantum numbers discussed in Section 2.5.1 arise from the solutions to
the hydrogen atom problem. Thus the energies obtainable from the wave
functions are unique to the hydrogen atom and cannot be extended to more
complicated atoms without appropriate alterations. However, the quantum
number selection rules are valid for more complicated structures, and we can
use these rules to gain an understanding of the arrangement of atoms in the
periodic table of chemical elements. Without these selection rules, it is diffi-
cult to understand why only two electrons fit into the first Bohr orbit of an
atom, whereas eight electrons are allowed in the second orbit. After even
the brief discussion of quantum numbers given above, we should be able to
answer these questions with more insight.

Before discussing the periodic table, we must be aware of an im-
portant principle of quantum theory, the Pauli exclusion principle. This
rule states that no two electrons in an interacting system® can have the
same set of quantum numbers m, 1, m, s. In other words, only two elec-
trons can have the same three quantum numbers n, /, m, and those two
must have opposite spin. The importance of this principle cannot be

“n many texts the numbers we have called m and s are referred to as m, and m,, respectively.

" 5An inferocting system is one in which electron wave functions overlap—in this cose an atom with two or

more elecirons.
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overemphasized; it is basic to the electronic structure of all atoms in the
periodic table. One implication of this principle is that by listing the var-
ious combinations of quantum numbers, we can determine into which
shell each electron of a complicated atom fits, and how many electrons are
allowed per shell. The quantum states summarized in Table 2-1 can be
used to indicate the electronic configurations for atoms in the lowest en-
ergy state.

In the first electronic shell (n = 1), I can be only zero since the maxi-
mum value of [ is always n — 1. Similarly, m can be only zero since m runs
from the negative value of I to the positive value of I. Two electrons with op-
posite spin can fit in this Js, state; therefore, the first shell can have at most
two electrons. For the helium atom (atomic number Z = 2) in the ground
state, both electrons will be in the first Bohr orbit (n = 1), both will have { = 0
and m = 0, and they will have opposite spin. Of course, one or both of the He
atom electrons can be excited to one of the higher energy states of Table 2-1
and subsequently relax to the ground state, giving off a photon characteris-
tic of the He spectrum.

Table 2-1 Quantum numbers to n = 3 and aliowable states for the electron in o
hydorgen atom: The first four columns show the various combinations of quastem
numbers allowed by the selection rules of Eq. (2-46); the last two columns indicate
the number of allowed states [combinations of n, 1, m, and s) for each 7 (subshell)
and n (shell, or Bohr orbit).

Allowable states Allowable states ]

n | m | sk in subshell in complete shell
1 0 I 2 2 !
2 0 0 %1 2 !
i |
| 1 -1 : g
0 I_'—I f
2]
{3 0 0 3 2
] I |
. 1 ! -y i
‘ 0 2:_1, 6
| 1 :% i
; 2 -2 =1 18
| o |
| 1 =3 |
0 -1
\ 1 \
1 xs
2 | =3
‘ | ~2 |
! || =
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As Table 2-1 indicates, there can be two electr‘mns in the [ = 0 subshell,
six electrons when [ = 1, and ten electrons for { = 2, The electronic con-
figurations of various atoms in the periodic table can be deduced from this
list of allowed states. The ground state electron structures for a number of
atoms are listed in Table 2-2. There is a simple shorthand notation for elec-
ironic structures which is commonly used instead of such a table. The only
new convention to remember in this notation is the naming of the  values:

A

1=0,1,234,...
s, pid 8

This convention was created by early spectroscopists who referred to
the first four spectral groups as sharp, principal, diffuse, and fundamental.
Alphabetical order is used beyond f With this convention for I, we can write
an electron state as follows:

—6 electrons in the 3p subshell
/3p°

(a=3) —(@=1)

For example, the total electronic configuration for Si (Z = 14) in the
ground state is

15725%2p%35%3p?

We notice that Si has a closed Ne configuration (see Table 2-2) plus four
electrons in an outer n = 3 orbit (35°3p%). These are the four valence electrons
of Si; two valence electrons are in an s state and two are in a p state. The Si elec-
tronic configuration can be written [Ne] 3s°3p? for convenience, since the Ne
configuration 15°25?2p°® forms a closed shell (typical of the inert elements).

Figure 2-8a shows the orbital model of a Si atom, which has a nucleus
consisting of 14 protons (with a charge of +14) and neutrons, 10 core electrons
in shells n = 1 and 2, and 4 valence electrons in the 3s and 3p subshells. Figure
2-8b shows the energy levels of the various electrons in the coulombic poten-
tial well of the nucleus. Since unlike charges attract each other, there is an at-
tractive potential between the negatively charged electrons and the positively
charged nucleus. As indicated in Eq. (2-36), a Coulomb potential varies as 1/r
as a function of distance from the charge, in this case the Si nucleus. The po-
tential energy gradually goes to zero when we approach infinity. We end up get-
ting “particle-in-a-box™ states for these electrons in this potential well, as
discussed in Section 2.4.3 and Eq. (2-33). Of course, in this case the shape of
the potential well is not rectangular, as shown in Fig. 2-5a, but coulombic, as
shown in Fig. 2-8b. Therefore, the energy levels have a form closer to those of
the H atom as shown in Eq. (2-15), rather than in Eq. (2-33).



Atoms and Electrons

Table 2-2 Electronic configurations for atoms in the ground state.
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n=1 2 3 4
=0 0 1 0o 1 2 0 1
Atomic Is | 25 2p | 35 3p 3d | 45 4p
number Eje-

(Z)y men* Number of electrons Shorthand notatioa

1 H 1 15t

2 He 2 152

3 Li 1 152 25!

4 Be 2 157 252

5 B 2. 1 152 257 2p!

6 & helium core. s 152 252 2p2

7 N 2 electrons 2 3 1e? 2% pd

8 0 2 4 152 252 2p4

g F 2 5 152 25 2p%

10 Ne Z 6 1s? 2¢d 2pr-

1l Na 1 INL‘] 35!

12 Mg 2 352

13 Al z 1 3s? 3p!

14 Si neon core. 2 2 3s° 3p?

15 P 10 electrons 5 is? 3pt

6 8 2 4 35 3p!

17« 25 357 8p?

18 Ar 2 6 352 3p

19 K 1 l!\!’l 45‘

20 Ca 2 452

2 Se 2 | = 3d'  ds?

22 T 2 I 2 3d? 452

23 v 3|2 3d* 4s? -
4 G 5 | 4 3d° 4s!

25 Mn 5 | 2 3d* 45’

26 Fe & 1 5 34 452

27 Co argon core. 713 3d7 4s?

28 Ni ) 18 electrons 8 2 3d* 4s?

29 Cu 100 |1 3417 45!

30 Zn 10 | 2 3dY 44t

3 Ga T i 3d'" 4s5% 4p'
32 Ge 0|2 2 340 45t 4p?
o .. 0 ]2 3 3d" 452 4p?
;; ;er 0] 2 4 3d" 452 4p!
i & 10| 2 5 3a"™ 4s? 4p°

0|2 6 3d" 457 4p°
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Figure 2-8 .

Electronic structure and ensrgy levels in a Si atom: (a) The orbital model of a Si atom showing the 10
core electrons {n = 1 and 2}, and the 4 valence electrons [n = 3); (b) energy levels in the coulombic po-
tential of the nucleus are also shown schematically.
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If we solve the Schrodinger equation for the Si atom as we did in Sec-
tion 2.5.1 for the H atom, we can get the radial and angular dependence of
the wavefunctions or “orbitals” of the electrons. Let us focus on the va-
lence shell, m = 3, where we have two 3s and two 3p electrons. It turns out
that the 3s orbital is spherically symmetric with no angular dependence,
and is positive everywhere. It can hold 2 electrons with opposite spin ac-
cording to the Pauli principle. There are 3 p-orbitals which are mutually
perpendicular. These are shaped like dumb-bells with a positive lobe and
a negative lobe (Fig. 2-9). The 3p subshell can hold up to 6 electrons, but
in the case of Si has only 2. Interestingly, in a Si crystal when we bring in-
dividual atoms very close together, the s- and p-orbitals overlap so much
that they lose their distinct character, and lead to four mixed sp® orbitals.
The negative part of the p orbital cancels the s-type wavefunction, while the
positive part enhances it, thereby leading to a “directed” bond in space. As
shown in Fig. 2-9, these linear combinations of atomic orbitals (LCAO) or
“hybridized” sp’ orbitals point symmetrically in space along the 4 tetrago-
nal directions (See Fig. 1-9). In Chapter 3 we shall sce that these “directed”
chemical bonds are responsible for the tetragonal diamond or zincblende
lattice structure in most semiconductors. They are also very important in the
understanding of energy bands, and in the conduction of charges in these
semiconductors.

The column I'V semiconductor Ge (Z = 32) has an electronic structure
similar to Si, except that the four valence electrons are outside a closed:m= 3

»
— 2y

“" nn .“ " M

S ' Py (sp?) hybrid

l
| 3
y CZ?HIB——y y
o
y
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Figure 2-9
Crbitals in a Si
atom: The spheri-
cally symmetric
“s" type wave
functions or or-
bitals are positive
everywhere, while
the three mutually
perpendicular “p"
type orbitals (p,,
Py P2 are dumb-
bell shaped and
have a positive
lobe and o nega-
tive lobe. The four
sp® “hybridized”
orbitals, only

one of which is
shown here, point
symmetrically in
space and lead to
the diamond lat-
tice in Si.
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]

shell. Thus the Ge configuration is [Ar] 3d'%4s*4p. There are several cases in
Table 2-2 that do not follow the most straight-forward choice of quantum
numbers. For example, we notice that in K (Z = 19) and Ca (Z = 20) the 4s
state is filled before the 3d state; in Cr (Z = 24) and Cu (£ = 29) there is a
transfer of an electron back to the 3d state. These exceptions, required by
minimum energy considerations, are discussed more fully in most atomic

physics texts.

A

PROBLEMS

21

22

23

2.4

26

(a) Sketch a simple vacuum tube device and the associated circuitry for mea-
suring E,, in the photoelectric effect experiment. The electrodes can be
placed in a sealed glass envelope.

(b) Sketch the photocurrent [ vs. retarding voltage V that you would expect to
measure for a given electrode material and configuration. Make the sketch
for several intensities of light at a given wavelength.

(c) The work function of platinum is 4.09 eV. What retarding petential will be
required to reduce the photocurrent to zero in a photoelectric experiment
with Pt electrodes if the wavelength of incident light is 2440 A? Remem-
ber that an energy of g@ is lest by each electron in escaping the surface.

Point A is at an electrostatic potential of +1V relative 1o point B in a vacuum.
Ameelectron initially at rest at B moves to A. What energy (expressed in J and
€V) does the electron have at A? What is its velocity (m/s)?

(a) Show that the various lines in the hydrogen specirum can be expressed in
angstroms as

MA) = 91 ln‘n

where n, = 1 for the Lyman series, 2 for the Balmer series, and 3 for the
Paschen series. The integer m is larger than m;.

(b) Calculate A for the Lyman series to n = 5, the Balmer series ton = 7, and
the Paschen series to m = 10. Plot the results as in Fig. 2-2. What are the
wavelength limits for each of the three series?

Show that the calculated Bohr expression for frequency of emitted light in

the hydrogen spectrum, Eq. (2-17), corresponds to the experimental expres-

sions, Eq. (2-3).

(a) The position of an electron is determined to within 1 A. What is the mini-
mum uncertainty in its momentum?

(b) An electron’s energy is measured with an uncertainty of 1 eV. What is the
minimum uncertainty in the time over which the measurement was made?

The de Broglie wavelength of a particle A = i/mv describes the wave-particle

duality for small particles such as electrons. What is the de Broglie wavelength
(in AJ of an electron at 100 eV? What is the wavelength for electrons a1 12
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keV, which is typical of electron microscopes? Comparing this to visible light,
comment on the advantages of electron microscopes.

2.7 A sample of radioactive material undergoes decay such that the number of
atoms N(f) remaining in the unstable state at time ¢ is related to the number N,
at ¢ = 0 by the relation N(r) =N, exp(— /7). Show that 7 is the average lifetime
(1) of an atom in the unstable state before it spontaneously decays. Equation
(2-21b) can be used with ¢ substituted for x.

28 Given a plane wave | = Aexp(jk.x) what is the expectation value for p.’ and
p, where p is momentum?

2.9 A free electron traveling in the x-direction can be described by a plane wave,
with a wave function of the form s (x) = Ae®~, where k, is a wave vector, or
propagation constant. Use postulate 3 and the momentum operator 1o relate
the electron momentum {p,) to k,.

2.10 Anelectron is described by a plane-wave wavefunction (x, 1) = Ae™® 7, Cal-
culate the expectation value of the x-component of momenium, the y-component
of momentum and the energy of the clectron. (Give values in MKS units.)

2.11 Calculate the first three energy levels for an electron in a quantum well of
width 10A with infinite walls.

2.12 What do Li, Na, and K have in common? What do F, Cl, and Br have in com-
mon? What are the electron configurations for ionized Na and CI?
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Chapter 3

Energy Bands and Charge
Carriers in Semiconductors

In this chapter we begin to discuss the specific mechanisms by which current
flows in a solid. In examining these mechanisms we shall learn why some
materials are good conductors of electric current, whereas others are poor
conductors. We shall see how the conductivity of a semiconductor can be
varied by changing the temperature or the number of impurities. These fun-
damental concepts of charge transport form the basis for later discussions of
solid state device behavior.

In Chapter 2 we found that electrons are restricted to sets of discrete ener-
gy levels within atoms. Large gaps exist in the energy scale in which no en-
ergy states are available. In a similar fashion, electrons in solids are restricted
to certain energies and are not allowed at other energies. The basic differ-
ence between the case of an electron in a solid and that of an electron in an
isolated atom is that in the solid the electron has a range, or band, of avail-
able energies. The discrete energy levels of the isolated atom spread into
bands of energies in the solid because in the solid the wave functions of elec-
trons in neighboring atoms overlap, and an electron is not necessarily local-
ized at a particular atom. Thus, for example, an electron in the outer orbit of
one atom feels the influence of neighboring atoms, and its overall wave func-
tion is altered. Naturally, this influence affects the potential energy term and
the boundary conditions in the Sthrédinger equation, and we would expect
to obtain different energies in the solution. Usualiy, the influence of neigh-
boring atoms on the energy levels of a particular atom can be treated as a
small perturbation, giving rise to shifting and splitting of energy states into
energy bands.

3.1.1 Bonding Forces in Solids

The interaction of electrons in neighboring atoms of a solid serves the very
important function of holding the crystal together. For example. alkali halides
such as NaCl are typified by ionic bonding. In the NaCllattice, each Na atom

31
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Figure 3-1
Different types of
chemical bonding
in solids [a) an
example of ionic
bonding in NaCl;
(b) covalent
bonding in the Si
crystal, veiwed
along a <100>
direction (see
also Figs. 1-8
and 1-9}.

Two electrons per bond

(b)

is surrounded by six nearest neighbor Cl atoms, and vice versa. Four of the
nearest neighbors are evident in the two-dimensional representation shown
in Fig. 3-1a. The electronic structure of Na (Z = 11)is [Ne] 3s'.and Cl (Z = 17)
has the structure [Ne|3s’3p”. In the lattice each Na atom gives up its outer 3s
electron to a Cl atom. so that the crystal is made up of ions with the electronic
structures of the inert atoms Ne and Ar (Ar has the electronic structure
[Ne]3s*3p°). However, the ions have net electric charges after the electron ex-
change. The Na” ion has a net positive charge, having lost an electron, and
the C1” ion has a net negative charge, having gained an electron.
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Each Na™ ion exerts an electrostatic attractive force upon its six CI°
neighbors, and vice versa. These coulombic forces pull the lattice together
until a balance is reached with repulsive forces. A reasonably accurate cal-
culation of the atomic spacing can be made by considering the ions as hard
spheres being attracted together (Example 1-1).

An important observation in the NaCl structure is that all electrons
are tightly bound to atoms. Once the clectron exchanges have been made
between the Na and Cl atoms to form the Na* and CI™ ions, the outer orbits
of all atoms are completely filled. Since the ions have the closed-shell con-
figurations of the inert atoms Ne and Ar, there are no loosely bound electrons
to participate in current flow; as a result, NaCl is a good insulator.

In a metal atom the outer electronic shell is only partially filled, usu-
ally by no more than three clectrons. We have already noted that the alkali
metals (e.g., Na) have only one electron in the outer orbit. This electron is
loosely bound and is given up casily in ion formation. This accounts for the
great chemical activity in the alkali metals, as well as for their high electri-
cal conductivity. In the metal the outer electron of each alkali atom is con-
tributed to the crystal as a whole, so that the solid is made up of ions with
closed shells immersed in a sea of free electrons. The forces holding the lat-
tice together arise from an interaction between the positive ion cores and the
surrounding free ¢lectrons. This is one type of metallic bonding. Obviously,
there are complicated differenées in the bonding forces for various metals,
as evidenced by the wide range of melting temperatures (234 K for Hg 3643 K
for W). However, the metals have the sea of electrons in common, and these
electrons are free to move about the crystal under the influence of an elec-
tric field.

A third type of bonding is exhibited by the diamond lattice semicon-
ductors. We recall that each atom in the Ge, Si, or C diamond lattice is sur-
rounded by four nearest neighbors, each with four electrons in the outer
orbit, In these crystals each atom shares its valence electrons with its four
neighbors (Fig. 3-1b). Bonding between nearest neighbor atoms is illustrat-
ed in the diamond lattice diagram of Fig. 1-9. The bonding forces arise from
a quantum mechanical interaction between the shared electrons. This is
known as covalent bonding; each electron pair constitutes a covalent bond.
In the sharing process it is no longer relevant to ask which electron belongs
to a particular atom—both belong to the bond. The two electrons are indis-
tinguishable, except that they must have opposite spin to satisfy the Pauli
exclusion principle. Covalent bonding is also found in certain molecules,
such as H,.

As in the case of the ionic crystals, no free electrons are available to
the lattice in the covalent diamond structure of Fig. 3-1b. By this reasoning
Ge and Si should also be insulators. However, we have pictured an idealized
lattice at 0 K in this figure. As we shall see in subsequent sections, an elec-
tron can be thermally or optically excited out of a covalent bond and there-
by become free to participate in conduction. This is an important feature of
semiconductors.
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Compound semiconductors such as GaAs have mixed bonding, in which
both ionic and covalent bonding forces participate. Some ionic bonding is to
be expected in a crystal such as GaAs because of the difference in place-
ment of the Ga and As atoms in the periodic table. The ionic character of
the bonding becomes more important as the atoms of the compound become
further separated in the periodic table, as in the 11-V] compounds.

3.1.2 Energy Bands

As isolated atoms are brought together to form a solid, various interactions
occur between neighboring atoms, including those described in the preced-
ing section. The forces of attraction and repulsion between atoms will find a
balance at the proper interatomic spacing for the crystal. In the process. im-
portant changes occur in the electron energy level configurations, and these
changes result in the varied electrical properties of solids,

In Fig. 2-8, we showed the orbital model of a Si atom, along with
the energy levels of the various electrons in the coulombic potential well
of the nucleus. Let us focus on the outermost shell or valence shell, n = 3,
where two 35 and two 3p electrons interact to form the four “hybridized”
sp’eiectrons when the atoms are brought close together. In Fig. 3-2, we
schematically show the coulombic potential wells of two atoms close to
each other, along with the wave functions of two electrons centered on the
two nuclei. By solving the Schrodinger equation for such an interacting
system, we find that the composite two-electron wave functions are linear
combinations of the individual atomic orbitals (LCAO). The odd or anti-
symmetric combination is called the anti-bonding orbital, while the even
or symmetric combination is the bonding orbital. It can be seen that the
bonding orbital has a higher value of the wave function (and therefore the
electron probability density) than the anti-bonding state in the region be-
tween the two nuclei. This corresponds to the covalent bond between the
atoms.

To determine the energy levels of the bonding and the anti-bonding
states, it is important to recognize that in the region between the two nuclei
the coulombic potential energy V(r) is lowered (solid line in Fig. 3-2) com-
pared to isolated atoms (dashed lines). It is easy to see why the potential en-
ergy would be lowered in this region, because an clectron here would be
attracted by two nuclei, rather than just one. For the bonding state the elec-
tron probability density is higher in this region of lowered potential energy
than for the anti-bonding state. As a result, the original isolated atomic en-
ergy level would be split into two, a lower bonding energy level and a high-
er anti-bonding level. It is the lowering of the energy of the bonding state that
gives rise to cohesion of the crystal. For even smaller inter-atomic spacings,
the energy of the crystal goes up because of repulsion between the nuclei, and
other electronic interactions. Since the probability density is given by the
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linear combinations of atomic orbitals (LCAQ): The LCAO when 2 atoms are brought together leads to
2 disfinct “normal” modes—a higher energy antibonding orbital, and o lower energy bonding orbital.
Note that the electron probability density is high in the region between the ion cores (covalent “bond”),
leading to lowering of the bonding energy level and the cohesion of the crystal. If instead of 2 atoms,
one:rings together N atoms, there will be N distinct LCAO, and N closely-spaced energy levels in o
band.
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square of the wave function, if the entire wave function is multiplied by -1,
it does not lead to a different LCAO. The important point to note in this dis-
cussion is that the number of distinct LCAO, and the number of distinct en-
ergy levels depends on the number of atoms that are brought together. The
lowest energy level corresponds to the totally symmetric LCAO, the highest
corresponds to the totally anti-symmetric case and the other combinations
lead to energy levels in between.

Qualitatively, we can see that as atoms are brought together, the ap-
plication of the Pauli exclusion principle becomes important. When two atoms
are completely isolated from each other so that there is no interaction of
electron wave functions between them, they can have identical electronic
structures. As the spacing between the two atoms becomes smaller, howev-
er, electron wave functions begin to overlap. The exclusion principle dictates
that no two electrons in a given interacting system may have the same quan-
tum state; thus there must be at most one electron per level after there is a
splitting of the discrete energy levels of the isolated atoms into new levels be-
longing to the pair rather than to individual atoms.
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Energy levels in Si as a function of inter-atomic spacing. The core levels (n = 1,2} in Si are completel
filled with electrons. At the actual atomic spacing of the crystal, the 2N electrons in the 3s sub-shell and
the 2N electrons in the 3p sub-shell undergo sp® hybridization, and all end up in the lower 4N states
[valence band), while the higher lying 4N states (conduction band) are empty, separated by a
bandgap.

In a solid, many atoms are brought together, so that the split energy
levels form essentially continuous bands of energies. As an example, Fig, 3-3
illustrates the imaginary formation of a silicon crystal from isolated silicon
atoms. Each isolated silicon atom has an electronic structure 15°252p*35?3p”
in the ground state. Each atom has available two 15 states, two 2s states, six 2p
states, two Js states, six 3p states, and higher states (see Tables 2-1 and 2-2).
If we consider N atoms, there will be 2N, 2N, 6NV, 2N, and 6N states of type
Ls, 25, 2p,3s, and 3p, respectively. As the interatomic spacing decreases, these
energy levels split into bands, beginning with the outer (n = 3) shell. As the
“3s™ and “3p” bands grow, they merge into a single band composed of a mix-
ture of energy levels. This band of “35-3p™ levels contains 8N available states.
As the distance between atoms approaches the equilibrium interatomic spac-
ing of silicon, this band splits into two bands separated by an energy gap E,
The upper band (called the conduction band) contains 4N states, as does the
lower (valence) band. Thus, apart from the low-lying and tightly bound “core”
levels, the silicon crystal has two bands of available energy levels separated
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by an energy gap E, wide, which contains no allowed energy levels for elec-
trons to occupy. This gap is sometimes called a “forbidden band,” since in a
perfect crystal it contains no electron energy states.

We should pause at this point and count electrons The lower “1s” band
is filled with the 2N electrons which originally resided in the collective 1s
states of the isolated atoms. Similarly, the 25 band and the 2p bands will have
2N and 6N electrons in them, respectively. However, there were 4N electrons
in the original isolated n = 3 shells (2N in 3s states and 2N in 3p states).
These 4N electrons must occupy states in the valence band or the conduction
band in the crystal. At 0 K the electrons will occupy the lowest energy states
available to them. In the case of the Si crystal, there are exactly 4N states in
the valence band available to the 4N electrons. Thus at 0 K, every state in the
valence band will be filled, while the conduction band will be completely
empty of electrons. As we shall see, this arrangement of completely filled
and empty energy bands has an important effect on the electrical conductivity
of the solid.

3.1.3  Metals, Semiconduciors, and Insulators

Every solid has its own characteristic energy band structure. This variation
in band structure is responsible for the wide range of electrical characteris-
tics observed in various materials. The silicon band structure of Fig. 3-3, for
example, can give a good picture of why silicon in the diamond lattice is a
good insulator. To reach such a conclusion, we must consider the properties
of completely filled and completely empty energy bands in the current con-
duction process.

Before discussing the mechanisms of current flow in solids further, we
can observe here that for electrons to experience acceleration in an applied
electric field, they must be able to move into new energy states. This implics
there must be empty states (allowed energy states which are not already oc-
cupied by electrons) available to the electrons. For example, if relatively few
electrons reside in an otherwise empty band, ample unoccupied states are
available into which the electrons can move. On the other hand, the silicon
band structure is such that the valence band is completely filled with electrons
at 0 K and the conduction band is empty. There can be no charge transport
within the valence band, since no empty states are available into which elec-
trons can move. There are no electrons in the conduction band, so no charge
transport can take place there either. Thus silicon has a high resistivity typi-
cal of insulators.

Semiconductor materials at 0 K have basically the same structure as
insulators—a filled valence band separated from an empty conduction band
by a band gap containing no allowed energy states (Fig. 3-4). The difference
lies in the size of the band gap E,, which is much smaller in semiconductors
than in insulators. For example, the semiconductor Si has a band gap of about
1.1 eV compared with 5 eV for diamond. The relatively small band gaps of
semiconductors (Appendix III) allow for excitation of electrons from the

=
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Figure 3-4
Typical band
structures at O K,

Insulanor Semiconducior Metal

lower (valence) band to the upper (conduction) band by reasonable amounts
of thermal or optical energy. For example, at room temperature a semicon-
ductor with a 1-eV band gap will have a significant number of electrons ex-
cited thermally across the energy gap into the conduction band, whereas an
insulator with £, = 10 eV will have a negligible number of such excitations.
Thus an important difference between semiconductors and insulators is that
the number of electrons available for conduction can be increased greatly in
semiconductors by thermal or optical cnergy.

In metals the bands either overlap or are only partially filled. Thus elec-
trons and empty energy states are intermixed within the bands so that elec-
trons can move freely under the influence of an electric field. As expected
from the metallic band structures of Fig. 3-4, metals have a high electrical
conductivity.

3.1.4 Direct and Indirect Semiconductors

The “thought experiment™ of Section 3.1.2, in which isolated atoms were
brought together to form a solid, is useful in pointing out the existence of
energy bands and some of their properties. Other techniques are generally
used, however, when quantitative calculations arc made of band structures.
In a typical calculation, a single electron is assumed to travel through a per-
fectly peniodic lattice. The wave function of the electron is assumed to-be in
the form of a plane wave' moving, for example, in the x- direction with prop-
agation constant k, also called a wave vector. The space-dependent wave
function for the electron is

'Discussions of pk:lrle waves are availoble in most sc\phomora physics texts or in introductory s‘.e{,tromog‘
nelicy fexts.
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E Eq

fa) Direct (b} Indirect

U (x) = Uk, x)e*< (3-1)

where the function U(k,, x) modulates the wave function according_to the pe-
riodicity of the lattice,

In such a calculation, allowed values of energy can be plotted vs. the
propagation constant k. Since the periodicity of most lattices is different in
various directions, the (E, k) diagram must be plotted for the various crystal
directions, and the full relationship between F and k is a complex surface
which should be visualized in three dimensions.

The band structure of GaAs has a minimum in the conduction band and
a maximum in the valence band for the same k value (k = 0). On the other
hand, Si has its valence band maximum at a different value of k than its con-
duction band minimum. Thus an electron making a smallest-energy transi-
tion from the conduction band to the valence band in GaAs can do so without
a change in k value; on the other hand, a transition from the minimum point
in the Si conduction band to the maximum point of the valence band requires
some change in k. Thus there are two classes of semiconductor energy bands;
direct and indirect (Fig. 3-5). We can show that an indirect transition, involv-
ing a change in k, requires a change of momentum for the electron.

Figure 3-5
Direct and indi-
rect electron
Iransitions in
semiconductors:
(a) direct transi-
tion with accom-
panying photon
emission; (b) indi-
rect transition via
a defect level.

Assuming that U is constant in Eq. (3-1) for an essentially free electron,
show that the x-component of the electron momentum in the crystal is given
by {p.) = hk,.

EXAMPLE 3-1
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From Eq. (3-1) -
U (x) = Uei=
Using Eq. (2-21b) and the momentum operator,

® h a
Ule %5 = — (&%) dx
_J..,, . j E;\Jc(ef )

e

j U? dx
f;k,f U2 dx
— e,
f U2 dx

This result implies that (£, k) diagrams such as shown in Fig. 3-5 can be
considered plots of electron energy vs. momentum, with a scaling factor #.

The direct and indirect semiconductors are identified in Appendix II1.
In a direct semiconductor such as GaAs, an electron in the conduction band
can fall to an empty state in the valence band, giving off the energy difference
E, as a photon of light. On the other hand, an electron in the conduction band
minimum of an indirect semiconductor such as Si cannot fall directly to the
valence band maximum but must undergo a momentum change as well as
changing its energy. For example, it may go through some defect state (E,)
within the band gap. We shall discuss such defect states in Sections 4.2.1 and
4.3.2.In an indirect transition which involves a change in k, the energy is gen-
crally given up as heat to the lattice rather than as an emitted photon. This
difference between direct and indirect band structures is very important for
deciding which semiconductors can be used in devices requiring light output.
For example, semiconductor light emitters and lasers (Chapter 8) generally
must be made of materials capable of direct band-to-band transitions or of
indirect materials with vertical transitions between defect states

Band diagrams such as those shown in Fig. 3-5 are cumbersome to draw
in analyzing devices, and do not provide a view of the variation of electron
energy with distance in the sample. Therefore, in most discussions we shall use
simple band pictures such as those shown in Fig. 34, remembering that elec-
tron transitions across the band gap may be direct or indirect.

3.1.5 Variation of Energy Bands with Alloy Composition

As 11I-V ternary and quaternary alloys are varied over their composition
ranges (see Sections 1.2.4 and 1.4.1), their band structures change. For example,
Fig. 3-6 illustrates the band structure of GaAs and AlAs, and the way in which
the bands change with composition x in the ternary compound Al,Ga,  As.
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Variation of direct and indirect conduction bands in AlGaAs as o function of composition: (a] the (E k)
diagram for GoAs, showing three minima in the conduction band; (b) AlAs band diagram; (c) positions
of the three conduction band minima in Al,Ga, ,As as x varies over the range of compositions from

GaAs (x = 0) to AlAs (x = 1). The smallest band gap, E; (shown in color), follows the direct I band to
x = 0.38, and then follows the indirect X band.
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The binary compound GaAs is a direct material, with a band gap of 1.43 eV
at room temperature. For reference, we call the direct (k = 0) conduction band
minimum I'. There are also two higher-lying indirect minima in the GaAs con-
duction band, but these are sufficiently far above I' that few electrons reside
there (we discuss an important exception in Chapter 10 in which high-field ex-
citation of electrons into the indirect minima leads to the Gunn effect). We
call the lowest-lying GaAs indirect minimum L and the other X. In AlAs the
direct I' minimum is much higher than the indirect X minimum, and this ma-
terial is therefore indirect with a band gap of 2.16 eV at room temperature.

In the ternary alloy Al Ga, As all of these conduction band minima
move up relative to the valence band as the composition x varies from
(GaAs) to 1 (AlAs). However, the indirect minimum X moves up less than
the others, and for compositions above about 38 percent Al this indirect min-
imum becomes the lowest-lying conduction band. Therefore, the ternary alloy
AlGaAs is a direct semiconductor for Al compositions on the column 111 sub-
lattice up to about 38 percent,and is an indirect semiconductor for higher Al
mole fractions. The band gap energy E, is shown in color on Fig. 3-6(c).

‘The variation of energy bands for the ternary alloy GaAs,_,P, is gen-
erally similar to that of AlGaAs shown in Fig. 3-6. GaAsP is a direct semi-
conductor from GaAs to about GaAss,P,s and is indirect from this
composition to GaP (see Fig. 8-11). This material is often used in visible
LEDs.

Since light emission is most efficient for direct materials, in which elec-
trons can drop from the conduction band to the valence band without chang-
ing k (and therefore momentum), LEDs in GaAsP are generally made in
material grown with a composition less than x = 0.45. For example, most red
LEDs in this material are made at about x = 0.4, where the I' minimum is still
the iowest-lying conduction band edge, and where the photon resulting from
a direct transition from this band to the valence band is in the red portion of
the spectrum (about 1.9 eV). The use of impurities to enhance radiative re-
combination in indirect material will be discussed in Section 8.2.

3.2

CHARGE CARRIERS
IN SEMI-
CONDUCTORS

The mechanism of current conduction is relatively easy to visualize in the
case of a metal; the metal atoms are imbedded in a “sea” of relatively free
electrons, and these electrons can move as a group under the influence of an
electric field. This free electron view is oversimplified, but many important
conduction properties of metals can be derived from just such a model. How-
ever, we cannot account for all of the electrical properties of semiconduc-
tors in this way. Since the semiconductor has a filled valence band and an
empty conduction band at 0 K, we must consider the increase in conduction
band electrons by thermal excitations across the band gap as the temperature
is raised. In addition, after electrons are excited to the conduction band, the
empty states left in the valence band can contribute to the conduction process
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The introduction of impurities has an important effect on the energy band
structure and on the availability of charge carriers. Thus there is considerable
flexibility in controlling the electrical properties of semiconductors.

3.2.1 Electrons and Holes

As the temperature of a semiconductor is raised from 0 K, some electrons in
the valence band receive cnough thermal energy to be excited across the
band gap to the conduction band. The result is a material with some elec-
trons in an otherwise empty conduction band and some unoccupied states in
an otherwise filled valence band (Fig. 3-7).2 For convenience, an empty state
in the valence band is referred to as a hole. If the conduction band clectron
and the hole are created by the excitation of a valence band electron to the
conduction band, they are called an electron-hole pair (abbreviated EHP).

After excitation to the conduction band, an electron is surrounded by
a large number of unoccupied energy states. For cxample, the equilibrium
number of electron-hole pairs in pure Si at room temperature is only about
10'° EHP/cm’, compared to the Si atom density of 5 % 107 atoms/cm”. Thus
the few electrons in the conduction band are free to move about via the many
available empty states.

The corresponding problem of charge transport in the valence band is
somewhat more complicated. However, it is possible to show that the effects
of current in a valence band containing holes can be accounted for by sim-
ply keeping track of the holes themselves.

In a filled band, all available energy states are occupied. For every elec-
tron moving with a given velocity, there is an equal and opposite clectron mo-
tion elsewhere in the band. If we apply an electric field, the net current is zero
because for every electron j moving with velocity v; there is a corresponding
electron j* with velocity —v;. Figure 3-8 illustrates this effect in terms of the
clectron energy vs. wave vector plot for the valence band. Since k is proportional

% Fig. 3-7 and in subsequent discussions, we refer to the bottom of the conduction band as E; and the
top of the valence band as £..

Figure 3-7
Electron-hole
pairs in a
semiconductor.
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to electron momentum, it is clear the two electrons have oppositely directed
velocities. With N electrons/cm” in the band we express the current density using
a sum over all of the electron velocities, and including the charge —q on each
electron. In a unit volume,

5
J=(- q)E v,=0 (filled band) (3-2a)

Now if we create a hole by removing the jth electron, the net current
density in the valence band involves the sumh over all velocities, minus the con-
tribution of the electron we have removed.

N
J=(=q)2 v, = (=q)v; (jthelectron missing) (3-2b)

But the first term is zero, from Eq. (3-2a). Thus the net current is +qv;
In other words, the current contribution of the hole is equivalent to that of
a positively charged particle with velocity v;, that of the missing electron. Of
course, the charge transport is actually due to the motion of the new un-
compensated electron (j'). Its current contribution (—gq) (—v,) is equivalent
to that of a positively charged particle with veiocity +v;. For simplicity, it is
customary to treat empty states in the valence band as charge carriers with
positive charge and positive mass.

A simple analogy may help in understagding the behavior of holes. If
we have two bottles, one completely filled with water and one completely
empty, we can ask ourselves “Will there be any net transport of water when
we tilt the bottles?” The answer is “no”. In the case of the empty bottle, the
answer is obvious. In the case of the completely full bottle also, there cannot
be any net motion of water because there is no empty space for water to
move into. Similarly, an empty conduction band completely devoid of elec-
trons or a valence band completely full of electrons cannot give rise to a net
motion of electrons, and thus to current conduction.

Next, we imagine transferring some water droplets from the full bottle
into the empty bottle, leaving behind some air bubbles, and ask ourselves
the same question. Now when we tilt the bottles there will be net transport
of water: the water droplets will roll downhill in one bottle and the air bub-
bles will move uphill in the other. Similarly, a few electrons in an otherwise
empty conduction band move opposite to an electric field, while holes in an
otherwise filled valence band move in the direction of the field. The bubble
analogy is imperfect, but it may provide a physical feel for why the charge and
mass of a hole have opposite signs from those of an electron.

In all the following discussions we shall concentrate on the electrons in
the conduction band and on the holes in the valence band. We can account
for the current flow in a semiconductor by the motion of these two types of
charge carriers. We draw valence and conduction bands on an electron energy
scale E, as in Fig. 3-8. However, we should remember that in the valence
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E

Figure 3-8

A valence band with all states filled, including states j and |/, marked for discussion. The jth electron
with wave vector k. is matched by an electron at ' with the opposite wave vector —k,. There is no net

69

current in the bcmrj unless an eleciron is removed. For example, if the jth electron is removed, the motion

of the electron at | is no longer compensated.

band, hole energy increases oppositely to electron energy, because the two
carriers have opposite charge. Thus hole energy increases downward in Fig.
3-8 and holes, seeking the lowest energy state available, are generally found
at the top of the valence band. In contrast, conduction band electrons are
found at the bottom of the conduction band.

It would be instructive to compare the (E, k) band diagrams with the
“simplified” band diagrams that are used for routine device analysis (Fig. 3-9).
As discussed in Examples 3-1 and 3-2, an (£, k) diagram is a plot of the total
electron energy (potential plus kinetic) as a function of the crystal-direction-
dependent electron wave vector (which is proportional to the momentum
and therefore the velocity) al some point in space. Hence, the bottom of the
conduction band corresponds 10 zero electron velocity or kinetic energy, and
simply gives us the potential energy at that point in space. For holes, the top
of the valence band corresponds to zero kinetic energy. For simplified band
diagrams, we plot the edges of the conduction and valence bands (i.e., the
potential energy) as a function of position in the device. Energies higher in
the band correspond to additional kinetic energy of the electron. Also, the fact
that the band edge corresponds to the electron potential energy tells us that
the variation of the band edge in space is related to the electric field at dif-
ferent points in the semiconductor. We will show this relationship explicitly
in Section 4.4.2.

In Fig. 3-9, an electron at location A sees an electric field given by the
slope of the band edge (potential energy). and gains kinetic energy (at the ex-
pense of potential energy) by moving to point B. Correspondingly, in the (E, k)
diagram, the electron starts at k = 0, but moves to a non-zero wave vector kg.
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Figure 3-9
Superimposition
of the (E k)
bandstructure on
the E-versus-
position simplified
band diagram for
a semiconductor
in an electric
field. Electron
energies increase
going up, while
hole energies
increase going
down. Similarly,
electron and hole
wavevectors point
in opposite direc-
tions and these
charge carriers
move opposite

ta each other,

as shown.

Electron
energy

Electron
K.E.

The electron then loses kinetic energy to heat by scattering. mechanisms (dis-
cussed in Section 3.4.3) and returns to the bottom of the band at B. The slopes
of the (£, x) band edges at different points in space reflect the local electric
fields at those points. [n practice, the electron may lose its kinetic energy in
stages by a series of scattering events, as shown by the dashed lines.

3.2.2 EHective Mass

The electrons in a crystal are not completely free, but instead interact with
the periodic potential of the lattice. As a result, their “wave-particle” motion
cannot be expected to be the same as for electrons in free space. Thus, in ap-

. plying the usual equations of electrodynamics to charge carriers in a solid, we

must use altered values of particle mass. In doing so, we account for most of
the influences of the lattice, so that the electrons and holes can be treated as
“almost free” carriers in most computations. The calculation of effective mass
must take into account the shape of the energy bands in three-dimensional
k- space, taking appropriate averages over the various energy bands.

EXAMPLE 3-2

Find the (E, k) relationship for a free electron and relate it to the electron
mass.
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From Example 3-1, the electron momentum is p = mv = fik. Then SOLUTION
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‘Thus the electron energy is parabolic with wave vector k. The electron
1ss is inversely related to the curvature (second derivative) of the (£, k)
- ationship, since
&E #°

dk? m

Although electrons in solids are not free, most energy bands are close to
parabolic at their minima (for conduction bands) or maxima {for valence
bands). We can also approximate effective mass near those band extrema
from the curvature of the band.

The effective mass of an electron in a band with a given (E, k) rela-
tionship is found in Example 3-2 to be

ﬁz

"= PEj

(3-3)

Thus the curvature of the band determines the electron effective mass.
For example, in Fig. 3-6a it is clear that the electron effective mass in GaAs
is much smaller in the direct I' conduction band (strong curvature) than in
the L or X minima (weaker curvature, smaller value in the denominator of
the m* expression). -

A particularly interesting feature of Figs. 3-5 and 3-6 is that the cur-
vature of d*E/dk? is positive at the conduction band minima, but is negative
at the valence band maxima. Thus, the electrons near the top of the valence
band have negative effective mass, according to Eq. (3-3). Valence band elec-
trons with negative charge and negative mass move in an electric field in the
same direction as holes with positive charge and positive mass. As discussed
in Section 3.2.1, we can fully account for charge transport in the valence band
by considering hole motion.



72 Chapter 3

For a band centered at k = 0 (such as the T band in GaAs), the (E, k)
relationship near the minimum is usually parabolic:

hl‘
E= v k' + E (34)

Comparing this relation to Eq. (3-3) indicates that the effective mass
m* is constant in a parabolic band. On the other hand, many conduction
bands have complex (E, k) relationships that depend on the direction of elec-
tron transport with respect to the principal crystal directions. In this case, the
effective mass is a tensor quantity. However, we can use appropriate averages
over such bands in most calculations.

Figure 3-10a shows the bandstructures for Si and GaAs viewed along two
major directions. While the shape is parabolic near the band edges (as indicat-
ed in Figure 3-5, and Example 3-2), there are significant non-parabolicities at
higher energies. The energies are plotted along the high symmetry [111] and
[100] directions in the crystal, The k = 0 point is denoted as I, When we go along

CGaAs

b I

y Conduction band
Upper

[~ valley

L (1] T [l0e] X L (1] T [100] X

Wave vector

(a) (b)
Figure 3-10
Realistic bandstructures in semiconductors: (a) Conduction and valence bands in Si and GaAs along

[111] and [100]; (b) ellipsoidal constant energy surface for Si, near the & conduction band minima
along the X directions. (From Chelikowsky and Cohen, Phys. Rev. B14, 556, 1976).
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the [100] direction, we reach a valley near X, while we reach the L valley along
the [111] direction. (Since the energies are plotted along different directions, the
curves do not look symmetric.) The valence band maximum in most semicon-
ductors is at the I” point. It has three branches: the heavy hole band with the
smallest curvature, a light hole band with a larger curvature, and a split-off band
at a different energy. We notice that for GaAs the conduction band minimum and
the valence band maximum are both atk = 0; therefore it is direct bandgap. Sil-
icon, on the other hand, has 6 equivalent conduction minima at X along the 6
equivalent (100) directions; therefore, it is indirect.

Figure 3-10b shows the constant energy surface for electrons in one of
the six conduction bands for Si. The way to relate these surfaces to the band-
structures shown in Fig: 3-10a is to consider a certain value of energy, and de-
termine all the k vectors in 3 dimensions for which we get this energy. We find
that for Si we have 6 cigar-shaped ellipsoidal equi-energy surfaces near the
conduction band minima along the six equivalent X-directions, with a longi-
tudinal effective mass, m,, along the major axis, and two transverse effective
masses, /1, along the minor axes. For GaAs, the conduction band is more or
less spherical for low energies. On the other hand, we have warped spherical
surfaces in the valence band. The importance of these surfaces will be clear in
Section 3. 4.1 when we consider different types of effective masses in semi-
conductors.

In any calculation involving the mass of the charge carriers, we must use
effective mass values for the particular material involved. In all subsequent dis-
cussions, the electron effective mass is denoted by m#* and the hole effective
mass by m#. The 7 subscript indicates the electron as a negative charge carri-
er, and the p subscript indicates the hole as a positive charge carrier.

There is nothing mysterious about the concept of an “effective™ mass,
r%, and about the fact that it is different in different semiconductors. Indeed,
the “true” mass of an electron, m, is the same in Si, Ge or GaAs—it is the
same as for a free electron in vacuum. To understand why the effective mass
is different from the true mass, consider Newton’s second law which states
that the time rate of change of momentum is the force.

dp/dt = d(mv)/dt = Force (3-5a)

An electron in a crystal experiences a total force Fy, + F,, where F;,
is the collection of internal periodic crystal forces, and F_, is the externally
applied force. It is inefficient to solve this complicated problem involving
the periodic crystal potential (which is obviously different in different semi-
conductors) every time we try to solve a semiconductor device problem. It
is better to solve the complicated problem of carrier motion in the periodic
crystal potential just once, and encapsulate that information in what is called
the bandstructure, ( £, k), whose curvature gives us the effective mass, m*. The
electron then responds to external forces with this new m2. Newton’s law is
then written as:

d(m)v)/dt =F,, (3-5b)
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Figure 3-11
Electron-hole
pairs in the
covalent bonding
model of the

Si erystal.

This is clearly an enormous simplification compared to the more de-
tailed problem. Obviously, the periodic crystal forces depend on the details
of a specific semiconductor; therefore, the effective mass is different in dif-
ferent materials.

Once we determine the band curvature effective mass components from
the orientation-dependent (E, k), we have to combine them appropriately
for different types of calculations. We shall see in Section 3.3.2 that when we
are interested in determining the numbets of carriers in the bands, we have
to use a “density-of-states™ effective mass by taking the geometric mean of
the band curvature effective masses, and the number of equivalent band ex-
trema. On the other hand we will find in Section 3.4.1 that in problems in-
volving the motion of carriers, one must take the harmonic mean of the band
curvature effective masses to get the “conductivity” effective mass.

3.2.3 Infrinsic Material

A perfect semiconductor crystal with no impurities or lattice defects is called
an intrinsic semiconductor. In such material there are no charge-carriers at
0 K, since the valence band is filled with electrons and the conduction band
is empty. At higher temperatures electron-hole pairs are generated as va-
lence band electrons are excited thermally across the band gap to the con-
duction band. These EHPs are the only charge carriers in intrinsic material.

The generation of EHPs can be visualized in a qualitative way by con-
sidering the breaking of covalent bonds in the crystal lattice (Fig. 3-11). If one
of the Si valence electrons is broken away from its position in the bonding
structure such that it becomes free to move about in the lattice, a conduction
electron is created and a broken bond (hole) is left behind. The energy re-
quired to break the bond is the band gap energy E,. This model helps in vi-
sualizing the physical mechanism of EHP creation, but the energy band
model is more productive for purposes of quantitative calculation. One im-
portant difficulty in the “broken bond” model is that the free electron and the
hole seem deceptively localized in the lattice. Actually, the positions of the
free electron and the hole are spread out over several lattice spacings and
should be considercd quantum mechanically by probability distributions (sec
Section 2.4).

-0
. -
-
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Since the electrons and holes are created in pairs, the conduction band
electron concentration n (electrons per cm’) is equal to the concentration of
holes in the valence band p (holes per cm’). Each of these intrinsic carrier
concentrations is commonly referred to as n. Thus for intrinsic material

n=p=n, (3-6)

At a given temperature there is a certain concentration of electron-
hole pairs n,. Obviously. if a steady state carrier concentration is maintained,
there must be recombination of EHPs at the same rate at which they are gen-
erated. Recombination occurs when an electron in the conduction band
makes a transition (direct or indirect) to an empty state (hole) in the valence
band, thus annihilating the pair. If we denote the generation rate of EHPs as
g: (EHP/cm’-s) and the recombination rate as r,, equilibrium requires that

=g (3"73 )

Each of these rates is temperature dependent. For example, g,(7) in-
creases when the temperature is raised, and a new carrier concentration r; is
established such that the higher recombrnation rate r.{7) just balances gen-
eration. At any temperature, we can predict that the rate of recombinaiiori
of electrons and holes r; is proportional to the equilibrium concentration of
electrons n; and the concentration of holes p;;:

r=angp = an =g, 3-7b)

The factor a, is a constant of proportionality which depends on the particu-
lar mechanism by which recombination takes place. We shall discuss the cal-
culation of n; as a function of temperature in Section 3.3.3; recombination
processes will be discussed in Chapter 4. '

3.2.4 Exfrinsic Material

In addition to the intrinsic carriers generated thermailly, it is possible to create
carriers in semiconductors by purposely introducing impurities into the crys-
tal. This process, called doping, is the most common technique for varying the
conductivity of semiconductors. By doping, a crystal can be altered so that it
has a predominance of either electrons or holes. Thus there are iwo types of
doped semiconductors, n-type (mostly electrons) and p-type (mostly holes).
When a crystal is doped such that the equilibrium carrier concentrations n,
and p, are different from the intrinsic carrier concentration #;, the material is
said to be extrinsic. ;

When impurities or lattice defects are introduced into an otherwise
perfect crystal, additional levels are created in the energy band structure,
usually within the band gap. For example, an impurity from column V of the
periodic table (P, As, and Sb) introduces an energy level very near the con-
duction band in Ge or Si. This level is filled with electrons at 0 K., and very
little thermal energy is required to excite these electrons to the conduction
band (Fig. 3-12a). Thus at about 50-100 K virtually all of the electrons in the

75

g,



76 Chapter 3

Figure 3-12
Energy band
model and chemi-
cal bond model of
dopants in semi-
conductors: (a)
donation of elec-
trons from donar
level to conduce-
tion band; (b} ac-
ceptance of
valence band
electrons by an
acceplor level,
and the resulting
creation of holes;
[c) donor and ac-
ceptor atoms in
the covalent bond-
ing model of a Si
crystal.
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impurity level are “donated” to the conduction band. Such an impurity level
is called a donor level, and the column V impurities in Ge or Si are called
donor impurities. From Fig. 3-12a we note that the material doped with donor
impurities can have a considerable concentration of electrons in the con-
duction band, even when the temperature is too low for the intrinsic EHP
concentration to be appreciable. Thus semiconductors doped with a signifi-
cant number of donor atoms will have ny >> (n;, po) at room temperature.
This is n-type material.
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Atoms from column III (B, Al, Ga, and In) introduce impurity levels in
Ge or Si near the valence band. These levels are empty of electrons at 0 K
Fig. 3-12b). At low temperatures, enough thermal energy is available to ex-
cite electrons from the valence band into the impurity level, leaving behind
holes in the valence band. Since this type of impurity level “accepts™ electrons
from the valence band, it is called an acceptor level, and the column III im-
purities are acceptor impurities in Ge and Si. As Fig. 3-12b indicates, doping
with acceptor impurities can create a semiconductor with a hole concentra-
tion p, much greater than the conduction band electron concentration n,
(this type is p-type material).

In the covalent bonding model, donor and acceptor atoms can be visual-
ized as shown in Fig. 3-12c. An As atom (column V) in the Si lattice has the four
necessary valence electrons to complete the covalent bonds with the neighbor-
ing Si atoms, plus one extra electron. This fifth electron does not fit into the bond-
ing structure of the lattice and is therefore loosely bound to the As atom. A small
amount of thermal energy enables this extra electron to overcome its coulom-
bic binding to the impurity atom and be donated to the lattice as a whole. Thus
it is free to participate in current conduction. This process is a qualitative model
of the excitation of electrons out of a donor level and into the conduction band
(Fig. 3-12a). Similarly, the column III impurity B has only three valence elec-
trons to contribute to the covalent bonding (Fig. 3-12c), thereby leaving one
bond incomplete. With a small amount of thermal energy, this incomplete.bond
can be transferred to other atoms as the bonding electrons exchange positions.
Again, the idea of an electron “hopping” from an adjacent bond into the in-
complete bond at the B site provides some physical insight into the behavior of
an acceptor, but the model of Fig. 3-12b is preferable for most discussions.

We can calculate rather simply the approximate energy required to ex-
cite the fifth electron of a donor atom into the conduction band (the donor
binding energy). Let us assume for rough calculations that the As atom of
Fig. 3-12c has its four covalent bonding electrons rather tightly bound and
the fifth “extra” electron loosely bound to the atom. We can approximate
this situation by using the Bohr model results, considering the loosely bound
electron as ranging about the tightly bound “core” electrons in a hydrogen-
like orbit. From Eq. (2-15) the magnitude of the ground-state energy (n = 1)
of such an electron is

4

_mq
E_ZKW

The value of K must be modified from the free-space value 4e; used
in the hydrogen atom problem to

(3-8)

K =4me; ¢, (3-9)

where ¢, is the relative diclectric constant of the semiconductor material. In
addition, we must use the conductivity effective mass my typical of the semi-
conductor, discussed in more detail in Section 3.4.1.
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EXAMPLE 3-3

Calculate the approximate donor binding energy for GaAs (¢, = 13.2, m3
= 0.067my).

From Eq. (3-8) and Appendix II we have
- miq'  0.067(9.11 X 1071)(1.6 x 10"*)*
" 8(ee, PR 8(8.85 X 10712 X 13.2)%(6.63 X 107%)
=834 x 10721 =0.0052 eV
Thus the energy required to excite the donor electron from the n = 1
state to the free state (m = =) is = 5.2 meV. This corresponds to the energy

difference E,—F, in Fig. 3-10a and is in very close agreement with actual
measured values.

Generally, the column V donor levels lie approximately 0.01 eV below
the conduction band in Ge, and the column I1I acceptor levels lie about 0.01
eV above the valence band. In Si the usual donor and acceptor levels lie
about 0.03-0.06 eV from a band edge.

In I1I-V compounds, column VI impurities occupying column V sites
serve as donors. For example, S, Se, and Te are donors in GaAs, since they sub-
stitute for As and provide an extra electron compared with the As atom.
Similarly, impurities from column II (Be, Zn, Cd) substitute for column III
atoms to form acceptors in the III—V compounds. A more ambiguous case
arises when a I11-V material is doped with Si or Ge, from column IV. These
impurities are called amphoteric, meaning that Si or Ge can serve as donors
or acceptors depending on whether they reside on the column III or column
V sublattice of the crystal. In GaAs it is common for Si impurities to occupy
Ga sites. Since the Si has an extra electron compared with the Ga it replaces,
it serves as a donor. However, an excess of As vacancies arising during growth
or processing of the GaAs can cause Si impurities to occupy As sites, where
they serve as acceptors.

The importance of doping will become obvious when we discuss elec-
tronic devices made from junctions between p-type and n-type semiconduc-
tor material. The extent to which doping controls the electronic properties of
semiconductors can be illustrated here by considering changes in the sample
resistance which occur with doping. In Si, for example, the intrinsic carrier
concentration n, is about 10'* cm™ at room temperature. If we dope Si with
10" As atoms/em®, the conduction electron concentration changes by five
orders of magnitude. The resistivity of Si changes from about 2 X 10° {)-cm
to 5 (}-cm with this doping.

When a semiconductor is doped n-type or p-type, one type of carrier
dominates. In the example given above, the conduction band electrons out-
number the holes in the valence band by many orders of magnitude. We refer
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Atoms from column III (B, Al, Ga, and In) introduce impurity levels in
Ge or Si near the valence band. These levels are empty of electrons at 0 K
Fig. 3-12b). At low temperatures, enough thermal energy is available to ex-
cite electrons from the valence band into the impurity level, leaving behind
holes in the valence band. Since this type of impurity level “accepts” electrons
from the valence band, it is called an accepror level, and the column IIT im-
purities are acceptor impurities in Ge and Si. As Fig. 3-12b indicates, doping
with acceptor impurities can create a semiconductor with a hole concentra-
tion p, much greater than the conduction band electron concentration n;
(this type is p-type material).

In the covalent bonding model, donor and acceptor atoms can be visual-
ized as shown in Fig. 3-12c. An As atom (column V) in the Si lattice has the four
necessary valence electrons to complete the covalent bonds with the neighbor-
ing Si atoms, plus one extra electron. This fifth electron does not fit into the bond-
ing structure of the latiice and is therefore loosely bound to the As atom. A small
amount of thermal energy enables this extra electron to overcome its coulom-
bic binding to the impurity atom and be donated to the lattice as a whole. Thus
it is free to participate in current conduction. This process is a qualitative model
of the excitation of electrons out of a donor level and into the conduction band
(Fig. 3-12a). Similarly, the column III impurity B has only three valence elec-
trons to contribute to the covalent bonding (Fig. 3-12c¢), thereby leaving one
bond incomplete. With a small amount of thermal energy, this incomplete bond
can be transferred to other atoms as the bonding electrons exchange positions,
Again, the idea of an electron “hopping” from an adjacent bond into the in-
complete bond at the B site provides some physical insight into the behavior of
an acceptor, but the model of Fig. 3-12b is preferable for most discussions.

We can calculate rather simply the approximate energy required to ex-
cite the fifth electron of a denor atom into the conduction band (the donor
binding energy). Let us assume for rough calculations that the As atom of
Fig. 3-12c has its four covalent bonding electrons rather tightly bound and
the fifth “extra” electron loosely bound to the atom. We can approximate
this situation by using the Bohr model results, considering the loosely bound
electron as ranging about the tightly bound “core” electrons in a hydrogen-
like orbit. From Eq. (2-15) the magnitude of the ground-state energy (n = 1)
of such an electron is

4

E= 2?“‘?;& (3-8)

The value of K must be modified from the free-space value 4me, used
in the hydrogen atom problem to

K =4dmeg €, (3-9)

where €, is the relative diclectric constant of the semiconductor material. [n
addition, we must use the conductivity effective mass m# typical of the semi-
conductor, discussed in more detail in Section 3.4.1.
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EXAMPLE 3-3

Calculate the approximate donor binding energy for GaAs (¢, = 13.2, m}
= 0.067my). -

From Eq. (3-8) and Appendix II we have

mpg*  0.067(9.11 X 107 )(1.6 x 10°¥)*
8(eqe,?h: ~ 8(8.85 X 102 X 13.2)%(6.63 X 107*)

=834 X 1072] =0.0052eV

E=

Thus the energy required to excite the donor electron from the n = 1
state to the free state (m = =) is = 5.2 meV. This corresponds to the energy
difference E.—F, in Fig. 3-10a and is in very close agreement with actual
measured values,

Generally, the column V donor levels lie approximately 0.01 eV below
the conduction band in Ge, and the column I1I acceptor levels lie about 0.01
eV above the valence band. In Si the usual donor and acceptor levels lie
about 0.03-0.06 ¢V from a band edge.

In IlI-V compounds, column VI impurities occupying column V sites
serve as donors. For example, S, Se, and Te are donors in GaAs, since they sub-
stitute for As and provide an extra electron compared with the As atom.
Similarly, impurities from column II (Be, Zn, Cd) substitute for column III
atoms to form acceptors in the 11I—V compounds. A more ambiguous case
arises when a [1I-V material is doped with Si or Ge, from column IV. These
impurities are called amphoteric, meaning that Si or Ge can serve as donors
or acceptors depending on whether they reside on the column I1I or column
V sublattice of the crystal. In GaAs it is common for Si impurities to occupy
Ga sites. Since the Si has an extra electron compared with the Ga it replaces,
it serves as a donor. However, an excess of As vacancies arising during growth
or processing of the GaAs can cause Si impurities to occupy As sites, where
they serve as acceptors,

The importance of doping will become obvious when we discuss elec-
tronic devices made from junctions between p-type and n-type semiconduc-
tor material. The extent to which doping controls the electronic properties of
semiconductors can be illustrated here by considering changes in the sample
resistance which occur with doping. In Si, for example, the intrinsic carrier
concentration n; is about 10" em ™ at room temperature. If we dope Si with
10'° As atoms/cm’, the conduction electron concentration changes by five
orders of magnitude. The resistivity of Si changes from about 2 X 10° )-cm
to 5 {)-cm with this doping.

When a semiconductor is doped n-type or p-type, one lype of carrier
dominates. In the example given above, the conduction band electrons out-
number the holes in the valence band by many orders of magnitude. We refer
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to the small number of holes in n-type material as minority carriers and the
relatively large number of conduction band electrons as majority carriers.
Similarly, electrons are the minority carriers in p-type material, and holes
are the majority carriers.

3.2.5 Electrons and Holes in Quantum Wells

We have discussed single-valued (discrere) energy levels in the band gap aris-
ing from doping, and a continuum of allowed states in the valence and con-
duction bands. A third possibility is the formation of discrete levels for
electrons and holes as a result of quantum-mechanical confinement.

One of the most useful applications of MBE or OMVPE growth of
multi-layer compound semiconductors, as described in Section 1.4, is the fact
that a continuous single crystal can be grown in which adjacent layers have
different band gaps. For example. Fig. 3-13 shows the spatial variation in con-
duction and valence bands for a multilayer structure in which a very thin
layer of GaAs is sandwiched between two layers of AlGaAs, which has a
wider band gap that the GaAs. We will discuss the details of such hetero-
junctions (junctions between dissimilar materials) in Section 5.8. It is inter-
esting to point out here, however, that a consequence of confining electrons:
and holes in a very thin layer is that these particles behave according to the
particle in a potential well problem, with quantum states calculated in Section

E;
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Figure 3-13

Energy band discontinuities for a thin layer of GaAs sandwiched between layers of wider band gap
AlGaoAs. In this case, the GaAs region is so thin that quanfum states are formed in the valence and con-
duction bands. Electrons in the GaAs conduction band reside on “particle in a potential well” states
such a £, shown here, rather than in the usual conduction band states. Holes in the quantum well occu-
py similar discrete states, such a E;.



80 Chapter 3

]

2.4.3. Therefore, instead of having the continuum of states normally avail-
able in the conduction band, the conduction band electrons in the narrow-
gap material are confined to discrete quantum states as described by Eq.
(2-33), modified for effective mass and finite barrier height. Similarly, the
states in the valence band available for holes are restricted to discrete levels
in the quantum well. This is one of the clearest demonstrations of the quan-
tum mechanical results discussed in Chapter 2. From a pragtical device point
of view, the formation of discrete quantum states in the GaAs layer of Fig.
3-13 changges the energy at which photons can be emitted. An electron on one
of the discrete conduction band states (E, in Fig. 3-13) can make a transition
to an empty discrete valence band state in the GaAs quantum well (such as
Ej), giving off a photon of energy E, + E, + E,, greater than the GaAs band
gap. Semiconductor lasers have been made in which such a quantum well is
used to raise the energy of the transition from the infrared, typical of GaAs,
to the red portion of the spectrum. We will see other examples of quantum
wells in semiconductor devices in later chapters.

3.3
CARRIER
CONCENTRATIONS

In calculating semiconductor electrical properties and analyzing device be-
havior, it is often necessary to know the number of charge carriers per cm®
in the material. The majority carrier concentration is usually obvious in heav-
ily deped material, since one majority carrier is obtained for each impurity
atom (for the standard doping impurities). The concentration of minority
carriers is not obvious, however, nor is the temperature dependence of the
carrier concentrations.

To obtain equations for the carrier concentrations we must investigate
the distribution of carriers over the available energy states. This type of dis-
tribution is not difficult to calculate, but the derivation requires some back-
ground in statistical methods. Since we are primarily concerned here with
the application of these results to semiconductor materials and devices, we
shall accept the distribution function as given. ’

3.3.1 The Fermi Level

Electrons in solids obey Fermi-Dirac statistics.® In the development of this
type of statistics, one must consider the indistinguishability of the electrons,

YExamples of other types of stutistics are Maxwell-Boltzmann for classical particles le.g., gas) ond Bose—
Einstein for photons. For two discrete energy levels, E; and E, [with E; > £}, clossical gas ofoms follow a
Bollzmann distribution; the number n, of atoms in state £, is related 1o the number n, in £, of thermal equi-
librium by

i B8 N~ &7 M e LB EJAT

n NN,
assuming the two levels have N, and N, number of states, respectively. The exponential term exp| - AE/kT)
is commonly called the Boltzmann factor. It appears alse in the denominaltor of the Fermi-Dirac distribution
function. We shall return to the Boltzmann distribution in Chapter 8 in discussions of the properties of
lasers.
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their wave nature, and the Pauli exclusion principle. The rather simple result
of these statistical arguments is that the distribution of electrons over a range
of allowed energy levels at thermal equilibrium is

1
RE) = (3-10)

where k is Boltzmann's constant (k = 8.62 X 10~°eV/K = 1.38 X 107 J/K).
The function f{E), the Fermi-Dirac distribution function, gives the probabil-
ity that an available energy state at E will be occupied by an electron at ab-
solute temperature 7. The quantity Ej is called the Fermi level, and it
represents an important quantity in the analysis of semiconductor behavior.
We notice that, for an energy E equal to the Fermi level energy Ej, the oc-
cupation probability is

1

FED=[1+ B ErTy1 o —_ o

3-11
1% 1 ( )

B -

Thus an energy state at the Fermi level has a probability of '/, of being
occupied by an electron.

A closer examination of f{ E) indicates that at 0 K the distribution takes
the simple rectangular form shown in Fig. 3-14. With T = 0 in the denomi-
nator of the exponent, f{E) is 1/(1 + 0) = 1 when the exponent is negative
(E < Ep),and is 1/(1 + =) = 0 when the exponent is positive (E > Eg): This
rectangular distribution implies that at 0 K every available energy state up
lo Egis filled with electrons, and all states above Ej are empty.

At temperatures higher than 0 K, some probability exists for states
above the Fermi level to be filled. For example, at T = T, in Fig. 3-14 there
is some probability f{E) that states above Ej are filled, and there is a corre-
sponding probability [1 — f(£)] that states below Ey are empty. The Fermi
function is symmetrical about £ for all temperatures: that is, the probabili-
ty lEr + AE) that a state AE above E s filled is the same as the probabil-
ity {1 — flE; — AE)] thata state AE below Eis empty. The symmetry of the

AE)

[ /
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Figure 3-14
The Fermi-Dirac
distribution
function.
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Figure 3-15

The Fermi distribu-
tion function
applied to
semiconductors:
(a) intrinsic materi-
al; {b) ntype mao-
terial; () ptype
material.

| |
distribution of empty and filled states about E makes the Fermi level a nat-
ural reference point in calculations of electron and hole concentrations in
semiconductors.

In applying the Fermi-Dirac distribution to semiconductors, we must
recall that f{E) is the probability of occupancy of an available state at E.
Thus if there is no available state at E (e.g., in the band gap of a semicon-
ductor), there is no possibility of finding an electron there. We can best vi-
sualize the relation between f{ E) and the band structure by turning the f{£)
vs. E diagram on its side so that the E scale corresponds to the energies of the
band diagram (Fig. 3-15). For intrinsic material we know that the concen-
tration of holes in the valence band is equal to the concentration of elec-
trons in the conduction band. Therefore, the Fermi level E; must lie at the
middle of the band gap in intrinsic material.* Since f{ E) is symmetrical about
Ej, the electron probability “tail” of f{ E) extending into the conduction band
of Fig. 3-15a is symmetrical with the hole probability tail [1 — f{E)] in the va-
lence band. The distribution function has values within the band gap between

flE) 1 12 0 flEy 1 12 0
(a) Intrinsic (b) n-type

[1-f(E)] E

4Actually the intrinsic E; is displaced slightly from the middle of the gap, since the densifies of ovailable
states in the valence and conduction bands are not equal (Section 3.3.2).
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E, and E_, but there are no energy states available, and no electron occu-
pancy results from f{E) in this range.

The tails in f{E) are exaggerated in Fig. 3-15 for illustrative purpos-
es. Actually, the probability values at E, and E_ are quite small for intrin-
sic material at reasonable temperatures. For example, in Si at 300 K, n, =
p: = 10" cm 3, whereas the densities of available states at E, and E, are on
the order of 10" cm . Thus the probability of occupancy f(E) for an indi-
vidual state in the conduction band and the hole probability [1 — f{E)] for
a state in the valence band are quite small. Because of the relatively large
density of states in each band, small changes in f{E) can result in significant
changes in carrier concentration.

In n-type material there is a high concentration of electrons in the con-
duction band compared with the hole concentration in the valence band (re-
call Fig.3-12a). Thus in n-type material the distribution function f{E) must lie
above its intrinsic position on the energy scale (Fig. 3-15b). Since f{ £) retains
its shape for a particular temperature, the larger concentration of electrons at
E, in n-type material implies a correspondingly smaller hole concentration
at E,. We notice that the value of f{E) for each energy level in the conduction
band (and therefore the total electron concentration n,) increases as Ex moves
closer to E. Thus the energy difference (£, — Ep) gives a measure of n; we
shall express this relation mathematically in the following section.

For p-type material the Fermi level lies near the valence band (Fig, 3-15¢)
such that the [1— flE)] tail below E, is larger than the flE) tail above E. Fhe
value of (Er — E,} indicates how strongly p-type the material is.

It is usually inconvenient to draw f{E) vs. £ on every energy band dia-
gram to indicate the electron and hole distributions. Therefore, it is common
practice merely to indicate the position of £ in band diagrams. This is suffi-
cient information, since for a particular temperature the position of £, im-
plies the distributions in Fig. 3-15.

3.3.2 Electron and Hole Concentrations at Equilibrium

The Fermi distribution function can be used to calculate the concentrations
of electrons and holes in a semiconductor, if the densities of available states
in the valence and conduction bands are known. For example, the concen-
tration of electrons in the conduction band is

N = Ef{E)N(E)dE (3-12)

where N(E)dE is the density of states (cm ™) in the energy range dE. The
subscript 0 used with the electron and hole concentration symbols (rny, p,) in-
dicates equilibrium conditions. The number of electrons per unit volume in
the energy range dE is the product of the density of states and the probabil-
ity of occupancy f(E). Thus the total electron concentration is the integral
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over the entire conduction band, as in Eq. (3-12).* The function N(E) can be
calculated by using quantum mechanics and the Pauli exclusion principle
(Appendix IV).

it is shown in Appendix IV that N(E) is proportional to £'?, so the
density of states in the conduction band increases with electron energy. On
the other hand, the Fermi function becomes extremely small for large ener-
gies. The result is that the product f{ E)N(E) decreases rapidly above E_, and
very few electrons occupy energy states far above the conduction band edge.
Similarly, the probability of finding an empty state (hole) in the valence band
[1 = f(E)] decreases rapidly below E,, and most holes occupy states near
the top of the valence band. This effect is demonstrated in Fig. 3-16, which
shows the density of available states, the Fermi function, and the resulting
number of electrons and holes occupying available energy states in the con-
duction and valence bands at thermal equilibrium (i.e., with no excitations ex-
cept thermal energy). For holes, increasing energy points down in Fig. 3-16,
since the E scale refers to electron energy.

The result of the integration of Eq. (3-12) is the same as that obtained
if we represent all of the distributed electron states in the conduction band
by an effective density of siates N, located at the conduction band edge E..
Therefore, the conduction band electron concentration is simply the effective
density of states at E, times the probability of occupancy at E?

nﬂ'_-NcﬂEc) (3-13)

In this expression we assume the Fermi level E . lies at least several kT
below the conduction band. Then the exponential term is large compared
with unity, and the Fermi function f(E,) can be simplified as

1 a
HE) =g ge=toe = € 5 (3-14)

Since kT at room temperature is only 0.026 eV, this is generally a good
approximation, For this condition the concentration of electrons in the con-
duction band is

(g = N o~ EDIT | (3-15)
The effective density of states N, is shown in Appendix IV to be
S N 17
N,= z(h—':g—ﬂ) (3-16)

5The upper limit is octually improper in Eq. (3-12), since the conduction band does not extend lo infinite
energy. This is unimporfant in the calculation of ng, however, since AE) becomes negligibly small for large
values of E. Most electrons occupy siates near the bottom of the conduction band ot equilibrium.

#The simple expression for ng obfuined in Eq. (3-13) is the direct result of integrating Eq. (3-12), as in Ap-
pendix V. Equations (3-15) and (3-19) property include the effects of the conduction and valence bands
through the density-clstates terms.
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Flectrons

(a) Intrinsic

E,
(b)n-type L
E,
Ky
(c) p-type
N(E) f(E) concentration
Figure 3-16

Schematic band diagram, density of states, Fermi-Dirac distribution, and the carrier concentrations for
(o) intrinsic, (b) ntype, and [c) ptype semiconductors at thermal equilibrium.

Since the quantities in Eq. (3-16a) are known, values of N, can be tab-
ulated as a function of temperature. As Eq. (3-15) indicates, the electron
concentration increases as E, moves closer to the conduction band. This is the
result we would predict from Fig. 3-15b.

In Eq. (3-16a). m3 is the density-of-states effective mass for electrons.
To illustrate how it is obtained from the band curvature effective masses
mentioned in Section 3.2.2, let us consider the 6 equivalent conduction band
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minima along the X-directions for Si. Looking at the cigar-shaped equi-
energy surfaces in Fig. 3-10b, we find that we have more than one band cur-
vature to deal with in calculating effective masses. There is a longitudinal ef-
fective mass m, along the major axis of the ellipsoid, and the transverse
effective mass m, along the two minor axes. Since we have (mx)*” appearing
in the density-of-states expression Eq. (3-16a), by using dimensional equiv-
alence and adding contributions from all 6 valleys, we get

(m2)*? = 6(m;m2)'""? (3-16b)

It can be seen that this is the geometric mean of the effective masses.

EXAMPLE 3-4

SOLUTION

Calculate the density-of-states effective mass of electrons in Si.

" For Si, m, = 0.98 my; m, = 0.19 m, from Appendix III.
There are six equivalent X valleys in the conduction band.

m* = 67°[0.98(0.197]* my = 1.1 m,

Note: For GaAs, the conduction band equi-energy surfaces are spheri-
cal. So there is only one band curvature effective mass,and it is equal to the
density-of-states effective mass (= 0.067 my).

By similar arguments, the concentration of holes in the valence band is
s =N,J1 = f(E)] (3-17)

where N, is the effective density of states in the valence band. The probabil-
ity of finding an empty state at E, is

1 i = s
1-f(E)=1- Wg o (Ec—EMAT (3-18)

for Eplarger than E, by several k7. From these equations, the concentration
of holes in the valence band is

The effective density of states in the valence band reduced to the
band edge is

—— (3-20)

h!

As expected from Fig. 3-15¢, Eq. (3-19) predicts that the hole concen-
tration increases as E, moves closer to the valence band.

N, =2

v

(Zwm*k N2
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The electron and hole concentrations predicted by Egs. (3-15) and (3-19)
are valid whether the material is intrinsic or doped, provided thermal equilibri-
um is maintained. Thus for intrinsic material, Ey lies at some intrinsic level E, near
the middle of the band gap (Fig. 3-15a), and the intrinsic electron and hole con-
centrations are

n,=Ne E-ENT o o N g~(E-EVAT (3-21)

The product of n, and p, at equilibrium is a constant for a particular ma-
terial and temperature, even if the doping is varied:

nopo = (N~ E-EVATY(N o=(E:~ E)AT) - NNe E~ENAT (3 33,
= NN,e EAT
np, = (N E-EIKTY(N g~(E-EJKT) oy N o= E/AT (3-22b)

The intrinsic electron and hole concentrations are equal (since the car-
riers are created in pairs), n; = p,; thus the intrinsic concentration is

n;= VNN, e 527 (3-23)

The constant product of electron and hole concentrations in Eq. (3-22)

can be written conveniently as
- |

Py =N f (3-24)

This is an important relation, and we shall use it extensively in later

calculations. The intrinsic concentration for Si at room temperature is ap-
proximately n; = 1.5 X 10" ¢m .

Comparing Eqgs. (3-21) and (3-23), we note that the intrinsic level E, is
the middle of the band gap (E. — E, = E/2),if the effective densities of states
N.and N, are equal. There is usually some difference in effective mass for elec-
trons and holes, however, and N, and W, are slightly different as Egs. (3-16) and
(3-20) indicate. The intrinsic level E, is displaced from the middle of the band
gap, more for GaAs than for Ge or Si.

Another convenient way of writing Egs. (3-15) and (3-19) is

ny = n, el ENET (3-25a)
\ Py = n; B EAAT (3-25b)

obtained by the application of Eq. (3-21). This form of the equations indicates
directly that the electron concentrations is #, when Ej is at the intrinsic leve!
E;, and that n, increases exponentially as the Fermi level moves away from
E, toward the conduction band. Similarly, the hole concentration p, varies
from ; to larger values as E; moves from E, toward the valence band. Since
these equations reveal the qualitative features of carrier concentration so
directly, they are particularly convenient to remember.
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EXAMPLE 3-5 A Si sample is doped with 10'7 As atoms/cm’. What is the equilibrium hole
concentration p, at 300 K? Where is E relative to £,?

SOLUTION Since N, >> n,, we can approximate ng =N, and

2 225 x 107 :
i 2B X1 505 % 107 em

From Eq. (3-25a), we have

E,— E=kTln22=0.02591 107 asorev
G e ™ ik 7 7T
The resulting band diagram is:
Ef

S
Tn..m? eV

. ~ E

1.1 eV

3.3.3 Temperature Dependence of Carrier Concentrations

The variation of carrier concentration with temperature is indicated by Eq.
(3-25). Initially, the variation of n; and p, with T seems relatively straight-
forward in these relations. The problem is complicated, however, by the fact
that n, has a strong temperature dependence [Eq. (3-23)] and that £ can
also vary with temperature. Let us begin by examining the intrinsic carrier
concentration. By combining Egs. (3-23), (3-16a), and (3-20) we obtain

2wk T\
h?

2
T R (3-26)

n(T) = z(
The exponential temperature dependence dominates n,(T), and a plot

of In n; vs. 10%/ T appears linear (Fig. 3-17). In this figure we neglect varia-
tions due to the T ¥ dependence of the density-of-states function and the fact

T\When plofting quantifies such os carrier conceniration, which involve a Boltzmann factor, it is common fo use
an inverse temperoture scale. This allows terms which are exponential in 1/Tlo appear linsor in the semi-
logarithmic plot, When reading such graphs, remember that temperature increases from right to lef.
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that E, varies somewhat with temperature.® The value of », at any tempera-
ture is a definite number for a given semiconductor, and is known for most
materials. Thus we can take n, as given in calculating n, or p, from Eq. (3-25).°

With n; and 7 given, the unknowns in Eq. (3-25) are the carrier con-
centrations and the Fermi level position relative to E. One of these two

*or Si the band gap £ varies from about 1,11 eV ot 300 K toabout 1.16 eV at 0 K.

®Care must be token to use consistent units in these calculations. For example, if an energy such as £, is
expressed in electron volis [sV), it should be multiplied by g (1.6 x 10-"% €} to convert o joules it k is in
1/K; cliermatively, E, can be kept in eV and the value of k in eV/K can be used. At 300 K we can use
kT = 0.0259 eV ond E;in eV.
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Figure 3-17
Intrinsic carrier
concentration for
Ge, Si, and GaAs
as a function of in-
verse temperature.
The room femper-
ature values are
marked for
reference.



Figure 3-18
Carrier concentra-
tion vs. inverse
temperature for Si
doped with 10
donors/cm?,
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quantities must be given if the other is to be found. If the carrier concentra-
tion is held at a certain value, as in heavily doped extrinsic material. E¢ can
be obtained from Eq. (3-25). The temperature dependence of electron con-
centration in a doped semiconductor can be visualized as shown in Fig. 3-18.
In this example, Si is doped n-type with a donor concentration N, of 10"
cm . At very low temperatures (large 1/7), negligible intrinsic EHPs exist,
and the donor electrons are bound to the donor atoms, As the temperature
is raised, these electrons are donated to the conduction i)and, and at about
100 K (1000/7 = 10) all the donor atoms are ionized. This temperature range
is called the ionization region. Once the donors are ionized, the conduciion
band electron concentration is n, = N, = 10'° em ™, since one electron is ob-
tained for each donor atom. When every available extrinsic electron has been
transferred to the conduction band, n, is virtually constant with temperature
until the concentration of intrinsic carriers n; becomes comparable to the ex-
trinsic concentration N;. Finally, at higher temperatures #; is much greater
than N,, and the intrinsic carriers dominate. In most devices it is desirable
to control the carrier concentration by doping rather than by thermal EHP
generation. Thus one usually dopes the material such that the extrinsic range
extends beyond the highest temperature at which the device is to be used.

3.3.4 Compensation and Space Charge Neutrality

When the concept of doping was introduced, we assumed the material con-
tained either N, donors or N, acceptors, so that the extrinsic majority carrier
concentrations were ny = N, or p, = N,, respectively, for the n-type or p-type

lﬂ” -
Intrinsic
Extrinsic
. 189 \
il \
E \ lonization
— - l.
'3 \
| \
13 \
10 \
\
X
i
10” ) 1 1 1 ] 1
0 2 4 6 8 10 12
1000/T (K)~*
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material. If often happens, however, that a semiconductor coutains both
donors and acceptors. For example, Fig. 3-19 illustrates a semiconductor for
which both donors and acceptors are present, but N, > N, . The predomi-
nance of donors makes the material n-type, and the Fermi level is therefore
in the upper part of the band gap. Since Eis well above the acceptor level E,,
this level is essentially filled with electrons. However, with E;above E;, we can-
not expect a hole concentration in the valence band commensurate with the
acceptor concentration. In fact, the filling of the E, states occurs at the ex-
pense of the donated conduction band electrons. The mechanism can be vi-
sualized as follows: Assume an acceptor state is filled with a valence band
electron as described in Fig. 3-12b, with a hole resulting in the valence band.
This hole is then filled by recombination with one of the conduction band
electrons, Extending this logic to all the acceptor atoms, we expect the resul-
tant concentration of electrons in the conduction band to be N; — N, instead
of the total N, This process is called compensarion. By this process it is pos-
sible to begin with an n-type semiconductor and add acceptors until N, = N,
and no donated electrons remain in the conduction band. In such compensated
material, n, = n; = p, and intrinsic conduction is obtained. With further ac-
ceptor doping the semiconductor becomes p-type with a hole concentration
of essentially N, — N,. ¥

The exact relationship among the electron, hole, donor, and acceptor
concentrations can be obtained by considering the requirements for space
charge neutrality. If the material is to remain electrostatically neutral, the
sum of the positive charges (holes and ionized donor atoms) must balance the
sum of the negative charges (electrons and ionized acceptor atoms):

Pot+t Ni=n,+ N, - (3-27)
Thus in Fig. 3-19 the net electron concentration in the conduction band is
ng=p,+ (N; = N;) (3-28)
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Figure 3-19
Compensation in
an n-type semi-
conductor

(Ng > NJ.
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If the material is doped n-type (1 => p,) and all the impurities are
ionized, we can approximate Eq. (3-28) by np=N, - N,

Since the intrinsic semiconductor itself is electrostatically neutral and
the doping atoms we add are also neutral, the requirement of Eq. (3-27)
must be maintained at equilibrium. The clectron and hole concentrations
and the Fermi level adjust such at Eqgs. (3-27) and (3-25) are satisfied.

34

DRIFT OF
CARRIERS IN
ELECTRIC AND
MAGNETIC FIELDS

Figure 3-20
Thermal motion of
an electron in o

solid.

Knowledge of carrier concentrations in a solid is necessary for calculating cur-
rent flow in the presence of electric or magnetic fields. In addition to the val-
ues of n and p, we must be able to take into account the collisions of the
charge carriers with the lattice and with the impurities. These processes will
affect the ease with which electrons and holes can flow through the crystal,
that is, their mobility within the solid. As should be expected, these collision
and scattering processes depend on temperature, which affects the thermal
motion of the lattice atoms and the velocity of the carriers.

3.4.1 Conductivity and Mobility

The charge carriers in a solid are in constant motion, even at thermal equi-
librium. At room temperature, for example, the thermal motion of an indi-
vidual clectron may be visualized as random scattering from lattice vibrations,
impurities, other electrons, and defects (Fig. 3-20). Since the scattermg is ran-
dom, there is no net motion of the group of n electrons/cm” over any period
of time. This is not true of an individual electron, of course. The probability
of the electron in Fig, 3-20 returning to its starting point after some time tis
negligibly small. However, if a large number of electrons is considered (e.g..
10'® ¢m ™ in an n-type semiconductor), there will be no preferred direction
of motion for the group of electrons and no net current flow.
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If an electric field 6, is applied in the x-direction, each clectron expe-
riences a net force —¢%, from the field. This force may be insufficient to alter
appreciably the random path of an individual electron; the effect when av-
eraged over all the electrons, however, is a net motion of the group in the
—x-direction. If p, is the x-component of the total momentum of the group,
the force of the field on the n electrons/cm’ is

-ngé, = dp. (3-29)
At |geg

Initially, Eq. (3-29) seems to indicate a continuous acceleration of the
electrons in the —x-direction. This is not the case, however, because the net
acceleration of Eq. (3-29) is just balanced in steady state by the decelera-
tions of the collision processes. Thus while the steady field ¢, does produce
a net momentum p_,, the net rate of change of momentum when collisions
are included must be zero in the case of steady state current flow.

To find the total rate of momentum change from collisions, we must
investigate the collision probabilities more ¢losely. If the collisions are truly
random, there will be a constant probability of collision at any time for each
electron. Let us consider a group of N, electrons at time ¢ = 0 and define N/(r)
as the number of electrons that save nor undergone a collision by time . The
rate of decrease in N(r) at any time 1 is proportional to the number left un-
scattered at 1,

N 1
aNu) =N (3-30)
where 1 ~! is a constant of proportionality.

The solution to Eq. (3-30) is an exponential fuction

N(1) = Npe ™! (3-31)

" and { represents the mean time between scattering events,' called the mean
free time. The probability that any electron has a collision in the time inter-
val dr is dt/t . Thus the differential change in p, due to collisions in time dr is

dt
dp,=—px-_r- (3-32)

The rate of change of p, due to the decelerating effect of collisions is

% - (3-33)
At | copisions t

"9E quations [3-30) and {3-3 1] are typical of events dominated by random processes, and the forms of
these equations occur offen in many branches of physics ond engineering. For example, in the rodicactive
decay of unsiable nuclear isolopes, Ny nuclides decay exponentially with o mean lifefime . Other exam-
ples will be found in this text, including the absarption of light in a semiconductor and the recombination

of excess EHPs.

923
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The sum of acceleration and deceleration effects must be zero for
steady state. Taking the sum of Egs. (3-29) and (3-33), we have
B =0 (3-34)
The average momentum per electron is
(p.) = % =—qt¢, (3-35)

where the angular brackets indicate an average over the entire group of elec-
trons. As expected for steady state, Eq. (3-35) indicates that the electrons
have on the average a constant net velocity in the negative x-direction:

(3-36)

Actually, the individual electrons move in many directions by thermal
motion during a given time period, but Eq. (3-36) tells us the net drift of an
average electron in response to the electric field. The drift speed described
by Eq. (3-36) is usually much smaller than the random speed due to the ther-
mal motion v,

The current density resulting from this net drift is just the number of
electrons crossing a unit area per unit time (n{v,}) multiplied by the charge
on the electron (—g):

Jo=—qn(v)
(3-37)
ampere coulomb electrons _cm
cm®  electron cm? s
Using Eq. (3-36) for the average velocity, we obtain

5
1 =g (3-38)

mk

fn

Thus the current density is proportional to the electric field, as we ex-
pect from Ohm's law:

s it
J.=0¥%,, whereo = o (3-39)
mg
The conductivity o(Q-cm) ! can be written
gt
o =gnp, ., wherep, =— (3-40a)

my

The quantity w,, called the electron mobility, describes the ease with
which electrons drifi in the material. Mobility is a very important quantity in
characterizing semiconductor materials and in device development.
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Here my is the conductivity effective mass for electrons, different from
the density-of-states effective mass mentioned in Eq. (3-16b). While we use
the density-of-states effective mass to count the number of carriers in bands,
we must use the conductivity effective mass [or charge transport prablems.
To illustrate how it is obtained from the band curvature effective masses
mentioned in Section 3.2.2, once again let us consider the 6 equivalent con-
duction band minima along the X-directions for Si, with the band curvature

Aongitudinal effective mass, m;, along the major axis of the ellipsoid, and the

transverse effective mass, m,, along the two minor axes (Fig. 3-10b). Since we
have 1/m* in the mobility expression Eq. (3-40a), by using dimensional
equivalence, we can write the conductivity effective mass as the harmonic
mean of the band curvature effective masses.

{4 ;2
X == (—-— + --—) (3-40b)
m#  3\m;  m,
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Calculate the conductivity effective mass of electrons in Si.

For Si,m; = 0.98 mg;, m, = 0.19 m; (Appendix 111)
There are 6 equivalent X valleys in the conduction band.

1/ms=1/3(1/m, + 1/m, + 1/m.)=1/3(1/m; + 2/m,)

T | TR B
" 3\098m, 019m,
mx =026 m,

Note: For GaAs, the conduction band equi-energy surfaces are spheri-
cal. So there is only one band curvature effective mass. (The density of states
effective mass and the conductivity effective mass are both 0.067 my.)

EXAMPLE 2-6

The mobility defined in Eq. (3-40a) can be expressed as the average par-
ticle drift velocity per unit electric field. Comparing Eqs. (3-36) and (3-40a),
we have

(v.)
By == -,é‘: (3-41)

The units of mobility are (cm/s)/(V/em) = cm*/V-s, as Eq. (3-41) sug-
gests. The minus sign in the definition results in a positive value of mobility,
since electrons drift opposite to the field. )

The current density can be written in terms of mobility as

J,=qnu €, (3-42)
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Figure 3-21
Drift of electrons
and holes in o
semiconductor
bar.

This derivation has been based on the assumption that the current is
carried primarily by electrons. For hole conduction we change ntop,—q to
+q,and p, to p, where ., = +{v,)/¥€_ is the mobility for holes. If both elec-
trons and holes participate, we must modify Eq. (3-42) to

J.=q(np, + pp, )€, =0, (3-43)

Values of p,, and p, are given for many of the common semiconductor
materials in Appendix II1. According to Eq. (340), the parameters deter-
mining mobility are m* and mean free time 7, Effective mass is a property of
the material’s band structure, as described by Eq. (3-3). Thus we expect mx
to be small in the strongly curved I' minimum of the GaAs conduction band
(Fig. 3-6), with the result that p, is very high. In a more gradually curved
band, a larger m* in the denominator of Eq. (3-40) leads to a smaller value
of mobility. It is reasonable to expect that lighter particles are more mobile
than heavier particles (which is satisfying, since the common-sense value of
effective mass is not always apparent). The other parameter determining mo-
bility is the mean time between scattering events, 7. In Section 3.4.3 we shall
see that this is determined primarily by temperature and impuirity concen-
tration in the semiconductor.

3.4.2 Drift and Resistance

Let us look more closely at the drift of electrons and holes. If the semicon-
ductor bar of Fig. 3-21 contains both types of carrier, Eq. (3-43) gives the
conductivity of the material. The resistance of the bar is then

L
B (44
o
Electric field
Current )
Hole motion / Electron motion
\ —

Electron motion
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where p is the resistivity ({2-cm). The physical mechanism of carrier drift re-
quires that the holes in the bar move as a group in the direction of the elec-
tric field and that the electrons move as a group in the opposite direction.
Both the electron and the hole components of current are in the direction of
the € field, since conventional current is positive in the direction of hole flow
and opposite to the direction of electron flow. The drift current described by
Eq. (3-43) is constant throughout the bar. A valid question arises, therefore,
concerning the nature of the electron and hole flow at the contacts and in the
external circuit. We should specify that the contacts to the bar of Fig, 3-21 are
ohmic, meaning that they are perfect sources and sinks of both carrier types
and have no special tendency to inject or collect either electrons or holes.
If we consider that current is carried around the external circuit by elec-
trons, there is no problem in visualizing electrons flowing into the bar at one
end and out at the other (always opposite to I). Thus for every clectron leav-
ing the left end (x = 0) of the bar in Fig. 3-21, there is a corresponding elec-
tron entering at x = L, so that the electron concentration in the bar remains
constant at n. But what happens to the holes at the contacts? As a hole reach-
es the ohmic contact at x = L, it recombines with an electron, which must be
supplied through the external circuit. As this hole disappears, a corresponding
hole must appear at x = 0 to maintain space charge neutrality. It is reasonable
to consider the source of this hole as the generation of an EHP atx = 0, with
the hole flowing into the bar and the electron flowing into the external circuit.

Find the resistivity of intrinsic Si at 300 K.
From Appendix I1I, ., = 1350 and w, = 480 cm?V-s for intrinsic Si. Thus,
since ng = po = n;
0= qlp, + w,)n, = 1.6 x 107°(1830)(1.5 x 10'%)
=439 X 107 (2 —cm)™!
p,= 0,1 =228 X 10°0—cm

EXAMPLE 3-7

SOLUTION

3.4.3 Effects of Temperature and Doping on Mobility

The two basic types of scattering mechanisms that influence electron and
hole mobility are lattice scattering and impurity scattering. In lattice scatter-
ing a carrier moving through the crystal is scattered by a vibration of the lat-
tice, resulting from the temperature.'” The frequency of such scattering events

"Collective vibrations of atoms in the crystal are called phonons. Thus kaftice scamering is also known os
phonen scattering.
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Figure 3-22
Approximate tem-
perature depen-
dence of mobility
with both lattice
and impurity
scattering.

p (em?iV-s)
(log scale)

Impurity scattening Latuce scaltering

T(K)
(log scale)

increases as the temperature increases, since the thermal agitation of the lat-
tice becomes greater. Therefore, we should expect the mobility to decrease
as the sample is heated (Fig. 3-22). On the other hand, scattering from crys-
tal defects such as ionized impurities becomes the dominant mechanism at
low temperatures. Since the atoms of the cooler lattice are less agitated, lat-
tice scattering is less important; however, the thermal motion of the carriers
is also slower. Since a slowly moving carrier is likely to be scattered more
strongly by an interaction with a charged ion than is a carrier with greater mo-
mentum, impurity scattering events cause a decrease in mobility with de-
creasing temperature. As Fig. 3-22 indicates, the approximate temperature
dependencies are T~ for lattice scattering and 7*” for impurity scattering.
Since the scattering probability of Eq. (3-32) is inversely proportional to the
mean free time and therefore to mobility, the mobilities due to two or more
scattering mechanisms add inversely:

¥ == oy (3-45)

As a result, the mechanism causing the lowest mobility value domi-
nates, as shown in Fig. 3-22.

As the concentration of impurities increases, the effects of impurity
scattering are felt at higher temperatures. For example, the electron mobili-
Ly ., of intrinsic silicon at 300 K is 1350 cm’/(V-s). With a donor doping con-
centration of 10" cm ™, however, , is 700 cm®/(V-s). Thus the presence of the
107 ionized donors/cm’ introduces a significant amount of impurity scatter-
ing. This effect is illustrated in Fig. 3 23, which shows the variation of mobility
with doping concentration at room temperature.
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Variation of mobility with total doping impurity concentration [N, + Ng) for Ge, $i, and GaAs at 300 K.

344 High-Field Effects

One assumption implied in the derivation of Eq. (3-39) was that Ohm’s law
is valid in the carrier drift processes. That is, it was assumed that the drift cur-
rent is proportional to the electric field and that the proportionality constant
(o) is not a function of field €. This assumption is valid over a wide range of
#. However, large electric fields (> 10°V/cm) can cause the drift velocity and
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Figure 3-24
Saturation of elec-
fron drift velocity
at high electric
fields for Si.
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therefore the current J = —gnv, to exhibit a sublinear dependence on the
electric field. This dependence of o upon € is an example of a kot carrier ef-
fect, which implies that the carrier drift velocity v, is comparable to the ther-
mal velocity v,

In many cases an upper limit is rcached for the carrier drift velocity in
a high field (Fig. 3-24). This limit occurs near the mean thermal velocity
(=107 cm/s) and represents the point at which added energy imparted by the
field is transferred to the lattice rather than increasing the carrier velocity. The
result of this scattering limited velocity is a fairly constant current at high
field. This behavior is typical of Si, Ge, and some other semiconductors. How-
ever, there are other important effects in some materials; for example, in
Chapter 10 we shall discuss a decrease in eleciron velocity at high fields for
GaAs and certain other materials, which results in negative conductivity and
current instabilities in the sample. Another important high-field effect is
avalanche multiplication, which we shall discuss in Section 5.4.2.

3.4.5 The Hall Effect

If a magnetic field is applied perpendicular to the direction in which holes
drift in a p-type bar, the path of the holes tends to be deflected (Fig. 3-25).
Using vector notation, the total force on a single hole due to the electric and
magnetic fields is

F=g(€ +vX®B) (3-46)
In the y-direction the force is
F,=q(%, — v,3,) (3-47)
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I, Figure 3-25
3, The Hall effect.
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The important result of Eq. (3-47) is that unless an electric field €, is
established along the width of the bar, each hole will experience a net force
(and therefore an acceleration) in the —y-direction due to the gv,®, product.
Therefore, to maintain a steady state flow of holes down the length of the bar,
the electric field €, must just balance the product v, 3B,

€, =vAB, (3-48)

so that the net force F, is zero. Physically, this electric field is set up when the
magnetic field shifts the hole distribution slightly in the —y-direction. Once
the electric field €, becomes as large as v,3,. no net lateral force is experi-
enced by the holes as they drift along the bar. The establishment of the elec-
tric field €, is known as the Hail effect, and the resulting voltage V., ; = €.w
is called the Hall voltage. 1f we use the expression derived in Eq. (3-37) for
the drift velocity (using +g and p,, for holes), the field €, becomes

‘&:jﬁwgﬁ,:RHfﬂSz. RHE~1— (3-49)
qps - apy

Thus the Hall field is proportional to the product of the current densi-

ty and the magnetic flux density. The proportionality constant R,, = (gp,) "
is called the Hall coefficient. A measurement of the Hall voltage for a known
current and magnetic field yields a value for the hole concentration p,,

1 J3B, (/WP 1D,
el Sy L= S [7._5[))
Ry g€, a(Vap/w)  qtV,5
Since all of the quantities in the right-hand side of Eq. (3-50) can be

measured, the Hall effect can be used 1o give quite accurate values for car-
rier concentration.

Po=
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If a measurement of resistance R is made, the sample resistivity p can
be calculated:

Rwt V. ,/1
= PR o L ¥ 2 g
p(2—cm) e (3-51)
Since the conductivity o = Up is given by g p,. the mobility is simply
the ratio of the Hall coefficient and the resistivity:

R
T P, || N ;5

Yo = apo a(1/qRy) " p -5
Measurements of the Hall coefficient and the resistivity over a range of
temperatures yield plots of majority carrier concentration and mobility vs.
temperature. Such measurements are extremely useful in the analysis of semi-
conductor materials. Although the discussion here has been related to p-type
material, similar results are obtained for n-type material. A negative value
of q is used for electrons, and the Hall voltage V 45 and Hall coefficient R are
negative, In fact, measurement of the sign of the Hall voltage is a common

technique for determining if an unknown sample is p-type or n-type.

EXAMPLE 3-8

A sample of Si is doped with 10" phosphorus atoms/cm’. What would you ex-
pect to measure for its resistivity? What Hall voltage would you expect in a
sample 100 wm thick if I, = ImA and B, = 1 kG = 107° Wb/em’?

From Fig. 3-23, the mobility is 700 cm?/(V-s). Thus the conductivity is
o = gunp = (1.6 x 107) (700) (10") = 11.2(Q~cm) ™’
since py is negligible'. The resistivity is
p=0"1=0.0893 Q-cm
The Hall coefficient is
R, =—{gn,) '=-625cm’/C
from Eq. (3-49), or we could use Eq. (3-52). The Hall voltage is

o LB, (107 AY10S Wh/em?)
AR O 102 cm

(—-62.5em*/C) = 625 uV

»

3.5
INVARIANCE OF
THE FERMI LEVEL
AT EQUILIBRIUM

In this chapter we have discussed homogeneous semiconductors, without
variations in doping and without junctions between dissimilar materials. In
the following chapters we will be considering cases in which nonuniform
doping occurs in a given semiconductor, or junctions occur between differ-
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ent semiconductors or a semiconductor and a metal. These cases are crucial
to the various types of electronic and optoelectronic devices made in semi-
conductors. In anticipation of those discussions, an important concept should
be established here regarding the demands of equilibrium. That concept can
be summarized by noting that no discontinuity or gradient can arise in the
equilibrium Fermi level E. -

To demonstrate this assertion, let us consider two materials in intimate
contact such that electrons can move between the two (Fig. 3-26). These may
be, for example, dissimilar semiconductors, n- and p-type regions, a metal and
a semiconductor, or simply two adjacent regions of a nonuniformly doped semi-
conductor. Each material is described by a Fermi-Dirac distribution function
and some distribution of available energy states that electrons can occupy.

There is no current, and therefore no net charge transport, at thermal
equilibrium, There is also no net transfer of energy. Therefore, for each en-
ergy E in Fig. 3-26 any transfer of electrons from material 1 to material 2
must be exactly balanced by the opposite transfer of electrons from 2 to 1.
We will let the density of states at energy E in material 1 be called N,(E)
and in material 2 we will call it N,(E). At energy E the rate of transfer of
electrons from 1 to 2 is proportional to the number of filled states at £ in ma-
terial 1 times the number of empty states at E in material 2:

rate from 1 to 2 = N(E)f(E) - NE)1 = f(E)] (3-53)

where f{E) is the probability of a state being filled at E in each material, i.e.,
the Fermi-Dirac distribution function given by Eq. (3-10). Similarly,

rate from 2 to i = N,(E)f,(E) - N(E)[1 - £,(E)] (3-54)
At equilibrium these must be equal:

N(E)f(E) « NyE)1 = H(E)] = NAE)AL(E) - Ny(E)[1 = fi(E)) (3-55)

 Fermi Disteibusion 7 (EY
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Figure 3-26

Two materials in
intimate contact at
equilibrium. Since
the net mofion of
electrons is zero,
the equilibrium
Fermi level must
be constant
throughout.
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Rearranging terms, we have, at energy E,

NNy = NfiNof, = NofoNy = NofoNify (3-56)

which results in

f(E)=f,(E), thatis, [I + e'E-E)AT)=1 =1 4 olE-EnliT)-1 (3-57)

Therefore, we conclude that £y, = Ep,. That is, there is no discontinu-

ity in the equilibrium Fermi level. More generally, we can state that the Fermi
level at equilibrium must be constant throughout materials in intimate con-
tact, One way of stating this is that no gradient exists in the Fermi level at
equilibrium:

— =0 (3-58)

We will make considerable use of this result in the chapters to follow.

PROBLEMS

32

3.3

It was mentioned in Section 3.2 that the covalent bonding model gives a false
impression of the localization of carricrs, As an illustration, calculate the ra-
dius of the electron orbit around the donor in Fig, 3-12¢, assuming a ground
state hydrogen-like orbit in 8i. Compare with the Si lattice constant, Use
mp = 0.26m, for Si.

Calculate values for the Fermi function f{E) at 300 K and plot vs. ¢nergy ineV
as in Fig. 3-14. Choose E = 1 eV and make the calculated points closer to-
gether near the Fermi level to obtain a smooth curve. Notice that f(E) varies
quite rapidly within a few T of £

A semiconductor such as Si has a bandstructure about the minimum along [100]
described approximately by £ = E, — A cos(ak,) ~ Blcos(pk,) + cos(pk,)}. What
is the density-of-states etfective mass associated with the X minimum? [Hint:
cos{2x) = 1 — 2x? for smali x.]

At room temperature, an unknown, intrinsic, cubic semiconductor has the fol-
lowing bandstructure: there are 6 X minima along the <100> directions. If
mx(I') = 0.065mg, ma(X) = 0.30rm (for each of the X minima and my = 0.47m,,
at what temperature is the number of electrons in the I minima and the X min-
ima equal if the I' to X energy separation is 0.35 eV, and the bandgap is 1.7 eV
{m, = [ree electron mass)?

Consider n-type GaAs and assume that the total number of conduction elec-
trons, n, is independent of temperature. The density-of-states effective mass,
mi,in the L valley is 15 times larger than in the I valley. Also the energy sep-
aration, E;, between the I" and L minima is 0.35 eV, and the mobility in the T’
minimum is 50 times that in L. Calculate and sketch how the conductivity varies
from low T{(<< EJk) to high T(>> E k). What is the ratio of the conductivi-
ties at 1000°C and 300°C?
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ent semiconductors or & semiconductor and a metal. These cases are crucial
to the various types of electronic and optoelectronic devices made in semi-
conductors. In anticipation of those discussions, an important concept should
be established here regarding the demands of equilibrium. That concept can
be summarized by noting that no discontinuity or gradient can arise in the
equilibrium Fermi level Er.

To demonstrate this assertion, let us consider two materials in intimate
contact such that electrons can move between the two (Fig. 3-26). These may
be, for example, dissimilar semiconductors, n- and p-type regions, a metal and
a semiconductor, or simply two adjacent regions of a nonuniformly doped semi-
conductor. Each material is described by a Fermi-Dirac distribution function
and some distribution of available energy states that electrons can occupy.

There is no current, and therefore no net charge transport, at thermal
equilibrium. There is also no net transfer of energy. Therefore, for each en-
ergy E in Fig. 3-26 any transfer of electrons from material 1 to material 2
must be exactly balanced by the opposite transfer of electrons from 2 to 1.
We will let the density of states at energy E in material 1 be called N,(E)
and in material 2 we will call it N,(E). At energy E the rate of transfer of
electrons from 1 to 2 is proportional to the number of filled states at E in ma-
terial 1 times the number of empty states at E in material 2:

rate from 1 to 2 = N,(E)f,(E) « N(E)[1 — £(E)] (3-53)

where f{E) is the probability of a state being filled at £ in each material, i.e.,
the Fermi-Dirac distribution function given by Eq. (3-10). Similarly,

rate from 2 to 1 = N,(E)f,(E) - N(E)[1 — f,(E)] (3-54)
At equilibrium these must be equal:

N(E)f(E) « NE)1 = £(E)) = NAE)L(E) « Ny(E)[1 - f{(E)] (3-55)

Fermi Distribution f(E£%
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Figure 3-26

Two materials in
intimate contact at
equilibrium. Since
the net motion of
electrons is zero,
the equilibrium
Fermi level must
be constant

throughout.
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Rearranging terms, we have, at energy E,

NN, = NifiNofy = NofoNy = NN,y (3-56)

which results in

fi(E) = f(E), thatis, [1 + eE-Ea)AT)~1 5[] 4 (lE-En/AT)-1 (3-57)

Therefore, we conclude that £, = Ep,. That is, there is no discontinu-

ity in the equilibrium Fermi level. More generally, we can state that the Fermi
level at equilibrium must be constant throughout materials in intimate con-
tact. One way of stating this is that no gradient exists in the Fermi level at
equilibrium;

dE
=2
0 (3-58)

We will make considerable use of this result in the chapters to follow.

PROBLEMS

3.1

32
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34

It was mentioned in Section 3.2 that the covalent bonding model gives a false
impression of the localization of carriers. As an illustration, calculate the ra-
dius of the electron orbit around the donor in Fig, 3-12¢, assuming a ground
state hydrogen-like orbit in Si. Compare with the Si lattice constant. Use
m¥ = 0.26m, for Si.

Calculate values for the Fermi function f{ £) at 300 K and plot vs.energy ineV
as in Fig. 3-14. Choose Ep = 1 ¢V and make the calculated points closer to-
gether near the Fermi level to obtain a smooth curve. Notice that {E) varies
quite rapidly within a few kT of E,.

A semiconductor such as Si has a bandstructure about the minimum along [100]
described approximately by E = E, — A cos(uk,) — Blcos(Bk,) + cos(pk,)}. What
is the density-of-states effective mass associated with the X minimum? [Hint:
cos(2x) = 1 — 2¢ for small x.]

At reom temperature, an unknown, intrinsic, cubic semiconductor has the fol-
lowing bandstructure: there are 6 X minima along the <100> directions. If
m(T') = 0.065m,, m#(X) = 0.30m, (for each of the X minima and my =0.47my,
al what temperature is the number of electrons in the I' minima and the X min-
ima equal if the I' to X energy separation is 0.35 ¢V, and the bandgapis 1.7eV
{m, = free electron mass)?

Consider n-type GaAs and assume that thefotal number of conduction elec-
trons, n, is independent of temperature. The density-of-states effective mass,
m¥, in the L valley is 15 times larger than in the I' valley. Also the energy sep-
aration, E,, between the I" and L minima is (.35 eV, and the mobility in the I’
minimum is 50 times that in L. Calculate and sketch how the conductivity varies
from low T(<< EJk) to high T(>> E/k). What is the ratio of the conductivi-
ties at 1000°C and 300°C?
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Calculate the band gap of Si from Eq. (3-23) and the plot of n; vs. 1000/T

(Fig. 3-17). Hinz: the slope cannot be measured directly from a semilogarithmic

plot; read the values from two points on the plot and take the natural loga-

rithm as needed for the solution.

Show that Eq. (3-25) results from Eqs. (3-15) and (3-19). If n, = 10" em 2,

where is the Fermi level relative to E; in Si at 300 K?

Derive an e¢xpression relating the intrinsic level E; to the center of the band

gap E /2. Calculate the displacement of E, from E,/2 for Si at 300 K, assum-

ing the effective mass v='ues for electrons and holes are 1.1m, and 0.56rm,,

respectively.

(a) Explain wh  es are found at the rop of the valence band, whereas elec-
trons a- rtound at the boitorn of the conduction band.

(b) Explain why Si doped with 10 cm™ Sb is n-type at 400 K but similarly
doped Ge is not.

A Si sample is doped with 6 % 10'* cm ™ donors and 2 X 10" cm * acceptors.

Find the position of the Fermi level with respect to E, at 300 K. What is the

value and sign of the Hall coefficient?

(a) Show that the minimum conductivity of a semiconductor sample occurs
when 1y = 1,V p, /i, Hint: begin with Eq. (3-43) and apply Eq. (3-24).

(b) What is the expression for the minimum conductivity op,?

(c) Calculate oy, for Si at 300 K and compare with the intrinsic conductivity.

(a) A Sibar 0.1 cm long and 100 pm? in cross-sectional area is doped with
10" ¢cm~? phosphorus. Find the current at 300 K with 10V applied. Repeat
for a Si bar 1 um long.

(b) How long does it take an average electron to drift 1 pm in pure Si at an
electric field of 100 V/cm? Repeat for 10° Viem.

A perfect I1I-V semiconductor (relative dielectric constant = 13) is doped with

column VI and column 11 impurities. Given that p, = 1000 cm®/V-s, p, = 500

cm?/V-s, what energy levels are introduced in the bandgap? (The mean free

time = 0.1 ps for electrons and 0.4 ps for holes.)

In soldering wires to a sample such as that shown in Fig. 3-25, it is difficult to

align the Hall probes A and B precisely. If B is displaced slightly down the

length of the bar from A, an erroneous Hall voltage results. Show that the true

Hall voltage V can be obtained from two measurements of V5, with the mag-

netic field first in the +z-direction and then in the —z-direction.

We put 11 electrons in an infinite 1-D potential well of size 100 A. What is the
Fermi level at 0 K? What is the probability of exciting a carrier to the first ex-
cited state at T = 300 K? Use the free electron mass in this problem.

Use Eq. (3-45) to calculate and plot the mobility vs. temperature w(T) from 10K
to 500 K for Si doped with N, = 10", 10'%, and 10" donors ¢cm ™ *. Consider the
mobility to be determined by impurity and phonon (lattice) scattering. Impu-
rity scattering limited mobility can be described by
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3.19

3.20

i1

28/2
= 3.29 X 10 g :
.N;(m;/mu)'“[ln(l F ) = ]

1+2z

where
z=1.3 % 10% T%ms /my)(N;) ™"

Assume that the ionized impurity concentration N} is equal to N, at all tem-
peratures.

The conductivity cffective mass m} for Si is 0,26 my. Acoustic phonon (lattice)
scattering limited mobility can be described by

Pac = 1.18 X 1075, (m2/my) RT3 E, )?

where the stiffness (¢,) is given by

¢, = 1.9 % 10" dyne cm ?for 8i

and the conduction band acoustic deformation potential (E,.) is
E, r=95eV for Si

Rework Prob. 3.16 considering carrier freeze-out onto donors.at low T. That
is, consider

.

¢ 1 + exp(E/kT)
as the ionized impurity concentration. Consider the donor ionization energy
(E;) to be 45 meV for Si.

Hall measurements are made on a p-type semiconductor bar 500 pwm wide and
20 pm thick. The Hall contacts A and B are displaced 2 um with respect to
each other in the direction of current flow of 3 mA. The voltage between A
and B with a magnetic field of 10 kG (1kG = 10~* Wb/em?) pointing out of the
planc of the sample is 3.2 mV. When the magnetic field direction is reversed the
voltage changes to —2.8 mV. What is the hole concentration and mobility?

For a hypothetical semiconductor, we have ., = b, = 1000 cm*V-s and N, = N,
=10" em™. If the conductivity of the intrinsic semiconductor at 300 K is 4 %
1079 (Q-em) !, what is the conductivity at 600 K?

An unknown semiconductor has E, = 1.1 eV and N, = N,. It is doped with
10" cm? donors where the donor level is 0.2 eV below E. Given that Ej is
0.25 eV below E_, calculaic n, and the concentration of electrons and holes in
the semiconductor at 300 K.

Referring to Fig. 3.25, consider a semiconductor bar with w =0.1 mm, 1=10 wm
and L = 5 mm. For % = 10 kG in the direction shown (1 kG =10"* Wb/cm?)
and a current of ImA, we have V5= —2mV, V¢, = 100 mV. Find the type, con-
centration and mobility of the majority carrier.
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Chapter 4
Excess Carriers in Semiconductors

Most semiconductor devices operate by the creation of charge carriers in ex-
cess of the thermal equilibrium values. These excess carriers can be created
by optical excitation or clectron bombardment, or as we shall see in Chap-
ter 5, they can be injected across a forward-biased p-n junction. However
the excess carriers arise, they can dominate the conduction processes in the
semiconductor material. In this chapter we shall investigate the creation of
excess carriers by optical absorption and the resulting properties of photo-
luminescence and photoconductivity. We shall study more closely the mech-
anism of electron-hole pair recombination and the effects of carrier trapping.
Finally, we shall discuss the diffusion of excess carriers due to a carrier gra-
dient;sxhich serves as a basic mechanism of current conduction along with
the mechanism of drift in an electric field.

4.1
OPTICAL
ABSORPTION'

An important technique for measuring the band gap energy of a semicon-
ductor is the absorption of incident photons by the material. In this experi-
ment photons of selected wavelengths are directed at the sample, and relative
transmission of the various photons is observed. Since photons with ener-
gies greater than the band gap energy are absorbed while photons with en-
ergies less than the band gap are transmitted, this experiment gives an
accurate measure of the band gap energy.

It is apparent that a2 photon with energy hv = E, can be absorbed in a
semiconductor (Fig. 4-1). Since the valence band contains many electrons
and the conduction band has many empty states into which the electrons may
be excited, the probability of photon absorption is high. As Fig. 4-1 indicates,
an electron excited to the conduction band by optical absorption may ini-
tially have more energy than is common for conduction band electrons (al-
most all electrons are near E_ unless the sample is very heavily doped). Thus
the excited electron loses energy to the lattice in scattering events until its ve-
locity reaches the thermal equilibrium velocity of other conduction band elec-

'ln this context the word "optical” does not necessarily imply that the photons absorbed are in the visible
part of the spectrum. Many semiconduciors absorb photons in the infrared region, but this is included in
the term “oplical absorplion.”



Excess Carriers in Semiconductors

trons. The electron and hole created by this absorption process are excess car-
riers; since they are out of balance with their environment, they must even-
tually recombine. While the excess carriers exist in their respective bands,
however, they are free to contribute to the conductivity of the material.

A photon with energy less than E, is unable to excite an electron from
the valence band to the conduction band. Thus in a pure semiconductor,
there is negligible absorption of photons with kv < E,. This explains why
some materials are transparent in certain wavelength ranges. We are able to
“see through” certain insulators, such as a good NaCl crystal, becauseadurge
energy gap containing no electron states exists in the material. If the band gap
is about 2 eV wide, only long wavelengths (infrared) and the red part of the
visible spectrum are transmitted; on the other hand, a band gap of about
3 eV allows infrared and the entire visible spectrum to be transmitted.

If a beam of photons with hv > E, falls on a semiconductor, there will
be some predictable amount of absorption, determined by the properties of
the material. We would expect the ratio of transmitted to incident light in-
tensity to depend on the photon wavelength and the thickness of the sample.
To calculate this dependence, let us assume that a photon beam of intensity
I, (photons/cm?-s) is directed at a sample of thickness / (Fig. 4-2). The beam
contains only photons of wavelength A, selected by a monochromator. As
the beam passes through the sample, its intensity at a distance x from the
surface can be calculated by considering the probability of absorption with-
in any increment dx. Since a photon which has survived to x without ab-
sorption has no memory of how far it has traveled, its probability of
absorption in any dx is constant. Thus the degradation of the intensity
—dI(x)/dx is proportional to the intensity remaining at x:

_dl(x)
dx

= al(x) (4-1)

The solution to this equation is
L}
I(x) =Le ™ (4-2)
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Figure 4-1
Optical absorp-
tion of a photon
with hv > E;: (0]
an EHP is created
during photon ab-
sorption; (b) the
excited electron
gives up energy
fo the lattice by
scaftering events;
(c) the electron re-
combines with a
hole in the va-

lence band.
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Figure 4-2
Optical obsorp-
iion experiment.

Figure 4-3
Dependence of
optical absarption
coefficient « for a
semiconductor on
the wavelength of
incident light.

Detectar
Monochromator
A
hv = E,
@ !
| A=helEy
1
— I
T 1
=
E hy (V) ——

~—— A (pm)

and the intensity of light transmitted through the sample thickness [ is
L=Lg™ (4-3)

The coefficient « is called the absorption coefficient and has units of
cm ', This coefficient will of course vary with the photon wavelength and
with the material. In a typical plot of « vs. wavelength (Fig. 4-3), there is neg-
ligible absorption at long wavelengths (4v small) and considerable absorp-
tion of photons with energies larger than E,. According to Eq. (2-2), the
relation between photon energy and wavelength is £ = hc/A. If E is given in
electron volts and A in micrometers, this becomes E = 1.24/\.

Figure 4-4 indicates the band gap energies of some of the common
semiconductors, relative to the visible, infrared, and uitraviolet portions of
the spectrum. We observe that GaAs, Si, Ge, and InSb lie outside the vis-
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ible region, in the infrared. Other semiconductors, such as GaP and CdS.
have band gaps wide enough to pass photons in the visible range. It is im-
portant to note here that a semiconductor absorbs photons with energies
equal to the band gap. or larger. Thus Si absorbs not only band gap light
(~1 pm) but also shorter wavelengths, including those in the visible part
of the spectrum.
When electron—-hole pairs are generated in a semiconductor, or when carri- 4.2
ers are excited into higher impurity levels from which they fall to theiregui- LUMINESCENCE

librium states, light can be given off by the material. Many of the
semiconductors are well suited for light emission, particularly the compound
semiconductors with direct band gaps. The general property of light emis-
sion is called luminescence.? This overall category can be subdivided according
to the excitation mechanism: If carriers are excited by photon absorption,
the radiation resulting from the recombination of the excited carriers is called
photoliuminescence; if the excited carriers are created by high-energy electron
bombardment of the material, the mechanism is called cathodoluminescence;
if the excitation occurs by the introduction of current into the sample, the re-
sulting luminescence is called electroluminescence. Other types of excitation
are possible, but these three are the most important for device applications.

4.2.1 Photoluminescence

The simplest example of light emission from a semiconductor occurs for di-
rect excitation and recombination of an EHP, as depicted in Fig. 3-5a. If the
recombination occurs directly rather than via a defect level, band gap light
is given off in the process. For steady state excitation. the recombination of
EHPs occurs at the same rate at the generation. and one photon is emitted

*The emission processes considared here should not be confused with radiation due to incandescence
which cecurs in heated materials, The various luminescent mechanisms con be considered “cold” process-
&3 as compared fo the “hot” process of incandescence, which increases with temperature. In foct, most lu-
minescen! processes become more efficient as the temperature is lowered
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Figure 4-5
Excitation and re-
combination
mechanisms in
photolumines-
cence with a trap-
ping level for
electrons.

i

for each photon absorbed. Direct recombination is a fast process; the mean
lifetime of the EHP i$ usually on the order of 10 % s or less. Thus the emis-
sion of photons stops within approximately 107* s after the excitation is
turned off. Such fast luminescent processes are often referred to as fluores-
cence. In some materials, however, emission continues for periods up to sec-
onds or minutes after the excitation is removed. These slow processes are
called phosphorescence, and the matenials are called phosphiors. An exam:
ple of a slow process is shown in Fig. 4-5. This material contains a defect
level (perhaps due to an impurity) in the band gap which has a strong ten-
dency to temporarily capture (rrap) electrons from the conduction band.
The events depicted in the figure are as follows; (a) An incoming photon
with kv, > E_ is absorbed, creating an EHP; (b) the excited electron gives
up energy to the lattice by scattering until it nears the bottom of the con-
duction band; (c) the electron is rrapped by the impurity level E, and re-
mains trapped until it can be thermally reexcited to the conduction band
(d); (e) finally direct recombination occurs as the electron falls to an empty
state in the valence band, giving off a photon (hv,) of approximately the
band gap energy. The delay time between excitation and recombination can
be relatively long if the probability of thermal reexcitation from the trap (d)
is small. Even longer delay times result if the electron is retrapped several
times before recombination. If the trapping probability is greater than the
probahility of recombination, an electron may make several trips between
the trap and the conduction band before recombination finally occurs. In
such material the emission of phosphorescent light persists for a relatively
long time after the excitation is removed.

The color of light emitted by a phosphor such as ZnS depends primar-
ily on the impurities present, since many radiative transitions mvolve impu-
rity levels within the band gap. This selection of colors is particularly useful
in the fabrication of a color television screen.

One of the most common examples of photoluminescence is the fluo-
rescent lamp. Typically such a lamp is composed of a glass tube filled with gas

hv | SAASANAAR AP AATSA P L
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(e.g., a mixture of argon and mercury), with a fluorescent coating on the in-
side of the tube. When an electric discharge is induced between electrodes in
the tube, the excited atoms of the gas emit photons, largely in the visible and
ultra-violet regions of the spectrum. This light is absorbed by the luminescent
coating, and the visible photons are emitted. The efficiency of such a lamp is
comlderah]) better than that of an incandescent bulb, and the wavelength
mixture in light given off can be adjusted by proper selection of the fluores-
cent material.

A 0.46-pm-thick sample of GGaAs is illuminated with monochromatic light of EXAMPLE 4-1
hv = 2 eV.The absorption coefficient a is 5 % 10% em ™. The power incident
on the sample is 10 mW.

(a)
(b)

(c)

(a)

Find the total energy absorbed by the sample per second (J/s).

Find the rate of cxcess thermal energy given up by the electrons to
the lattice before recombination (J/s).

Find the number of photons per second given off from recombination
events. assuming perfect quantum efficiency.

From Eqg. (4-3), SOLUTION
L=Le ' =102exp(—5 x 10* x 0.46 x 107%)
=107% ' =10""W

Thus the absorbed power is

10=1=9mW=9x 1077 ]/s

Excitation and
band-o-band
recambination
leading to photo-
luminescence.

|
|
! | ey = |43 eV Figure 4-6
|
|
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L}
(b) The fraction of each photon energy unit which is converted to heat is

2-143
2

Thus the amount of energy converted to heat per second is

=0.285

0285 X 9x107°=257x1073J/s .

(c) Assuming one emitted photon for each photon absorbed (perfecl
quantum efficiency), we have

9x103J/s
1.6 X 107" J/eV X 2 eV/photon

=2.81 x 10" photons/s

Alternative solution: Recombination radiation accounts for 9 - 2,57 =
6.43 mW at 1.43 eV/photon.

6.43 x 1073
1.6 X 107" x 1.43

= 2.81 x 10" photons/s

4,2.2 Electroluminescence

There-are many ways by which electrical energy can be used to generate
photon emission in a solid. In LEDs an electric current causes the injection
of minority carriers into regions of the crystal where they can recombine
with majority carriers, resulting in the emission of recombination radiation.
This important effect (injection electroluminescence) will be discussed in
Chapter 8 in terms of p-n junction theory.

The first electroluminescent effect to be observed was the emission of
photons by certain phosphors in an alternating electric field (the Destriau ef-
fect). In this device, a phosphor powder such as ZnS is held in a binder ma-
terial (often a plastic) of a high dielectric constant. When an a-c electric field
is applied, light is given off by the phosphor. Such cells can be useful as light-
ing panels, although their efficiency has thus far been too low for most ap-
plications and their reliability is poor.

4.3

CARRIER LIFETIME
AND PHOTO-
CONDUCTIVITY

When excess electrons and holes are created in a semiconductor, there is a
corresponding increase in the conductivity of the sample as indicated by Eq.
(3-43). If the excess carriers arise from optical luminescence, the resulting in-
crease in conductivity is called phofoconductivity. This is an important effect,
with useful applications in the analysis of semiconductor materials and in the
operation of several types of devices. In this section we shall examine the mech-
anisms by which excess electrons and holes recombine and apply the recom-
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bination kinetics to the analysis of photoconductive devices. However, the im-
portance of recombination is not limited to cases in which the excess carriers
are created optically. In fact, virtually every semiconductor device depends in
some way on the recombination of excess electrons and holes Therefore, the
concepts developed in this section will be used extensively in the analyses of
diodes, transistors, lasers, and other devices in later chapters.

4.3.1 Direct Recombination of Elecirons and Holes

It was pointed out in Section 3.1.4 that electrons in the conduction band of a
semiconductor may make transitions to the valence band (i.e., recombine with
holes in the valence band) either directly or indirectly. In direct recombina-
tion, an excess population of electrons and holes decays by electrons falling
from the conduction band to empty states (holes) in the valence band. Ener-
gy lost by an electron in making the transition is given up as a photon. Direct
recombination occurs spentaneously; that is, the probability that an electron and
a hole will recombine is constant in time. As in the case of carrier scattering,
this constant probability leads us to expect an exponential solution for the
decay of the excess carriers. In this case the rate of decay of electrons at any
time ¢ is proportional to the number of electrons remaining at ¢ and the num-
ber of holes, with some constant of proportionality for recombination, o The
net rate of change in the conduction band electron concentration is the ther-
mal generation rate a1’ from Eq. (3-7) minus the recombination rate

P ot~ (o) (4-4)

Let us assume the excess electron-hole population is created at 1 = 0, for
example by a short flash of light, and the initial excess electron and hole con-
centrations An and Ap are equal.> Then as the electrons and holes recombine in
pairs, the instantaneous concentrations of excess carriers dn(f) and 3p(/) are also
equal. Thus we can write the total concentrations of Eq. (4-4) in terms of the equi-
librium values ny and p, and the excess carrier concentrations 3x(r) = 8p().
Using Eq. (3-24) we have

ddn(r)

T = ant = oy + sn(0)llp, + 8p(0)]

= —a[(ng + po)dn(t) + dn(s)) (4-5)

This nonlinear equation would be difficult to solve in its present form.
Fortunately, it can be simplified for the case of low-level injection. If the excess

"We will use &n(4 and 5p{A to mean instantaneous excess carrier concentrations, and An, Ap for their val
ves af t = 0. Later we will use similar symbolism for spatial distributions, such as Bn{x and An{x = 0).
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1]

carricr concentrations are small, we can neglect the &n? term. Furthermore, if
the material is extrinsic, we can usually neglect the term representing the equi-
librium minority carriers. For example, if the material is p-type (py > ny), Eq.
(4-5) becomes

dbn(t
@) = —a,pdnlt) ' (4-6)

dt . :
The solution to this equation is an exponential decay from the original ex-
cess carrier concentration An:

dn(t) = Ane ™ "P' = Ane™"'™ (4-7)

Excess electrons in a p-type semiconductor recombine with a decay con-
stant 1, = (a,pg) ', called the recombination lifetime. Since the calculation is
made in terms of the minority carriers, 7, is often called the minority carrier life-
time. The decay of excess holes in n-type material occurs with 7, = (a,ny) ' In
the case of direct recombination, the excess majority carriers decay at exactly the
same rate as the minority carriers.

There is a large percentage change in the minority carrier electron con-
centration in Example 4-2 and a small percentage change in the majority
holewencentration. Basically, the approximations of extrinsic material and
low-level injection allow us to represent n(¢) in Eq. (4-4) by the excess con-
centration dn(r) and p(¢) by the equilibrium value p,,. Figure 4-7 indicates
that this is a good approximation for the example. A more general expression
for the carrier lifetime is

1

TR (4-8)
U‘r("n + Pn)

Tﬂ

This expression is valid for n- or p-type material if the injection level is low.

EXAMPLE 4-2

A numerical example may be helpful in visualizing the approximations made
in the analysis of direct recombination. Let us assume a sample of GaAs is
doped with 10" acceptors/cm’. The intrinsic carrier concentration of GaAs
is approximately 10° cm™; thus the minority electron concentration is
ng = ntipy = 107 ecm . Certainly the approximation of p, 3 n, is valid in this
case. Now if 10" EHP/em® are created at t = 0, we can calculate the decay of
these carriers in time. The approximation of 8n < p, is reasonable, as Fig. 4-7
indicates. This figure shows the decay in time of the excess populations for a
carrier recombination lifetime of 7, = 7, = 10725,
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4.3.2 Indirect Recombination; Trapping

In column IV semiconductors and in certain compounds, the probability of
direct electron-hole recombination is very small (Appendix IIT). There is
some band gap light given off by materials such as Si and Ge during recom-
bination, but this radiation is very weak and may be detected only by sensi-
tive equipment. The vast majority of the recombination events in indirect
materials occur via recombination levels within the band gap, and the result-
ing energy loss by recombining electrons is usually given up to the lattice as
heat rather than by the emission of photons. Any impurity or lattice defect
can serve as a recombination center if it is capable of receiving a carrier of
one type and subsequently capturing the opposite type of carrier, thereby
annihilating the pair. For example, Fig. 4-8 illustrates a recombination level
E, which is below E at equilibrium and therefore is substantially filled with

1z

Figure 4-7
Decay of excess
electrons and
holes by recombi-
nation, for An =
Ap = 0.1pg, with
ng negligible, and
7= 10 ns (Exam-
ple 4-2). The ex-
ponential decay
of 8nlt) is linear
on this semiloga-
rithmic graph.
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Figure 4-8
Caplure processes
at a recombina-
tion level: (o} hole
capture at a filled
recombination
center; (b) elec-
fron capture at an
empty center.

SESIEBSGNFNRBETRBRERERERTORRS E,'
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electrons. When excess electrons and holes are created in this material, each
EHP recombines at E, in two steps: (a) hole capture and (b) clectron capture.

Since the recombination centers in Fig. 4-8 are filled at equilibrium,
the first event in the recombination process is hole capture. It is important
1o note that this event is equivalent to an electron at E, falling to the valence
band, leaving behind an empty state in the recombination level. Thus in hole
capture, energy is given up as heat to the lattice. Similarly, energy is given up
when a conduction band electron subscquently falls to the empty state in E,.
When both of these events have occurred, the recombination center is back
to its original state (filled with an electron), but an EHP is missing. Thus one
EHP recombination has taken place,and the center is ready to participate in
another recombination event by capturing a hole.

The carrier lifetime resulting from indirect recombination is somewhat
more complicated than is the case for direct recombination, since it is nec-
essary to account for unequal times required for capturing each type of car-
rier. In particular, recombination is often delayed by the tendency for a
captured carrier to be thermally reexcited to its original band before cap-
ture of the opposite type of carrier can occur (Section 4.2.1). For example, if
electron capture (b) does not follow immediately after hole capture (a) in Fig.
4-8, the hole may be thermally reexcited to the valence band. Energy is re-
quired for this process, which is equivalent to a valence band electron being
raised to the empty state in the recombination level. This process delays the
recombination, since the hole must be captured again before recombination
can be completed.

When a carrier is trapped temporarily at a center and then is reexcit-
ed without recombination taking place, the process is often called temporary
rrapping. Although the nomenclature varies somewhat, it is common to refer
to an impurity or defect center as a trapping center (or simply trap) if, after
capture of one type of carrier, the most probable next event is reexcitation.
If the most probable next event is capture of the opposite type of carrier,
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the center is predominately a recombination center. The recombination can
be slow or fast, depending on the average time the first carrier is held before
the second carrier is captured. In general, trapping levels located deep in the
band gap are slower in releasing trapped carriers than are the levels located
near one of the bands. This results from the fact that more energy is required.
for example, to reexcite a trapped eléctron from a center near the middle of
the gap to the conduction band than is required to reexcite an electron from
a level closer to the conduction band.

As an example of impurity levels in semiconductors, Fig. 4-9* shows
the energy level positions of various impurities in Si. In this diagram a su-
perscript indicates whether the impurity is positive (donor) or negative (ac-
ceptor) when ionized. Some impurities introduce multiple levels in the band
gap; for example, Zn introduces a level (Zn~) located 0.31 eV above the va-
lence band and a second level (Zn~) near the middle of the gap. Each Zn im-
purity atom is capable of accepting two electrons from the semiconductor,
one in the lower level and then one in the upper level.

“Li* (0.033)  +PT(0.044) -As’ (0.049) -Sh' (0.039)
0.1
0.2 -5* (0.18)
.3
=Ni~™ (0.35 Rt q
4 Ni* (0.35) S (037
0.5 i Mn7 (0.53) L Au” (0.54)
- - +Zn" (0.55) i - a2
s -Cu~ (0.49)
04 |
- Au™ (0.35)
0.3 -Zn” (0.31)
«Cu™* (0.
02 NI~ (022) Cu™ (024)
«In" (0.16)
01 . .
B~ (0.045) +Ga” (0.065) .

*Referances: 5. M. Sze and J. C. Irvin, “Resistivity, Mobility, and Impurity Levals in GaAs, Ge and Si at
300 K," Solid State Electronics, vol. 11, pp. 599-802 (June 1968, £ Schibli and A G. Milnes, "Deep
Impurities in Silicon,” Materials Science and Enginesring, vel. 2, pp 173-180 (1967).
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Figure 4-9
Er‘lergy IB’VB’S Q;
impurities in Si.
The energies dre
measured from
the nearest band
edge (E, or E);
donor levels are
designated by a
plus sign and ac-
ceptors by a
minus sign.
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Figure 4-10
Experimen!ul
arrangement for
photoconductive
decay measure-
ments, and a typi-
cal oscilloscope
trace.
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The effects of recombination and trapping can be measured by a pho-
toconductive decay experiment. As Fig. 4-7 shows, a population of excess elec-
trons and holes disappears with a decay constant characteristic of the particular
recombination process. The conductivity of the sample during the decay is

o) = g[n(Dp, + p(w,] (4-9)

Therefore, the time dependence of the carrier concentrations can be moni-
tored by recording the sample resistance as a function of time. A typical ex-
perimental arrangement is shown schematically in Fig. 4-10. A source of
short pulses of light is required, along with an oscilloscope for displaying the
sample voltage as the resistance varies. Microsecond light pulses can be ob-
tained by periodically discharging a capacitor through a flash tube contain-
ing a gas such as xenon. For shorter pulses, special techniques such as the
use of a pulsed laser must be used.

4.3.3 Steady State Carrier Generation; Quasi-Fermi Levels

In the previous discussion we emphasized the transient decay of an excess
EHP population. However, the various recombination mechanisms are also
important in a sample at thermal equilibrium or with a steady state EHP
generation-recombination balance.® For example, a semiconductor at equi-
librium experiences thermal generation of EHPs at a rate g(T) = g, described
by Eq. (3-7). This generation is balanced by the recombination rate so that
the equilibrium concentrations of carriers 71, and p, are maintained:

g(T) = a,nf = o,nypy (4-10)

This equilibrium rate balance can include generation from defect centers as
well as band-to-band generation.

SThe term equilibrium rafers to o condition of no externcl excitotion except for temperature, and no net mo-
tion of charge [e.g., a sample at a conskont temparature, in the dark, with no fields applied). Steady siate
refers o o nonequilibrium condition in which all processes are constant and are balanced by opposing
processes [e.g., a sample with o constont current or a constant optical generation of EHPs just bolanced
by recombination).
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If a steady light is shone on the sample, an optical generation rate g,,
will be added to the thermal generation, and the carrier concentrations n
and p will increase to new steady state values. We can write the balance be-
tween generation and recombination in terms of the equilibrium carrier con-
centrations and the departures from equilibrium 32 and 3p: '

g(T) + Sup =a.np = “r(”o * 5")(!’0 o ap) (4" 11)
For steady state recombination and no trapping, 8n = 8p; thus Eq. (4-11)
becomes
g(1) + 8op = anepy + a,[(ny + p)dn + n?) (4-12)
The term «, ngp, is just equal to the thermal generation rate g(7). Thus,
neglecting the $n° term for low-level excitation, we can rewrite Eq. (4-12) as
2 on
Bop = (129 + po)on = — (4-13)
n

The excess carrier concentration can be written as
bn=238p =g, (4-14)

More general expressions are given in Eq. (4-16), which allow for the
case 7, # 7,, when trapping is present.

As a numerical example, let us assume that 10" EHP/cm® are created opti-
cally every microsecond in a Si sample with 7y = 10 em™ and 7, = 1, =
2 psec. The steady state excess electron (or hole) concentration is then
2 X 10" em™* from Eq. (4-14). While the percentage change in the majority elec-
tron concentration is small, the minority carrier concentration changes from

Po=ni/ny=(2.25 X 10°)/10" =225 X 106cm™>  (equilibrium)

to
p=2x10%cm™ (steady srare)
Note that the equilibrium equation n, = n? cannot be used with the sub-

scripts removed; that is, np # n} when excess carriers are present.

(¥

Itis often desirable to refer to the steady state electron and hole con-
centrations in terms of Fermi levels, which can be included in band diagrams
for various devices. The Fermi level £ used in Eq. (3-25) is meaningful only
when no excess carriers are present. However, we can write expressions for
the steady state concentrations in the same form as the equilibrium expres-
sions by defining separate quasi-Fermi levels F, and F, for electrons and
holes. The resulting carrier concentration equations

EXAMPLE 4-3
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N UF BT :
p = ngEFIAT (4-15)

can be considered as defining relations for the quasi-Fermi levels.®

EXAMPLE 4-4

Figure 4-11
QuasiFermi levels
f,cnd F, for a i
sample with

Ry = 10" em™d

(Example 4-4).

In Example 4-3, the steady state electron concentration is
n=ny+ dn=12X 10" = (1.5 x 10')e!f.~ )00

where kT = 0.0259 eV at room temperature. Thus the electron quasi-Fermi
level position F, - E, is found from

F, — E, =0.0259 In(8 X 10°) =0.233 ¢V

and F, lies 0.233 eV above the intrinsic level. By a similar calculation, the
hole quasi-Fermi level lies 0.186 eV below E, (Fig.4-11). In this example, the
equilibrium Fermi level is (0.0259 In(6.67 X 10°) = 0.228 eV above the in-
trinsic level.

E.r
c—————— —Fe =k
:1}.233c\
I
i(Ll'Shc\
—_t — — — —F
E.

The quasi-Fermi levels of Fig. 4-11 illustrate dramatically the devia-
tion from equilibrium caused by the optical excitation; the steady state F), is
only slightly above the equilibrium E whereas F, is greatly displaced below
Er From the figure it is obvious that the excitation causes a large percent-
age change in minority carrier hole concentration and a relatively small
change in the electron concentration.

In summary, the quasi-Fermi levels F, and F, are the steady state ana-
logues of the equilibrium Fermi level £ When excess carriers are present,
the deviations of F, and F, from E indicate how far the electron and hole
populations are from the equilibrium values n,and p, A given concentration
of excess EHPs causes a large shift in the minority carrier quasi-Fermi level

é1n some texts the quasi-Fermi level is called IMREF, which is Fermi spelled backward.
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compared with that for the majority carriers. The separation of the quasi-
Fermi levels F, — F, is a direct measure of the deviation from equilibrium (at
equilibrium F, = F, = E). The concept of quasi-Fermi levels is very useful
in visualizing minority and majority carrier concentrations in devices where
these quantities vary with position.

4.3.4 Photoconductive Devices

There are a number of applications for devices which change their resistance
when exposed to light. For example, such light detectors can be used in the
home to control automatic night lights which turn on at dusk and turn off at
dawn. They can also be used to measure illumination levels, as in exposure
meters for cameras. Many systems include a light beam aimed at the photo-
conductor, which signals the presence of an object between the source and
detector. Such systems are useful in moving-object counters, burglar alarms,
and many other applications. Detectors are used in optical signaling systems
in which information is transmitted by a light beam and is received at a pho-
toconductive cell.

Considerations in choosing a photoconductor for a given application in-
clude the sensitive wavelength range, time response, and optical sensitivity of
the material. In general, semiconductors are most sensitive to photons with
energies equal to the band gap or slightly more energetic than band gap. Less
energetic photons are not absorbed, and photons with kv > E, are absorbed
at the surface and contribute little to the bulk conductivity. Therefore, the table
of band gaps (Appendix III) indicates the photon energies to which most semi-
conductor photodetectors respond. For example, CdS (£, = 242 eV is com-
monly used as a photoconductor in the visible range, and narrow-gap materials
such as Ge (0.67 eV) and InSb (0.18 eV) are useful in the infrared portion of
the spectrum. Some photoconductors respond to excitations of carriers from
impurity levels within the band gap and therefore are sensitive to photons of
less than band gap energy.

The optical sensitivity of a photoconductor can be evaluated by exam-
ining the steady state excess carrier concentrations generated by an optical
generation rate g, If the mean time each carrier spends in its respective
band before capture is 7, and 7, we have

dn=rg, and ¥p =148, (4-16)
and the photoconductivity change is
A0 = ggo(Ta1, + T,1,) (4-17)

For simple recombination, 7, and 7, will be equal. If trapping is pre-
sent, however, one of the carriers may spend little time in its band before
being trapped. From Eq. (4-17) it is obvious that for maximum photocon-
ductive response, we want high mobilities and long lifetimes. Some semi-
conductors are especially good candidates for photoconductive devices

123
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because of their high mobility; for example, InSb has an electron mobility of
about 10° em%V-s and therefore is used as a sensitive infrared detector in
many applications. -

‘The time response of a photoconductive cell is limited by the recombi-
nation times, the degree of carrier trapping, and the time required for carri-
ers to drift through the device in an electric field. Often these properties can
be adjusted by proper choice of material and device geometry, but in some
cases improvements in response time are made at the expense of sensitivity.
For example, the drift time can be reduced by making the device short, but this
substantially reduces the responsive area of the device. In addition, it is often
desirable that the device have a large dark resistance, and for this reason,
shortening the length may not be practical. There is usually a compromise be-
tween sensitivity, response time, dark resistance, and other requirements in
choosing a device for a particular application.

4.4
DIFFUSION OF
CARRIERS

When excess carriers are created nonuniformly in a semiconductor, the elec-
tron and hole concentrations vary with position in the sample. Any such spa-
tial variation (gradient) in n and p calls for a net motion of the carriers from
regions of high carricr concentration to regions of low carrier concentration.
This type of motion is called diffusion and represents an important charge
transport process in semiconductors. The two basic processes of current con-
duction are diffusion due o a carrier gradient and drift in an electric field.

4.4.1 Diffusion Processes

When a bottle of perfume is opened in one corner of a closed room, the scent
is soon detected throughout the room. If there is no convection or other net
motion of air, the scent spreads by diffusion. The diffusion is the natural re-
sult of the random motion of the individual molecules. Consider, for exam-
ple, a volume of arbitrary shape with scented air. molecules inside and
unscented molecules outside the volume. All the molecules undergo random
thermal motion and collisions with other molecules. Thus cach molecule
moves in an arbitrary direction until it collides with another air molecule,
after which it moves in a new direction. If the motion is truly random, a mol-
ecule at the edge of the volume has equal probabilities of moving into or out
of the volume on its next step (assuming the curvature of the surface is neg-
ligible on the molecular scale). Therefore, after a mean free time 7, half the
molecules at the edge will have moved into the volume and half will have
moved out of the volume. The net effect is that the volume containing scent-
ed molecules has increased. This process will continue until the molecules
are uniformly distributed in the room. Only then will a given volume gain as
many molecules as it loses in a given time. In other words, net diffusion will
continue as long as gradients exist in the distribution of scented molecules.
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Carriers in a semiconductor diffuse in a carrier gradient by random
thermal motion and scattering from the lattice and impurities. For example,
a pulse of excess electrons injected at x = 0 at time ¢ = 0 will spread out in
time as shown in Fig. 4-12. Initially, the excess electrons are concentrated at
x = 0; as time passes, however, electrons diffuse to regions of low electron
concentration until finally n(x) is constant.

We can calculate the rate at which the electrons diffuse in a one-
dimensional problem by considering an arbitrary distribution n(x) such as Fig,
4-13a. Since the mean free path / between collisions is a small incremental
distance, we can divide x into segments [/ wide, with n(x) evaluated at the
center of each segment (Fig. 4-13b).

n (x)

Hix)

(a)
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Figure 4-12
Spreading of a
pulse of electrons
by diffusion.

Figure 4-13

An arbitrary elec-
tron concentration
gradient in one di-
mension: {a} divi-
sion of n(x into
segments of

length equal to a
mean free path
for the electrons;
(b) expanded
view of two of the
segments centered
at Xp.



126

Chapter 4

The electrons in segment (1) to the left of x, in Fig. 4-13b have equal
chances of moving left or right. and in a mean free time 7 one-half of them
will move into segment (2). The same is true of electrons within one mean free
path of x; to the right; one-half of these electrons will move through x, from
right to left in a mean free time. Therefore, the net number of electrons pass-
ing X, from left to right in one mean free time is ;(1,/A) — 1(n,/A), where the
area perpendicular to x is A. The rate of electron flow in the +x-direction per
unit area (the electron flux density ,) is given by

d’n(x{l) = .)i‘ ("i 2 ”‘:] (4-18)

Since the mean free path [ is a small differential length, the difference
in electron concentration (#, — n,) can be written as

n(x) — n(x + Ax) -
- = ! 4
n, = n, = (4-19)

where x is taken at the center of segment (1) and Ax = [. In the limit of small
Ax (i.e.,small mean free path [ between scattering collisions), Eq. (4-18) can
be written in terms of the carrier gradient dn(x)/dx: -
72 72
5.0} = _I‘: lim n(x) — n(x + Ax) _ —_IT dn(x) (4-20)
21 Arn Ax 2t dx
The quantity [7/2i is called the electron diffusion coefficient’ D, with
units cm*/s. The minus sign in Eq. (4-20) arises from the definition of the de-
rivative; it simply indicates that the net motion of electrons due to diffusion
is in the direction of decreasing electron concentration. This is the result we
expect, since net diffusion occurs from regions of high particle concentra-
tion to regions of low particle concentration. By identical arguments, we can
show that holes in a hole concentration gradient move with a diffusion co-
efficient D,. Thus

alile-m d’;&r) (4-21a)
é,(x)=-D, d——iﬂ (4-21h)

The diffusion current crossing a unit area (the current density) is the
particle flux density multiplied by the charge of the carrier:

dn(.t)=+ 5 dn(x)

J.(diff.) = — (- q)D, - gD, =~

(4-22a)

7If metion in three dimensions were included, the diffusion would ba smaller in the xdirectian Actually, the
diffusion coeMficient shauld be calculated from the true energy distributions ond scattering mechanisms. Dif.
fusion coefficients are usually detarmined experimentally for o parficular matericl, as described in Section
4.4.5.
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: dp(x) dp(x)
==t glD. A== s 4-22b
J(diff.) = = (+¢)D, ;e 4D, = ( )
It is important to note that electrons and holes move together in a car-
rier gradient [Eqs. (4-21)], but the resulting currents are in opposite directions
[Eqs. (4-22)] because of the opposite charge of electrons and holes.

4.4.2 Diffusion and Drift of Carriers; Buili-in Fields

If an electric field is present in addition to the carrier gradient, the current
densities will eath have a dnft component and a diffusion component

dn{x) : (4-23a)
dx
drift diffusion

dpia) (4-23h)
dx

J(x) = qun(x)é(x) + gD,

1,(x) = qu,p(x)E(x) — gD,

and the total current density is-the sum of the contributions due to elec-
trons and holes:

J(x) =1,(x) + J,(x) (4-24)

We can best visualize the relation between the particle flow and the cur-
rent of Egs. (4-23) by considering a diagram such as shown in Fig. 4-14. In this
figure an electric field is assumed to be in the x-direction, along with carrier
distributions n(x) and p(x) which decrease with increasing x. Thus the deriva-
tives in Eqs. (4-21) are negative, and diffusion takes place in the +x-direction.
The resulting electron and hole diffusion currents [J, (diff.) and J, (diff.)] are in
opposite directions, according to Eqs. (4-22). Holes drift in the direction of the
electric field [&, (drift)], whereas electrons drift in the opposite direction because
of their negative charge. The resulting drift current is in the +x-direction in
each case. Note that the drift and diffusion components of the current are ad-
ditive for holes when the field is in the direction of decreasing hole concentra-
tion, whereas the two components are subtractive for electrons under similar
conditions. The total current may be due primarily to the flow of electrons or

------ - & P {diff ) and nﬁ,, (dritt)
&) ————— J,(dift) and J,, (drift)

—————— = ¢, (diff)

* = ——- &, (drfi)

—— J,(drift)
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Figure 4-14

Drift and diffusion
directions for elec-
trons and holes in
a carrier gradient
and an electric
field. Particle flow
directions are in-
dicated by
dashed arrows,
and the resulting
currents are indi-
cated by solid

Qarrows.
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Figure 4-15
Energy band dio-
gram of a semi-

conductor in an
electric field €(x).

holes, depending on the relative concentrations and the relative magnitudes
and directions of electric field and carrier gradients.

An important result of Eqgs. (4-23) is that minority carriers can contribute
significantly to the current through diffusion. Since the drift terms are pro-
portional to carrier concentration, minority carriers seldom provide much drift
current. On the other hand, diffusion current is proportional to the gradient of
concentration. For example, in n-type material the minority hole concentration
p may be many orders of magnitude smaller than the electron concentration
n, but the gradient dp/dx may be significant. As a result, minority carrier cur-
rents through diffusion can sometimes be as large as majority carrier currents.

In discussing the motion of carriers in an electric field, we should in-
dicate the influence of the field on the energies of electrons in the band di-
agrams. Assuming an electric field 4(x) in the x-direction, we can draw the
energy bands as in Fig. 4-15, to include the change in potential energy of
electrons in the field. Since electrons drift in a direction opposite to the
field, we expect the potential energy for electrons to increase in the direc-
tion of the field, as in Fig. 4-15. The electrostatic potential ¥(x) varies in
the opposite direction, since it is defined in terms of positive charges and is
therefore related to the electron potential energy E(x) displayed in the fig-
ure by ¥ (x) = E(x)/(—q).

From the definition of electric field,
av(x)
é(x) = - (4-25)
we can relate é(x) to the electron potential energy in the band diagram by
choosing some reference in the band for the electrostatic potential. We are
interested only in the spatial variation ¥'(x) for Eq. (4-25). Choosing E; as a
convenient reference, we can relate the electric field to this reference by

1
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(—q)

Therefore, the variation of band energies with €(x) as drawn in Fig. 4-15
is correct. The direction of the slope in the bands relative to € is simple to re-
member: Since the diagram indicates electron energies, we know the slope in
the bands must be such that electrons drift “downhill” in the field. Therefore, €
points “uphill” in the band diagram.

At equilibrium, no net current flows in a semiconductor. Thus any fluc-
tuation which would begin a diffusion current also sets up an electric field
which redistributes carriers by drift. An examination of the requirements for
equilibrium indicates that the diffusion coefficient and mobility must be re-
lated. Setting Eq. (4-23b) equal to zero for equilibrium, we have

€(x) = ———= = (4-26)

d¥(x) _g[ E, }_1 dE,
dx dx| g dx

D, 1 dplx)
T e e oo 4-27)
( w, plx) dx (450
Using Eq. (3-25b) for p(x),
D, 1 (dE,. dEF) _
e 8 it Sery
%(x) . kT \dx & (4-28)

The equilibrium Fermi level does not vary with x, and the derivative of
E, is given by Eq. (4-26). Thus Eq. (4-28) reduces to

D kT |
—=— (4-29)
Loq

This result is obtained for either carrier type. This important equation
is called the Einstein relation. It allows us to calculate either D or p from a
measurement of the other. Table 4-1 lists typical values of D and p. for sev-
eral semiconductors at room temperature. It is clear from these values that
D/p=0.026V.

An important result of the balance of drift and diffusion at equilibri-
um is that built-in fields accompany gradients in E, [see Eq. (4-26)]. Such
gradients in the bands at equilibrium (E constant) can arise when the band
gap varies due to changes in alloy composition. More commonly, built-in
fields result from doping gradients. For example, a donor distribution N(x)

Toble 4-1 Diffusion coefficient and mobility of electrons and holes for intrinsic
semiconductors at 300 K. Note: Use Fig. 3-23 for doped semiconductors.

D, lem?/s) D, fam/s) o lem’/N3) o, lem®/Vs)
Ge 100 50 3900 1900
Si 35 12.5 1350 480
GaAs 220 10 8500 400

129



130 Chopter 4

causes a gradient in n,(x), which must be balanced by a built-in electric field
€(x).

EXAMPLE 4-5

An intrinsic Si sample is doped with donors from one side such that N, =
Ny exp(—ax). (a) Find an expression for €(x) at equilibrium over the range
for which N, » n,. (b) Evaluate é(x) when a = 1(um)~". (c) Sketch a band
diagram such as in Fig. 4-15 and indicate the direction of €.

(a) From Eq. (4-23a),

g(‘r)z_’f_}ﬂ _,_dn/dx: _g Nﬂ_(‘f.?z_.= +Ed‘
K, n q Nge q

We notice for this exponential impurity distribution, €(x) depends
on a but not on N, or x.

(b) %&(x) =0.0259(10%) = 259 V/cm
()

4.4.3 Diffusion and Recombination; The Continuity Equation

In the discussion of diffusion of excess carricrs, we have thus far neglected the
important effects of recombination. These effects must be included in a de-
scription of conduction processes, however, since recombination can cause a
variation in the carrier distribution. For example, consider a differential length
Ax of a semiconductor sample with area A in the yz-plane (Fig. 4-16). The hole
current density leaving the volume, /,(x + Ax), can be larger or smaller than
the current density entering, J,(x), depending on the generation and recom-
bination of carriers taking place within the volume. The net increase in hole
concentration per unit time, dp/dt, is the difference between the hole flux per
unit volume entering and leaving, minus the recombination rate. We can con-
vert hole current density to hole particle flux density by dividing J, by q.The
current densities are already expressed per unit area; thus dividing J,(x)iq
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Figure 4-16
Current entering
_ and leaving a
oy SRR volume AxA.

by Ax gives the number of carriers per unit volume entering AxA per unit
time, and (I/g)J,(x + Ax)/Ax is the number leaving per unit volume and time:

ap 1 1x) - T +Ax) dp 43
ot xsx+Axr 9 Ax TP ‘
Rateof  increase of hole concentra—  recombination
hole buildup ~  tion in AxA per unit time rate

As Ax approaches zero, we can write the current change in derivative form:

aplx,t) ab 14/ )
il B 14, % (4-314)
at at g ox T,
The expression (4-31a) is called the continuity equation for holes. For
electrons we can write

adn 14J, b&n
el (4-31b)

at  q dx Tu

since the electronic charge is negative.

When the current is carried strictly by diffusion (negligible drift), we can
replace the currents in Egs. (4-31) by the expressions for diffusion current;
for example, for electron diffusion we have

adn
iff.) = gD, — 4-32
J (diff.) = gD, = { )

Substituting this into Eq. (4-31b) we obtain the diffusion equation
for electrons,

]

|

| —=D,—% - — (4-33a)
|

and similarly for holes,
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a8 i
P . p ¥t b

=D, —& 3
at Foaxr 1 (4-335)

n

These equations are useful in,solving transient problems of diffusion
with recombination. For example, a pulse of electrons in a semiconductor
(Fig. 4-12) spreads out by diffusion and disappears by recombination. To
solve for the electron distribution in time, n(x, r), we would begin with the dif-
fusion equation, Eq. (4-33a).

4.4.4 Steady State Carrier Injection; Diffusion Length

In many problems a steady state distribution of excess carriers is maintained.
such that the time derivatives in Eqgs. (4-33) are zero. In the steady state case
the diffusion equations become

A —
er‘ﬁn _bn _dn (4-34a)
f & Da, B
| .

= |
4% _ 3 _dp (4-34b)
l " re ;'

- (steady state)

where L, = VD, is called the electron diffusion length and L, is the dif-

fusion length for holes. We no longer need partial derivatives, since the time
variation is zero for steady state,

The physical significance of the diffusion length can be understood best
by an example. Let us assume that excess holes are somehow injected into a
semi-infinite semiconductor bar at x = (), and the steady state hole injection
maintains a constant excess hole concentration at the injection point 8p(x =0)
= Ap. The injected holes diffuse along the bar, recombining with a character-
istic lifetime .. In steady state we expect the distribution of excess holes 1o
decay to zero for large values of x. because of the recombination (Fig. 4-17).
For this problem we use the steady state diffusion equation for hales, Eq.
(4-34b). The solution to this equation has the form

3p(x) = Ciet'ts + Cyem ke (4-35)

We can evaluate C; and C: from the boundary conditions. Since recom-
bination must reduce 3p(x) to zero for large values of x, 8p = 0 at x = = and
therefore C; = 0. Similarly, the condition dp = Ap atx = 0 gives €, = Ap,and
the solution is

 8plx) = Ape /L | (4-36)
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plx)

p(x) = pg + Ape ¥l

The injected excess hole concentration dies out exponentially in x due
to recombination, and the diffusion length L, represents the distance at which
the excess hole distribution is reduced to Ve of its value at the point of in-
jection. We can show that L, is the average distance a hole diffuses before re-
combining. To calculate an average diffusion length, we must obtain an
expression for the probability that an injected hole recombines in a particu-
lar interval dx. The probability that a hole injected at x = 0 survives to x
without recombination is 3p(x)/Ap = exp(—x/L,), the ratio of the steady
state concentrations at x and 0. On the other hand, the probability that a hole
at x will recombine in the subsequent interval dx is

op(x) — 8p(x + dx) : — (ddp(x)/dx)dx
op(x) dp(x)

Thus the total probability that a hole injected at x = 0 will recombine
in a given dx is the product of the two probabilities:

1
= -37
z, dx (4-37)

gl 1 2 ,
[e-—:_.L,)(L_ dx) - ~%/Ly dy (4-38)
\ n /

L.
LP

Then, using the usual averaging techniques described by Eq. (2-21),
the average distance a hole diffuses before recombining is

t {,—1,"1_,. .
<.r}=Lx — dx=L, (4-39)

P

The steady state distribution of excess holes causes diffusion, and there-
fore a hole current, in the direction of decreasing concentration. From Eqs.
(4-22bj and (4-36) we have

dp dép D E D,
= - —— e | T/ Ly = 4—4”
J(x)=—-gD, i L JL;, Ape q L dplx) ( )
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Figure 4-17
Injection of holes
ot x = 0, giving o
steady state hole
distribution p(x)
and a resuling
diffusion current

density J(x).
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Figure 4-18

Drift and diffusion
of a hole pulse in
an n-type bar: (a
sample geometry;
[b) position and
shope of the pulse
for several times
during its drift
down the bar.

Since p(x) = p, + dp(x), the space derivative involves only the excess
concentration. We notice that since dp(x) is proportional to its derivative for
an exponential distribution, the diffusion current at any x is just proportion-
al to the excess concentration 5p at that position.

Although this example seems rather restricted, its usefulness will be-
come apparent in Chapter 5 in the discussion of p-n junctions. The injection
of minority carriers across a junction often leads to exponential distributions
as in Eq. (4-36), with the resulting diffusion current of Eq. (4-40).

4.4.5 The Haynes-Shockley Experiment

One of the classic semiconductor experiments is the demonstration of drift
and diffusion of minority carriers, first performed by J.R Haynes and
W. Shockley in 1951 at the Bell Telephone Laboratories. The experiment al-
lows independent measurement of the minority carrier mobility p and dif-
fusion coefficient /2. The basic principles of the Haynes—-Shockley experiment
are as follows: A pulse of holes is created in an n-type bar (for example) that
contains an electric field (Fig. 4-18); as the pulse drifts in the field and spreads
out by diffusion, the excess hole concentration is monitored at some point
down the bar; the time required for the holes to drift a given distance in the
field gives a measure of the mobility; and the spreading of the pulse during
a given time is used to calculate the diffusion coefficient.

In Fig. 4-18 a pulse of excess carriers is created by a light flash at some
point x = 0 in an n-type semiconductor (n, > py). We assume that the excess
carriers have a negligible effect on the electron concentration but change
the hole concentration significantly. The excess holes drift in the direction
of the electric ficld and eventually reach the point x = L, where they are

Light pulse I

(a) i—. X

i / 4 N
(b) —JL 4 )< s
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monitored. By measuring the drift time 7,, we can calculate the drift veloci-
ty v; and, therefore, the hole mobility:

Vy=— (4—-‘41)
Iy
by = (4-42)

Thus the hole mobility can be caiculated directly from a measurement of the
drift time for the pulse as it moves down the bar. In contrast with the Hall ef-
fect (Section 3.4.5), which can be used with resistivity to obtain the majori-
ty carrier mobility, the Haynes-Shockley experiment is used to measure the
minority carrier mobility.

As the pulse drifts in the € field it also spreads out by diffusion. By mea-
suring the spread in the pulse, we can calculate D, To predict the distribution of
holes in the pulse as a function of time, let us first reexamine the case of diffu-
sian of a pulse without drift, neglecting recombination (Fig. 4-12). The equation
which the hole distribution must satisfy is the time-dependent diffusion equation,
Eq.(4-33b). For the case of negligible recombination (7, long compared with the
times involved in the diffusion), we can write the diffusion equation as

adp(x, t) 8p(x, 1)
=D 4-43
ar P woo)
The function which satisfies this equation is called a gaussian distribution,
AP ;
dplx. 1) = { — |~ /4D (4-44)
pl 2VmD,t

where AP is the number of holes per unit area created over a negligibly small
distance at 1 = (. The factor in brackets indicates that the peak value of the
pulse (at x = 0) decreases with time, and the exponential factor predicts the
spread of the pulse in the positive and negative x-directions (Fig. 4-19). If we
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Figure 4-19
Calculation of D,
from the shape cf
the 8p distribution
after time ;. No
drift or recombi-
nation is included.
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designate the peak value of the pulse as 8p at any time (say 1,), we can use
Eq. (4-44) to calculate D, from the value of 8p at some point x. The most con-
venient choice is the point Ax/2, at which 8p is down by 1/e of its peak value
5p. At this point we can write

e”'5p = dpe (/DL (4-45)
Ax 2

D,= % (4-46)
d

Since Ax cannot be measured directly, we use an experimental setup
such as Fig. 4-20, which allows us to display the pulse on an oscilloscope as
the carriers pass under a detector. As we shall see in Chapter 5, a forward-
biased p-n junction serves as an excellent injector of minority carriers, and a
reverse-biased junction serves as a detector. The measured quantity in Fig.
4-20 is the pulse width At displayed on the oscilloscope in time. It is related
1o Ax by the drift velocity, as the pulse drifts past the detector point (2).

L
Ax=.3rvd=m-r (4-47)
d

EXAMPLE 4-6

Figure 4-20

The Haynes~
Shockley experi-
ment: (a) circuit
schematic; (b) typ-
ical trace on the
oscilloscope
screen,

An n-type Ge sample is used in the Haynes—Shockley experiment shown in
Fig. 4-20.The length of the sample is 1 cm, and the probes (1) and (2) are sep-
arated by 0.95 cm. The battery voltage E, is 2 V. A pulse arrives at point (2)

ot~

(a)

(b)
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0.25 ms after injection at (1); the width of the pulse At is 117 ps. Calculate the
hole mobility and diffusion coefficient. and check the results against the Ein-
stein relation.

_vy_095/(025 x 10°%)
o= 21 = 1900 cm?*/(V-s)
p o Wx)_ (AL)
P16, 168
_(myxoasEx1g® ..
16(025) x 10 ° =494 cm’/s
D, 494 kT
2= ——=(026=—
B, 1900 g

SOLUTION
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4.4.6 Gradients in the Quasi-Fermi Levels

In Section 3.5 we saw that equilibrium implies no gradient in the Fermi level
Ep. In contrast, any combination of drift and diffusion implies a gradient in
the steady state quasi-Fermi level.

We can use the results of Egs. (4-23), (4-26), and (4-29) to demon-
strate the power of the concept of quasi-Fermi levels in semiconductors [see
Eq. (4-15)). If we take the general case of nonequilibrium electron concen-
tration with drift and diffusion, we must write the total electron current as

1,0 = qun(e)e(x) + g, 222 (448)
where the gradient in electron concentration is
dn(x) d AR E)k _E(x_)(ffa_ﬁ)
Fraiee L o 2 i e

Using the Einstein relation, the total electron current becomes

1,(5) = qu ) + )| 52— 22| (4-50)
But Eq. (4-26) indicates that the subtractive term in the brackets is just
q€(x), giving a direct cancellation of gun(x)¥(x) and leaving

J,(x) = p,n(x) % (4-51)

Thus, the processes of electron drift and diffusion are summed up by the
spatial variation of the quasi-Fermi level. The same derivation can be made
for holes, and we can write the currem due to drift and diffusion in the form
of a modified Ohm’s law
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1,(0) = g ne) LELD g, d/a) (4-52a)
1,0 = quyp(e) L2l _ g () Ul Q) (4-52)

Therefore, any drift, diffusion, or combination of the two in a semi-
conductor results in currents proportional to the gradients of the two quasi-
Fermi levels. Conversely, a lack of current implies constant quasi-Fermi levels.

PROBLEMSh 4.1 With Er located 0.4 ¢V above the valence band in a Si sample, what charge

state would you expect for most Ga atomns in the sample? What would be the
predominant charge statc of Zn? Au? Note: By charge state we mean neutral,
singly positive, doubly negative, etc.

4.2 A Si sample is doped with 10' cm ™ Sb. How many Zn atoms/cm® must be
added to exactly compensate this material (n; = py = n,)?

4.3 Construct a semilogarithmic plot such as Fig. 4-7 for GaAs doped with 2 X 10"
donors/cm’® and having 4 % 10'* EHP/cm® created uniformly at f = (. Assume
that 1,=71, = 50 ns.

4.4 Calculate the recombination coefficient «,, for the low-level excitation de-
scribed in Prob. 4.3, Assume that this valuc of «, applies when the GaAs sam-
ple is uniforraly exposed to a steady state optical generation rate g,, = 10%
EHP/cm’-s. Find the steady state excess carricr concentration An = Ap.

4.5 A sample is doped with donors such that n, = Gx for n, > n;, where G is a con-
stant. Find the built-in electric field €(x).

4.6 A Sisample with 10'%cm? donors is uniformly optically excited at room tem-
perature such that 10'%cm’ electron-hole pairs are generated per second. Find
the separation of the guasi-Fermi levels and the change of conductivity upon
shining the light. Electron and hole lifetimes are both 10 ps. D, = 12 cm’/s.

4.7 An n-type Si sample with N, = 10" cm~? is steadily illuminated such that
8op = 10* EHP/em®-& If <, = 7, = 1y for this excitation, calculate the separation in
the quasi-Fermi levels, (F, — F,). Draw a band diagram such as Fig. 4-11.

4.8 For a2 cm long doped Si bar (N, = 10" cm ™) with a cross-sectional area = 0.05 cm?,
what is the current if we apply 10V across it? If we generate 107 electron-hole
pairs per second per ¢m® uniformly in the bar and the lifetime 1, =7, =107,
what is the new current? Assume the low level a, doesn’t change for high level
injection. If the voitage is then increased to 100,000 V, what is the new cur-
rent? Assume p, = 500 cm?/V-s, but you must choose the appropriate values
for electrons.

4.9 Design and sketch a photoconductor using a 5-pm-thick film of CdS, assuming
that 7, = 7, = 10 °sand N, = 10" em . The dark resistance (with g., = 0) should
be 10 M(1, and the device must fit in a square (.5 cm on a side; therefore, some
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sort of folded or zigzag pattern is in order. With an excitation of g, = 10?
EHP/cm’-s, what is the resistance change?

In a very long p-type Si bar with cross-sectional area = 0.5 em® and N, = 10" cm 2
we inject holes such that the steady state excess hole concentration is 5 X 10" cm 3
at x = 0. What is the steady state separation between £, and E, at x = 1000A?
What is the hole current there? How much is the excess stored hole charge? As-
sume p, = 500 cm*/V-s and 7, = 10"

Assume that a photoconductor in the shape of a bar of length L and area A has
a constant voltage V applied, and it is illuminated such that 8op EHP/cm™-s are
gencrated uniformly throughout. If p, i,: We can assume the optically in-
duced change in current Al is dominated by the mobility p, and lifetime ,, for
clectrons. Show that A/ = gA Lg,v,/7, for this photoconductor, where 1, is the
transit time of electrons drifting down the length of the bar.

For the steady state minority hole distribution shown in Fig.4-17, find the expres-
sion for the hole quasi-Fermi level position E; — F,(x) while p(x) > p, (i.e., while
F,isbelow Eg). On a band diagram, draw the variation of F(x). Be careful—when
the minority carriers are few (e.g., when 8p is n), F,still has a long way to go to reach
Eg .

Boron is diffused into an intrinsic Si sample, giving the acceptor distribution
shown in Figure P4-13. Sketch the equilibrium band diagram and show the di-
rection of the resulting electric field, for N,(x) 3 n,. Repeat for phosphorus,
with NV (x) = n,.

X

The current required 1o feed the hole injection at x = 0 in Fig. 4-17 is obtained
by evaluating Eq. (4-40) at x = 0. The result is / (% =0) = gAD Ap/L,. Show that
this current can be calculated by integrating the charge stored in the steady
state hole distribution 8p(x) and then dividing by the average hole lifetime Ta
Explain why this approach gives [ (x=10).

We wish to use the Haynes-Shockley experiment to calculate the hole lifetime
7p I an n-typt sample. Assume the peak voltage of the pulse displayed on the
oscilloscope screen is proportional to the hole concentration under the collec-
tor terminal at time 1, and that the displayed pulse can be approximated as a
gaussian, as in Eq. (4-44), which decays due to recombination by ¢~*/% The
electric field is vari¢d and the following data taken: For ¢, = 200 ps, the peak is
20 mV: for 1, = 50 us, the peak is 80 mV. What is 1.9

Figure P4-13
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\

4.16 Consider a sample of GaAs (n; = 10°cm ™ at 300 K ) doped with 10" donors per
em® illuminated with the 5145 A line of an argon ion laser. For GaAs at 5145
A, =10*cm . Calculate and plot the steady state excess electron profile dn(x)
in the region within 5 um of the surface for photon fluxes of 10', 10", and 10"
photons em™?s ™' using low-level injection assumptions and directly solving Eq.
(4-12). For this problem, assume that T, =7, = 10~ 5. Neglect diffusion.

4.17  For the sample of Prob. 4-16, calculate and plot the steady state excess electron
profile 6n(x) in the region within 5 wm of the surface for a photon flux of 10"
photons cm * s~" using low-level injection assumptions and directly solving
Eq. (4-12) for values of o, 0f 10”1077, and 10~ cm’s ™.

1

4.18 Using the results of Prob. 4-16 obtained for a photon flux of 10" photons em ™ 57",
calculate and plot the transient excess carrier profile, 1,2, and 5 ns after the laser
flux is interrupted, by integrating Eq. (4-5) within each depth interval, using
10 *cm’s ! for a,. In this casc, ignore carrier diffusion.

419 Assume an n-type semiconductor bar is illuminated over a narrow region of its
length, such that An = Ap in the illuminated zone, and excess carriers diffuse
away and recombine in both directions along the bar. Assuming 5n = 8p, sketch
the excess carrier distribution and, on a band diagram, skeich the quasi-Fermi
levels F, and F, over several diffusion lengths from the illuminated zone. See
the cautionary note in Prob. 4-12.
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