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Preface

When I was assigned to teach physics of device materials at Memorial University
of Newfoundland 7 years ago, I got excited. Who would not be happy to tell the
students about such diverse areas as quantum mechanics, statistical physics, theory
of solids, electrodynamics, and crystallography, not to mention some cool electronic
applications, in a one-semester course? This opportunity was especially thrilling,
because the majority of my audience consisted of second-year engineering students
with little or no prior knowledge about most of these subjects. It is always great to
be the first to tell young people about something tremendously important.

Finding a suitable text is the first challenge an instructor faces before teaching
a course. This choice is usually made based on two factors: the knowledge the
instructor intends to impart to the students and their background preparation level.
There are many excellent books on semiconductor physics. But some of them
implicitly assume the readers’ familiarity with the topics mentioned above, while
others dig into those topics too deeply and are more suitable for the advanced
undergraduate or graduate physics students. Neither description applied to my
audience.

Hence, I wrote a few pages on quantum mechanics and a few on statistical
physics, which I shared with the students as a handout. As I was teaching this course
in the following years, I added more material to those notes, which finally developed
into this book.

The book contains three roughly equal parts, each of which can be covered in
about one month’s time. The first part, Fundamental Physics, gives the background
information students will need to understand the rest of the text: quantum mechan-
ics, crystal structure of solids, statistical mechanics, and band theory of solids.
In the second part, this information is applied to explain the basic properties of
semiconductors, namely the concentration of charge carriers in equilibrium, the
interrelation between the carrier concentration and a non-uniform electric potential,
the generation-recombination processes, and, finally, the response of the charge
carriers to an electric field. The third part applies what the students have learned
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earlier in the book to explain some semiconductor devices: the Schottky diodes, the
MOSFETs, the pn junction diodes, and some optoelectronic applications thereof.

Since my intention was to give only slightly more material than can be delivered
within a one-semester course, many topics were left out. For example, the size-
related effects in the semiconductor devices and the bipolar transistor are not
discussed. An interested reader is referred to a number of excellent texts to fill those
gaps, such as:

K. Brennan, The Physics of Semiconductors (Cambridge University Press, 1999)

J.P. Collinge and C.A. Collinge, Physics of Semiconductor Devices (Kluwer
Academic Publishers, 2002)

J.A. del Alamo, Integrated Microelectronic Devices: Physics and Modeling
(Pearson, 2018)

C. Hamaguchi, Basic Semiconductor Physics (Springer, 2010)

C. Hu, Modern Semiconductor Devices for Integrated Circuits (Pearson, 2009)

M. Grundmann, The Physics of Semiconductors (Springer, 2010)

J.P. McKelvey, Solid State and Semiconductor Physics (R.F. Krieger Publishing
Company, 1966)

R.S. Muller and Th.I. Kamins, “Device Electronics for Integrated Circuits”
(Wiley, 2002)

D. Neamen, Semiconductor Physics and Devices (McGraw-Hill, 2003)

C. Papadopoulos, Solid-State Electronic Devices (Springer, 2014)

R.F. Pieret, Semiconductor Device Fundamentals (Addison-Wesley Publishing
Company, 1996)

D.K. Schroder, Semiconductor Material and Device Characterization (Wiley,
2006)

K. Seeger, Semiconductor Physics (Springer, 2004)

R.A. Smith, Semiconductors (Cambridge Univ. Press, 1978)

S.M. Sze and M.K. Lee, Semiconductor Devices (Wiley, 2012)

S.M. Sze and K.K. Ng, Physics of Semiconductor Devices (Wiley, 2007)

PY. Yu and M. Cardona, Fundamentlals of Semiconductors (Springer, 2010)

Reading a book like this is best done with pencil and paper. Ideally, a student
should understand the material well enough to be able to explain it to another
student. At the end of each chapter, the student will find problems that should,
hopefully, strengthen their understanding of the chapter material. Each of the
problem sections consists of three parts: solved problems, practice problems, and
solutions. Students are encouraged to first try and tackle the problems by themselves
and look into the solutions only if they are stuck.

Although I made every effort to make this book free of errors, I cannot guarantee
that it is. I will greatly appreciate it if the readers inform me about any typo
and mistake they find, or offer any other suggestions and criticism by email at
mevstigneev@mun.ca.

I would like to thank my students and colleagues for their input. I am indebted to
Dr. Michael Morrow for sharing his own materials with me when I got to teach
this course for the first time. It has been a great pleasure to discuss pertinent
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subjects with Drs. Anatoliy Sachenko and Igor Sokolovskyi from the Institute of
Semiconductor Physics in Kyiv, Ukraine. Last but not least, I thank Gleb Evstigneev
for his suggestions that helped me improve the style of this text.

I dedicate this book to Ukraine, my brave home country.

St. John’s, NL, Canada Mykhaylo Evstigneev
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Part I
Fundamental Physics



Chapter 1 ®
Principles of Quantum Mechanics Qs

1.1 Why Quantum Mechanics?

As far back as ca. 2700 years ago, some natural philosophers speculated that the
building block of matter is a small particle they called an atom; its Greek name
atopov means “indivisible.” Given its correctness, it comes as a surprise that
atomism was a disputed idea for two and a half millennia.

Science is not all about brilliant ideas and deep insights into the nature’s ways. It
is also about healthy skepticism and reluctance to accept a particular theory before
every competing theory is ruled out. People who were critical of atomism were not
necessarily bad scientists; quite the opposite is true about many of them. The simple
reason why it took so long for atoms to enter the mainstream of science is that seeing
is believing. Atoms are too tiny to be seen even in the best optical microscope. One
had to rely on the indirect evidence rather than direct observation of atoms.

For example, one can look at the barely visible small objects, such as pollen, coal
dust, and similar particles suspended in water. Their irregular Brownian motion can
be interpreted as caused by the unequal number of hits they receive from different
sides at each instant of time. The hits are coming from atoms. Another example:
chemists noticed that the masses of substances participating in chemical reactions
are related to each other as integer numbers. This can be taken as an evidence of the
minimal building blocks of matter that form chemical compounds by reacting with
each other.

But with a bit of imagination, one can think of other (wrong) explanations of
these facts based on the information that was available in the pre-nineteenth century
science.

The big breakthrough was made by Joseph Thomson in 1897, who discovered
that atoms are not as indivisible as previously believed. Thomson was interested
in the flow of electric current between two metal plates placed against each other
inside a vacuum tube. He showed that the current is carried by the negatively charged
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particles (the electrons), whose charge-to-mass ratio could be measured by studying
the deflection of an electron beam in electric and magnetic fields.

The next step was made in the 1910s by Geiger, Marsden, and Rutherford, who
studied the transmission of alpha-particles through a thin metal foil. Their angular
distribution signaled that alpha-particles underwent collisions with the positively
charged nuclei thousands of times heavier than the electrons orbiting around it.

At a slightly earlier time, another line of research was actively being developed:
the electromagnetism. It became established that an accelerated charge emits
electromagnetic waves. Now, circular motion is a special type of an accelerated
motion. An electron orbiting around the nucleus should emit electromagnetic waves,
thereby losing energy and approaching the nucleus very quickly. Eventually, the
electron should fall into the nucleus. An atom consisting of a heavy nucleus with
light electrons orbiting around it cannot be stable.

One might have thought that this model was lacking some important piece of
information that would explain the stability of atoms. But what was actually needed
was an all-out revision of everything that physicists knew at that time. New physics
had to be created, which we know as quantum mechanics. The first step toward
its creation was made by Max Planck in 1900, who derived the thermal radiation
spectrum of a body that absorbs all of the incident radiation.! The crucial step in his
derivation was an assumption that the energy of an electromagnetic wave is directly
proportional to its frequency. Making assumptions, especially as strong as this one,
is dangerous. Planck had to take this desperate step simply because nothing else
worked.

So, how does quantum mechanics explain the stability of atoms? At the most
fundamental level, acceleration of an electron means that its state of motion
changes; when this happens, an electron emits an electromagnetic wave. In quantum
mechanics, the concept of the state of motion is replaced by that of a quantum state.
Similar to the classical picture, it is only when an electron changes its quantum state
that it emits an electromagnetic wave.

Unlike the classical state of motion, quantum states of an electron in an atom are
not characterized by continuous variables such as electron’s velocity and position.
Rather, quantum states are described by a not too large set of discrete parameters,
called quantum numbers. To each quantum state corresponds its own energy. When
an electron goes from a higher-energy quantum state to a lower-energy one, it emits
an electromagnetic wave. Out of all electron states in an atom, there is a special
one with the lowest energy. It is called the ground state. An electron in the ground
state cannot lose energy anymore; the only way out of the ground state is up to a
higher-energy state. For this reason, an electron cannot fall into the nucleus.

This physical picture allows to make an important statement that atoms radiate
light only of well-defined discrete energies that correspond to the energy differences
between different quantum states. This is indeed what is going on in real life, as was
established by the spectrometrists well before the advent of quantum mechanics.

! This derivation is presented in Appendix A.5.
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Quantum mechanics has a huge predictive power. Not only does it explain
quantitatively the stability of atoms and their radiation spectra, but also it tells
us why and how atoms interact with each other to form small molecules or
large crystalline structures. It explains the properties of electrons in solids, in
particular, in semiconductors that form the basis of electronic devices. At present, it
revolutionizes the whole computer industry by introducing quantum computers that
operate based on its rules.

It is impossible to understand anything in modern physics without a solid
knowledge of quantum theory. The purpose of this chapter is to give the reader just
enough background information in quantum mechanics to be able to understand the
rest of the book.

1.2 Wave-Particle Duality

There is an obvious difference between waves and particles. A particle is a localized
point-like object with well-defined mass, m, position, 7, and velocity, v, and also
energy, E, and momentum, p. A free particle moves with a constant velocity from
the initial position 7y. At a given time ¢ > 0, its position is 7 = Ut + 7. Its kinetic
energy is E = mv?/2, and its momentum is p = m¥.

A wave, on the other hand, is a time-dependent perturbation that propagates in
space. This perturbation may be, e.g.,> pressure and density variations in a sound
wave, liquid level oscillations in a surface wave, or electric and magnetic fields
in an electromagnetic wave. A plane wave is completely delocalized in space. It
is described by the wave function, which is proportional, e.g., to sin(l_é -7 — wt),
where & is the wave vector and o is the angular frequency of the wave, related to its
frequency, f,as w = 2 f. If one fixes the position 7, then the wave will repeat itself
with the periodicity T = 1/f = 2w /w, which is the period of the wave. If one takes
a snapshot of the wave at a fixed time #, one will find that the wave repeats itself in
space with the space period A, the wavelength. The magnitude of the wave vector is
related to the wavelength, A, by A = 2x/|k|. The direction of k is the direction of
wave propagation. The velocity of the wave is the velocity with which a particular
peak of the wave function moves. It is obtained from the condition of constant phase:
k -7 — wt = const, giving F = vt + 7o with ¥ :I;k% = ‘f%‘ = %% = %%

Before the twentieth century, it was believed that the distinction between particles
and waves was clear-cut. Atoms and electrons were thought to be particles, whereas
light was considered to be a wave. The situation changed when it was discovered
that sometimes particles behave like waves, and waves behave like particles. This is
called the wave—particle duality.

2 Some Latin abbreviations commonly used in the scientific literature are: e.g. = exempli gratia (for
example), cf. = confer (compare), i.e. = id est (that is), etc. = et cetera (and so on), i.a. = inter alia
(among others), viz. = videlicet (namely), vs. = versus (against), etc.
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The first indication that waves displayed particle properties was discovered
by Max Planck (1900), who tried to explain thermal radiation of bodies that do
not reflect incident light but absorb it completely. Even though their absorption
coefficient is 1 and reflection coefficient is 0, these so-called black bodies do radiate
light when heated; the higher their temperature, the more light they produce. In
order to understand the experimentally observed spectrum, Planck had to postulate
that light propagates in elementary quanta, which were later called photons. Each
photon carries the energy proportional to the frequency,

E=hf =ho
with the proportionality constants being

h=6.6260704...- 10734 ] .5 = 4.13566766...- 10" P eV . s:
h=1.0545718...- 107347 .5 = 6.58211951...- 10" %eV . s.

The constant £ is called Planck’s constant, and # = h/(2m) is known as the reduced
Planck constant. The values of & and % can be established by fitting the experimental
black-body radiation spectrum with Planck’s theoretical formula.

An independent test of the theory, which also allows one to measure Planck’s
constant, is the photoelectric effect, that is, light-induced emission of electrons by
metal surfaces. As was found experimentally, the energy of the electrons produced is
proportional to the frequency of the incident light with the proportionality constant
h. This finding was interpreted by Albert Einstein (1905) as an indication of the fact
that light quanta give their energy Af to the electrons in the metal, thus enabling
them to leave the metal.

About two decades later, Arthur Compton (1923) studied the scattering of X-
rays by electrons. He found that the wavelength of the scattered X-rays was shifted
with respect to the incident X-ray wavelength. In order to explain these findings,
Compton postulated that light quanta carry not only energy, but also momentum,
which is inversely proportional to the wavelength

_h
p_k’

with the proportionality coefficient once again being Planck’s constant.

A year later, Louis de Broglie (1924) proposed that this momentum—wavelength
relation is more general and applies not only to photons, but to all particles as well.
The particle waves are characterized by the wavelength

h
A= —.

The fundamental difference between waves and particles is that waves are
capable of exhibiting the phenomenon of interference, where two coherent waves
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either magnify each other constructively or suppress each other destructively. In
1925, Clinton Davisson and Lester Germer observed the interference of electrons
reflected by different crystalline planes of a nickel sample. The results of their
experiment indicated that the wavelength of a particle is indeed given by de
Broglie’s formula. Later, wave properties of atoms and other particles were also
demonstrated experimentally.

What photons, electrons, and atoms have in common is that these waves can
propagate in vacuum; they do not require a medium to carry them. One may
wonder about other waves that do require such a medium: do they behave like
particles? It turns out that they do. For example, sound propagates in discrete
chunks, or quanta, called phonons. The quantum nature of sound exhibits itself in the
specific temperature dependence of the heat capacity of solids. There are all sorts of
elementary excitations in solids that sometimes behave as particles and sometimes
as waves, such as waves quanta of charge density (plasmons) or magnetization
(magnons). The wave—particle duality is hard to understand intuitively, but it is
supported by a plenty of experimental evidence.

1.3 Wavelength of a Free Particle in Terms of Its Energy

It is often more convenient to express the de Broglie wavelength of a free particle in
terms of its energy rather than its momentum. Such an expression is obtainable from
the particle’s energy—momentum relation, E(p), which can be inverted to obtain the
magnitude of momentum as a function of energy. Hence,

h
A= ——.
P(E)

The kinetic energy of a massive particle is

E(p) LN mE = b= — h
= — = m = = .
p 2m P YmE 2mE

In particular, the combination of Planck’s constant and electron mass, m., under the
square root has the numerical value

2 2

=150.412...eV-A",

nme

so the wavelength (in Angstroms) of a free electron is related to its energy (measured
in electron-volts) as
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150.4 o
5 [1504eV
E

The wavelength of any other particle of mass m can be quickly found as

150.4 m,

A=, ———.
E m

As for the massless photons, the energy—momentum relation is
E =hf =cp,

where c is the speed of light in vacuum. A photon’s de Broglie wavelength is then
just its wavelength:

c h _ hc he

[ p hf  E
The product of Planck’s constant and the speed of light has the numerical value

he = 1.23985... eV - um,

so, numerically, the relation between photon wavelength and energy is

- 1.24eV - pm
= f .

1.4 Energy Quantization

An important conclusion that can be drawn from the wave nature of particles is that
a particle in a confined geometry cannot have an arbitrary energy. Rather, its energy
must be quantized. This statement is demonstrated by two examples.

Example 1 A particle between two walls. Consider a particle of mass m, which
bounces between two parallel walls separated by the distance d. Every time the
particle hits a wall, it gets reflected. If the particle is viewed as a wave, this must
be a standing wave. Hence, the distance between the walls must equal an integer
multiple of half-wavelength: d = ni /2, where n is an integer, see Fig. 1.1. We can
combine this with de Broglie’s formula to establish the allowed values of momentum
p = nh/(2d) withn = 1,2,3,.... It then follows that the energy of the particle
confined between two walls assumes quantized values of

2 2
h
E = L =n? .
2m 8md?
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n=23

n=1 n=2

—d—

Fig. 1.1 The wave patterns of a particle between two walls at the three lowest energies

n=1 n=2

Fig. 1.2 The wave patterns of a particle traveling on a circle at the three lowest energies

Example 2 A particle on a circle. Suppose now that a particle can move on a circular
path of radius r. Then, the wave associated with the particle must have a wavelength
such that the circular path length is its integer multiple; otherwise, the wave will
interfere with itself destructively. This implies the quantization condition 27r =
nkh=nh/p,n=1,2,3,..., see Fig. 1.2. We obtain the possible momentum values
p = nh/(2nr) and the allowed energies

p2 ) h2

E = — =N —FF.
2m 872r2m

1.5 Radiation Spectrum of Hydrogen

A hydrogen atom consists of a heavy proton and a single electron that orbits around
it. Electron mass and charge are

me=9.109...-1073 kg, go=—e=—-1.602...-107"°C.

The magnitude of the electron charge, |g.| = e, is called the elementary charge.

Because a proton is 1836 times heavier than an electron, it can be considered as
stationary. The total energy of the electron is the sum of its kinetic energy and the
potential energy of its electrostatic interaction with the nucleus:

2 2
e

E = P —ke—,
2m, r
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where k, = 8.987... - 10° Nm?/C? is Coulomb’s constant, related to the vacuum
permittivity gg = 8.854 ... - 10~ 12 F/m by k. = 1/(4mep).
Electron momentum and the radius of its circular orbit are related by

nh nh
2Tr =nA=n— = p=—=—,
p 2rr r

as explained in the previous example. A further relation between these two

parameters can be established by noting that the centripetal force that acts on the
electron should be identified with the Coulomb force:

P2 e2

=ke—.
Mot r

The last two equations can be used to express p and r in terms of the quantum
number n. For instance, dividing the second equation by the first one, we find p;
after substituting this p into the first equation, we find r. The result is

kom,e* n?h?
= , Iy = .
pn nh " kemee?
The value of rg = r| = % = 0.529 A is called Bohr radius. Substitution

of these expressions into the electron energy formula gives the quantized energy
values:

1Ry
E=—T
where
k2m,e*
IRy = 82”;_1‘; ~ 13.606 eV

is the so-called Rydberg’s constant.

When the electron performs a transition from a higher-energy level characterized
by a quantum number m to a lower level with the quantum number n < m, it emits
a photon of frequency

f:Em—E,,ZlRy<l 1

— — — )~ (3.290- 10" Hz) - 11
h no\n2 mz) nz m?)’

The radiation spectrum of hydrogen indeed consists of spectral lines, whose
frequencies are described by this relation to a very high accuracy. This relation was
established experimentally by Johannes Rydberg in 1888 and was explained using
the above reasoning by Niels Bohr in 1913.
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The last formula for the frequency of a photon suggests that also the electron
wave in the nth quantum state is endowed with the frequency

fn = En/h, wp = 27Tfn = En/h-

1.6 The Wave Function

The success of Bohr’s model of hydrogen energy levels indicates that an electron
in an atom really behaves as a wave. However, the version of quantum mechanics
based on de Broglie’s wavelength expression is of very limited use. It can be applied
only to very simple problems and describe systems with just one particle. It is of
little help when the potential depends on more than one coordinate, when it changes
along the path of the wave, or when the system has many particles that interact with
each other, as they do in real life.

To treat a broader spectrum of problems, an approach based on the wave equation
is used. At the heart of this approach is the wave function of the particle, i, which
depends both on space coordinate and time. It describes a certain oscillatory process
that propagates in space (i.e., a wave) and contains information about the particle’s
state of motion.

Let us return to the electron moving on a circle of radius » around a stationary
proton. Let us measure the position x along the circular orbit, see Fig. 1.3. The wave
function of an electron depends on x and ¢. It should be a periodic function of x with
the periodicity A = h/p, and it should repeat itself every time the electron makes
one full rotation. Hence,

Yx+Art)=vx,t), v(x+2rrt)=1v(x,t).

It then follows that 2rr = nA, as stated in the previous section.
The possible natural candidates for the wave function are the trigonometric
functions:

Fig. 1.3 The (real or 7/ \ e
. . ~—/ oS
imaginary part of the) wave e .
function of an electron il h ‘~,? /
moving on a circular orbit ; ? / o
/ ‘\:\) A x ro
e
1
i l (P U
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Y(x,t) o sin(kx — wt) or Y¥(x,t) « cos(kx — wt),

where k = 2 /A is the wave number and w = E/k is the angular frequency of
the electron wave of energy E. However, there are insurmountable interpretation
difficulties associated with these choices. We still do not quite know how ¥ (x, t) is
to be interpreted, but what we do know is that the absence of the particle means that
its wave function is zero. The trigonometric functions above do turn to zero when
their argument is an integer or a half-integer multiple of 7. This means that there are
some points in space, where the electron cannot be found, see Fig. 1.3. But there is
nothing special about any point on the circular path of the electron wave. They are
all identical. For this reason, neither candidate can be accepted as a wave function
of an electron moving on a circle.

There is a simple remedy to this problem. It is based on the trigonometric identity
sin?(0) + cos2(0) = 1. Namely, we can treat the wave function as a mathematical
object with two components,

Yx, 1) = Y1(x, 1), Ya(x, 1)),

Yi(x,t) «ccostkx — wt), Yo(x,t) o sin(kx — wt),
and relate the presence of an electron to the magnitude squared of the wave function:

W (x, ) = Y2(x, 1) + Y2(x. 1) = const.

It is possible, in principle, to further develop quantum mechanics using the
language of a two-component wave function. However, it is more convenient to
treat it as a complex number,®> whose real and imaginary parts are | and v,:

U= iy, Y1 =Rey, Yo =Imy, iZ=—1.

This type of description is standard. It is equivalent to the two-component one. The
“length squared” of ¥ in the language of complex numbers is called the modulus
squared:

WP =9 = (G — iv) (W +iv0) = ¥l + v,

How should it be interpreted? An electron is a particle described in the wave
terms. The wave is a delocalized entity; hence, an electron wave is delocalized. The
electron wave function ¥ (x, ¢) does not carry information about the exact location
of an electron. But if we perform a measurement of the electron’s position x, we
will obtain some result. This result will be a random number uniformly distributed

3 A crash course in complex numbers is given in Appendix A.1l. Those readers who did not
encounter complex numbers previously are asked to read this appendix before proceeding with
the main text.



1.6 The Wave Function 13

along the circle of length L = 2mr. The probability that a measurement of the
electron’s position will yield a result anywhere between the positions x; and x;
with 0 < x; < x < L is, then,

Xy — X1

Px1 <x <x)= T

This probability must be related to the modulus squared of the wave function. We
write

P(x; <x <x2) = (x2 — x)I¥ (x, D> with |y (x, 1)) = %

We interpret | (x, 1> dx as the probability to find an electron between two
infinitely close points x; = x and xp = x + dx:

dP(x) = |¥(x,0)|>dx = dfx.

This means that | (x, 1)|? has the physical meaning of the probability density. Note
that the wave function is normalized to 1:

L L
/dP(x>=/ dx (e D = 1,
0 0

meaning that the probability to find an electron anywhere is unity.

Coming to the three-dimensional space 7 instead of one-dimensional space x, the
wave function is complex-valued. It is expressed as a sum of its real and imaginary
parts:

Y(F, 1) =Reyr(F, 1) + i Imy (7, 1).

The probability to find the particle in a small volume d*r = dxdydz around the
point 7 at the moment of time 7 is d°r |y (7, 1)|>.

Suppose a particle is placed in a box of volume V. Because the total probability
of finding the particle anywhere in this box is equal to one, the wave function must
satisfy the normalization condition:

/ dxdydz |y, 0> = 1.
\%

Occasionally, one has to consider a particle moving on a two-dimensional
surface, say, in the (x, y)-plane, or performing a one-dimensional motion, say,
along the x-axis. Then, the wave function would depend, in the former case, on the
coordinates x, y and time 7, and in the latter case, on the coordinate x and time ¢.
The normalization condition will then be formulated as either a two-dimensional
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integral, [dxdy|¢(x,y,1)]*> = 1, or a line integral, [dx|¢(x,0)> = 1,
respectively.

1.7 The Wave Function of a Free Particle

The wave function of a free particle has the form of a plane wave,
v, 1) = Aeik7=on _ 4 (cos(l_é F—wt)+isink-7 — wt)) ,

characterized by the wave vector k and angular frequency w. The prefactor A is to
be determined from the normalization condition.
The square of the wave function is independent of the position,

Iy, 0> = A%,

meaning that the probability density to find the particle is the same for any point of
space. Here, we encounter a challenge: the integral of the probability density over
the whole space of infinite volume is infinite.

The standard way out of this difficulty is to consider the particle inside a cube of
side length L and finite volume L3 with the periodic boundary conditions expressed
as

Y(F+nL,t) =y, 1),

where 7 is a vector, all three of whose components are integers. This means that
whenever the wave reaches one side of the cube, it reappears on the opposite side
with the same value of the wave function.

With this choice of the boundary condition, integration |y (7, HI? is to be
performed over a finite volume L3, giving

/ EPrivE, o> =A% =1,
L3

and thus

1

Azm.

The plane wave is therefore described by the wave function

- |
Y, t) = —L3/2€l(kr ol)
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Periodic boundary conditions imply that the wave vector can have only discrete
values,

- 2w,
k= —n.
L
At the end of the calculations, the limit L — o0 is taken. This makes the wave
vector k and momentum p = Ak continuous because the difference between two
successive p-values goes to zero.

1.8 Schrodinger’s Equation

1.8.1 Time-Dependent Schriodinger’s Equation

The de Broglie expression for the wavelength A = h/p and the expression for
the magnitude of the wave number, k = 27/, imply that momentum is p =
hk/(2m) = hk. Similarly, the energy is related to the angular frequency as £ = fiw.
Then, the wave function of a free particle can be expressed in terms of momentum
and energy as

! ol (Pxx+pyy+pz—ED)/h

R
7)) = (pr=En/h _
V@D = pe 1372

Note that energy can be recovered from this expression as the time derivative:

Ey (i, 1) = ih%.

Likewise, the momentum can be recovered by differentiation with respect to space:

R 0 R 0 N 0
PG = —ihS G = —in S G = i
X ay 9z

The three spatial derivatives can be united into a single vector operator, called the
gradient,

v_3 0 i 0 4z 0

=e¢;— +ey— +e,—,
T ox Y9y ‘9z

in terms of which the momentum vector is obtained as

PY(F 1) = —ihVy (F,1).
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We see that energy and momentum can be identified with the operators

. 9 4 -
E=ih—, p=—ihV,
T
which we denote with a hat in order to distinguish from the energy and momentum
values E and p. When these operators act on the wave function of a free particle, its
energy and momentum values are obtained:

EyFE . n=EyF 1), pyFE.0)=pyF, o).

Acting on both sides of the second expression with ﬁ = —ihV again, we obtain
the square of the momentum:

PR =Py = -1V,
where

o2 R R &

S T Tz

is called the Laplacian operator.
The relation between the kinetic energy and the momentum of a free particle is

=2
E = é’—m This same relation can be written using the derivatives:

L 0y n e
ih o = " om V.
This is Schrodinger’s equation for a free particle. Even though we have obtained it
assuming the plane-wave form of v (¥, t), it is valid for any type of wave function
in free space.
If the particle finds itself in some potential V (7), then the energy expression
should include its potential energy in addition to the kinetic energy,

I-)'Z
Ey =>-v+ V)Y,

and expressing energy and momentum components in terms of the partial deriva-
tives, we finally obtain the time-dependent Schrodinger equation:

ihalﬂ(r, t) _

2
o —f—m%zw(?, N+ VEAYEFE, ).
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1.8.2 Time-Independent Schrodinger’s Equation

To find the possible values of energy that a particle can have, the solution of the
time-dependent Scrhodinger equation is written in the form

Y@ ) =w@e B

with time-independent ¥ (7). Substitution of this decomposition into the time-
dependent Schrodinger equation gives the time-independent version of this equation
for a single particle:

2
E¥ () = —;—mﬁzgv(?) + V(FEY ().

The solution of this equation with the boundary conditions appropriate for a given
problem at hand yields the possible energies E, that the particle can have, and the
corresponding stationary wave functions, ¥, (). Both depend on a set of quantum
numbers

a=(ay,02,...),

which label the specific quantum state of the particle.
The quantum state with the lowest energy found in the energy spectrum E, is
called the ground state.

1.9 Probabilistic Interpretation and the Collapse of the Wave
Function

The states of a particle moving in the positive and negative x-directions are
described by the plane waves:

1 1,
'(ﬁ*)()m l‘) = _el(PX—Et)/h7 l[f%(x, t) — _el(—px—Et)/h
VL VL

with p = 2 > 0 and E = p?/(2m).

Both wave functions, ¥_ (x,f) and ¥ (x,t), satisfy the time-independent
Schrodinger equation for a free particle. Any linear combination of these two wave
functions satisfies the same Schrodinger equation and therefore describes a possible

quantum state of the particle. For example, consider the sum
1

Ysw(x, 1) = \/E

V- (x, 1) + ¥ (x,1)),
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where the factor 1/ /2 comes from normalization of Ysw(x, 1) to 1:

L L
/dxmw(x,mz:/ dx Yk, (x, 1) Y (x, 1)
0 0

1/ [t ) L A
=—</ dxlw»|+/ dxlt/fe|>=—(1+1)=1.
2 \Jo 0 2

Here, we used the fact that

t 1 (L . Ao L
/ dx Yl (x, )Y (x, 1) = —/ dx e2PX/h = ——_i2px/h
0 L Jo i2pL ©=0
h t hoo
— ezZﬂnx/L — (ezZJ'm —1H=0
i2pL o i2pL

and similar with fOL dx ¢* ¥ = 0. Using the expression ela_ze—m

find
/2 .
Wsw(x, t) = z cos <%> e—lEt/h’

i.e., ¥y (x, 1) describes a standing wave.

Is the particle in the standing wave state moving to the right or to the left? To
understand this, we apply the rule, according to which the momentum of a particle is
to be found by differentiating its wave function with respect to the spatial coordinate.
For the one-dimensional motion, this rule reads:

= cosa, we

haw(x, 1) _

pY(x, 1) =—i 9%

py(x,1).

The problem with the standing wave is that the derivative

_ihallfsw(x,t) :_\/z gin (P p-iEu/n
0x L h

is not given by a product of momentum p and the wave function vy, (x, #). The
reason is that the “momentum rule” applies to free particles only, whereas a standing
wave appears if the particle is not free but is confined between two walls. It is
moving to the right 50% of the time and to the left 50% of the time. In other
words, if one measured the direction of its motion, one would get either the result
“to the right” or “to the left” with the probability of 50%. Note that the probability
of 50% is the square of the factor 1/+/2 that multiplies both the right-propagating,
Y, (x, 1), and the left-propagating, ¥ (x, t), components of the standing wave
Ysw(x, t) above.
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One can form an arbitrary combination of the right-propagating and the left-
propagating plane waves:

w(X, t) = C%w%(-x’ t) + C(—'(/f%(xa t)
with the coefficients ¢_, and c¢._ such that
leo P+ le P = 1.

For example, a more general expression for the standing wave ¥, (x, f) is

0 i0

e e
Ysw(x, 1) = Yo (x, 1)+ —=V(x,1)

V2 V2

with some real-valued phases 6_, and 6. The probabilities of particular outcomes
of a measurement of the particle’s direction of motion for this more general standing
wave are

P, =lcu |} Po=lc |

Both are equal 1/2.

Let us say, we measured the direction of propagation to be to the right. Is
it possible for another measurement, performed immediately after the first one,
to yield the result “to the left” with any probability? The answer is no. If two
measurements performed immediately one after the other gave different momenta,
p and —p, this would be at odds with the law of conservation of momentum. A
particle cannot change its direction of motion, unless acted upon by a force. Same
is true about the wave associated with the particle. In the wave function language,
this means that a measurement induces a collapse of the original wave function
Vow(x, 1) to either ¥_, (x, 1) or ¥ (x, 1) with the probabilities |c_, |* and |c|>.
The second measurement will yield the same momentum as the first one, provided
that the two measurements are performed immediately one after the other.

If the second measurement is performed after a finite time after the first one,
then its result really depends on the external forces that may change the particle’s
momentum. If such forces are present, e.g., because of the walls between which
the particle is confined, the wave function of the particle will evolve from the plane
wave back to the standing wave.

As a further generalization of these statements, consider a wave function, which
is a linear combination of many plane waves with momenta p1, pa, ...:

Y(x, 1) = Z %ei(PnX—Enl)/h,

n

where the momenta are
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pn=nh/L, n=0,%1,+£2,...,

the coefficients ¢, are such that

2 2 2
> el =l + leal
n

1a

and the energies are E, = pn/ (2m). This time, the plane-wave contributions to
¥ (x, t) differ not only in the direction, but also in the magnitude of their individual
momenta p,. The parameters |c| 12, |c2|?, ... are the probabilities that a measurement
of the particle’s momentum will yield the results pi, pa, ..., respectively. After a
measurement that resulted in a particular momentum value p,,, the particle’s wave
function above collapses to the single-momentum wave function \/Lze" (Pnx=Ent)/N
If there are no external forces acting on the particle, the particle will remain in
that state indefinitely. All subsequent momentum measurements will yield the same
result p = p, with probability 1. Otherwise, the wave function will evolve from the
plane-wave state with the momentum p,, to a more complicated sum of plane waves
with different momenta.

Now, suppose that we perform a momentum measurement many times, and after
each measurement, we wait long enough for the wave function to evolve to the
original state given by the sum over the plane waves above. Every time we measure
the momentum, we will get a different number. But the average momentum resulting
from a large number of such measurements is a well-defined value:

(P) = leal® pu,

n

as |c,|? is the probability to get the momentum value p, in a single measurement.
The same average momentum can be obtained with the help of the momentum

operator p = —ifd/dx, see Sect. 1.8.1. Namely,

oY(x,1)

L
(p) = —ih/ dx *(x,1)
0 ax

Indeed, multiplying
i e 8‘#()5 t) Cn lpn i( Ent)/h
w*(x’ t) — Z _"g i(pnx En[)/h — Z el \PnX— /
VL
n

together, we obtain

P (x, 1) Z Cnln’ IPW g (w/'—n)x/L i (E, —En)t/h
w*(.x,t)—: n—_el 7 (n n)x/ e Ly n / .
ox L &

n,n’
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After integration over x from 0 to L, only the terms with n’ = n survive in the sum.
Multiplication of the result with —i/ gives (p).

The above expression for the average momentum can be generalized to the three-
dimensional space, in which the average momentum is

(p) = —ihfd3r VEFE, ) VY, D).

1.10 Measurable and Unmeasurable in Quantum Mechanics

The complex-valued wave function can be expressed in an equivalent way, viz., in
terms of its modulus | (¥, ¢)| and phase 6 (7, 1)]:

Y7, 1) = [y 7, 0)]e?TD,

_ Imy

— 2 2 * —
W1 =y Rey)? + (my)? = P9, 6= tan Rey

The arguments 7, ¢ are not written explicitly in the second line for the sake of brevity.
With Euler’s formula, e = cos(6) + i sin(f), the real and imaginary parts of the
wave function are

Reyr = || cos(@), Imyr = || sin(d).

Out of the two parameters, || and , it is the former, |y (7, t)|, that has a tangible
physical meaning of the square root of the probability density to find a particle.
Because |¢!?T-D|2 = 1 for any real-valued phase 6(F, 1), the probability density
does not depend on the phase. Only variations of the phase (7, t) in time and
space lead to observable physical effects, but the phase itself cannot be measured in
any experiment. Hence, the wave function ¥ (7, t) is also not measurable, only its
magnitude is.

In other words, if two wave functions have different phases but the same
magnitude,

Y1 =Yl Yo =y, 01(F, 1) # 6,7, 1),

then they are mathematically distinct, but physically equivalent. There is absolutely
no way to determine experimentally which wave function is the correct one.

This statement immediately encounters two objections. First, it is too self-
contradictory to be acceptable. An even more serious second objection is that this
statement is not consistent with the time-dependent Schrodinger equation. Namely,
if two wave functions

YI(F 1) = W (F 1) and Yo, 1) == ¥ (F, 1) 7D
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are physically equivalent, then they should satisfy the same Schrodinger equation.
In particular, we should have

2 2
in 20D WS o+ UG G,
at 2m
But a simple substitution of Y»(F, 1) = ¥ (#, 1) e?T) results in an equation for
¥ (7, t) that would look similar to the already familiar Schrodinger equation if not
for a few extra terms with the time and spatial derivatives of 6 (7, t).

To address both objections, we note that the statement is not more self-
contradictory than the assertion that the energy is defined up to an additive constant:
it is the energy variations that are measurable in physical processes. Consider the
electric field £ as an example. It is derived from the electric potential ¢ (¥) as its
spatial derivative:

EG) = —Vo&).

The energy of a charge ¢ in an electric field is g¢ (). Adding an arbitrary constant
¢o_to ¢(r) changes the energy by g¢o, but it does not change the electric field
—V(¢(r) + ¢o) = —ch)(r) E(r) Because it is the force qE that determines the
motion of the charge, the charge dynamics is independent of the constant ¢y.

More generally, the dynamics of a charge g is determined by the electric and the
magnetic fields, £(7, t) and B(?ﬁ, t), which are derivable from the scalar potential
¢ (7, t) and the vector potential A(F, 1) as

= Vo F, 1) — M;rt’ t), BG. 1) =V x A7, 1).

A simultaneous change of the scalar and vector potentials to

. - ag(r,n - . > S
o(r,t) —> ¢, t) — T; A(r,t) > A(r,t)+ Vg(r,t)

does not change the electric and magnetic fields, no matter how the scalar function
g(F, 1) is chosen. This property of the electromagnetic field is called the gauge
invariance. The transformation of the scalar and vector potentials above is called
the gauge transformation.

Now, when we say that the particle finds itself in a potential U (r), what we really
mean is that the particle is charged and the potential is generated by an electric field:

Ur) = q¢ (7).

To be fully consistent with electrodynamics, Schrodinger’s equation must involve
not only the electric, but also the vector potential. It turns out that a multiplication
of the wave function by a phase factor ¢!’ and a gauge transformation of the
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potentials ¢ (7, t) and A(F,t) with a suitably chosen gauge function g (7, t) indeed
leave Schrodinger’s equation unchanged.

We will not go into the details of this derivation. Likewise, we will not include
the vector potential into consideration. But the two statements made in this section,
namely, that the phase of the wave function is unmeasurable and that two wave
functions that differ by phase only are physically the same, should be borne in mind.

1.11 Electron States in a Hydrogen Atom

An electron in a hydrogen atom finds itself in a potential

. e?
V() = —ke
r

It turns out that with this potential, the time-independent Schrédinger equation can
be solved exactly. The resulting stationary wave functions turn out to depend on
three quantum numbers, usually denoted as n, [, and m.

The principal quantum number, n, determines the energy of the electron, which
turns out to be exactly the same as what we obtained in Sect. 1.5: E, = —1 Ry/n>.
The principal quantum number assumes positive integer values:

n=1723,....

The orbital quantum number, /, determines the angular momentum of the electron
orbiting around the nucleus. It is given by

L=nhayI(l+1).

For a given principal quantum number 7, the orbital quantum number can assume n
different values:

This result differs from what we obtained within the simplistic treatment of Sect. 1.5.
There, we obtained the angular momentum values pr = n#, which are incorrect.

The magnetic quantum number, m (not to be confused with the electron mass,
m,), determines the projection of the orbital angular momentum on some selected
coordinate axis, say, the z-axis:

L, =hm,.
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For a given orbital quantum number, the magnetic quantum number assumes 2/ + 1
different values:

m=1L1+1...,1-11L

1.12 Spin

In addition to the quantum numbers that characterize its motion in space, an
electron also possesses its own internal degree of freedom, which is not related
to the electron’s orbital motion. Associated with it is the electron’s intrinsic angular
momentum called spin. The spin of a particle is an intrinsic property that does not
change in time. It was explained by Paul Dirac in 1928 by combining the rules of
quantum mechanics with special relativity.

Spin angular momentum is characterized by an additional quantum number, s,
which can assume only two values: s = % and s = —%. The projection of the
electron spin angular momentum on some selected axes is S, = #s. Associated
with spin angular momentum is the magnetic moment of an electron, m, which is
important in the presence of a magnetic field, B. It manifests itself as an additional
energy —m - BB.

Other particles may have other spin values, either integer or half-integer. For
instance, photons have spin s = 1; some particles of the meson family have spin
s = 0 and others have spin s = 1; particles of the baryon family may have either
spin 1/2 (e.g., protons and neutrons) or 3/2; gravitons have spin 2; Higgs bosons
have spin 0, etc.

1.13 Degeneracy

One should not confuse the concepts of energy level and quantum state. An energy
level is a possible energy value that the system of interest can have according to the
time-independent Schrédinger equation. The quantum state is specified by a set of
quantum numbers « that label the system’s wave function ¥, (r). Different quantum
states may have different energies, or they may belong to the same energy level.

The situation when the same energy level accommodates more than one quantum
state is called degeneracy.

The degree of degeneracy of a particular energy level is the number of different
quantum states that belong to this energy level. In other words, it is the number of
different sets of quantum numbers ¢ such that E, is the same.

Consider a hydrogen atom as an example. Quantum states of an electron in a
hydrogen atom are labeled by the hydrogen quantum numbers

o=l m,s).
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The energy does not depend on /, m, and s. The degree of degeneracy of the energy
level characterized by the principle quantum number n will be denoted as g,. It is
found as the number of possible combinations of / =0,...,n —1,m = —I,...,1,
and s = 1/2, —1/2 that correspond to the same n-value:

n—1 1
w=2y 21
=0 m=—I1
The factor 2 comes from two possible spin values. The double sum runs over all

possible values of / and m; every time either of this quantum number changes, we
should increase the result by 1. Using the fact that

1
Zl=21+1,

m=—I[

we find, using the formula for arithmetic series, that

n—1

gn = 22(21 +1) =2n2.
=0

The lowest energy level, n = 1, consists of 2 quantum states with /[ = 0, m =
0, and s, = £1/2. This means that the ground state energy level of hydrogen is
double degenerate. The next energy level, n = 2, has the degeneracy g» = 8, i.e., 8
states have the energy E». These states are characterized by the following quantum
numbers: [ = 0,m = 0, and s, = +1/2 (2 states), and/ = 1, m = —1,0, 1, and
s, = £1/2 (6 states).

1.14 Indistinguishability of Quantum Particles

Consider the situation when we have more than one particle of the same kind, e.g.,
N electrons. In classical physics, each particle follows its own trajectory, and so it
is possible, in principle, to follow the motion of any particle and to be certain that
we are looking at the same particle on the trajectory. But in quantum physics, the
concept of trajectory is meaningless because it is impossible to define the trajectory
of a wave distributed over the whole of space. Impossibility to follow the motion
of an individual particle implies the impossibility to label quantum particles, i.e., to
distinguish them from one another.

The state of N particles is described by an N-particle wave function, which
depends on N coordinates and time, (71, ..., F'n, ). It must be normalized to 1:

/d% PNl G P D) = 1.
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It evolves in time according to the time-dependent Schrédinger equation:

G n /- - . -
A AGIREENYy 11 (V30 + .+ T30 ) + VG FW,

ot 2m
o2 _ 02 a2 a2 _ . .
where V; = 37 + 52 + 2= 1,..., N, and the N-particle potential energy
n n n
V(#1, ..., Fy) includes an external potential and the potential energy of interaction

between the particles. So far, the difference between the many-particle state and a
single-particle state is just in the number of arguments and Laplacian operators.

Mathematically, indistinguishability of quantum particles means that the wave
function ¥ (71, 72,...,7y,t) and the one with an arbitrary permutation of the
coordinates 7y, 7y, ...,y are physically equivalent. The wave function itself is
unmeasurable, only its modulus is. Then, an interchange of any two coordinates
gives a wave function that has the same modulus as the original one:

- - 2 - - 2
(.. ri,...,rj, .., =¥C..,rj, ..., ..., 1)

for any pair of indices i and j. But this is only possible if the two wave functions
differ by a multiplicative constant of unit modulus:

-

- - - 2
Y., rj, .., ) =cy(.., i, ..., T, ..., 1), |c]"=1

From this, we can conclude that the constant is of the form ¢ = ¢'?, where 6 is an
arbitrary real number, implying infinitely many possible values of c. But actually,
the spectrum of the possible c-values is much narrower.

Indeed, performing an interchange of the coordinates 7; and 7; again, we recover
the original wave function:

-

W(...,?i,...,?/,...,t)=Clﬂ(...,;j,...,ri,...,t)

2 - -
=Y., iy, o, D).

This means that the prefactor squared is one, ¢ = 1, and therefore, the prefactor
can only have two values:

c==*l1.

1.15 Spin-Statistics Theorem

There is an important result, called the spin-statistics theorem (Pauli, 1940):
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Particles with integer spin (i.e., s = 0, 1, 2, ...) follow a many-particle wave
function that remains the same if any two coordinates are interchanged, e.g., for two
particles v (¥1, 72, t) = ¥ (¥2, 71, t). Such particles are called bosons.

Particles with half-integer spin (i.e., s = 1/2,3/2,5/2, ...) follow a many-particle
wave function that changes sign if any two coordinates are interchanged, e.g., for
two particles ¥ (F1, 2, t) = — (72, 71, t). Such particles are called fermions.

The particles that are most relevant for the purposes of this book are electrons.
Their spin is 1/2, and therefore, they are fermions.

1.16 Pauli’s Exclusion Principle

Electrons are spin-1/2 fermions with an antisymmetric wave function. Now, suppose
you have a system of two electrons, and assume that interaction between them is
negligibly small. Both electrons find themselves in the same potential produced, say,
by an atomic nucleus. The energy levels of the electrons can be found by solving
the time-independent Schrodinger equation, and the solution will be characterized
by some quantum numbers, which we denote collectively as o and 8. That is, the
energy of one electron is E, its stationary wave function is ¥, (r}), the energy of
the other electron is Eg, and its stationary wave function is ¥g(r>).

The net wave function of both electrons must be obtained as some combination
of Wy (r1) and Wg(r2). A simple product, ¥ (1, 72) = Wy (r1)Wp(F2), will respect
the time-independent Schrodinger equation for two electrons. However, it is not an
acceptable two-electron wave function because it does not change sign upon the
interchange of 71 and 7>. An expression that does have this property is

L. 1 - . . . .-
s (F1, 12) = —= (W FD¥B(F2) — Yo (F)WB(F1)) = —Wap(Fa, 7).
V2

The prefactor 1/+/2 is necessary for the correct normalization to one.
Now, if & and 8 are the same, we have

.o 1 - - - -
You(r1,r2) = 7 (Vo (r)Wa(r2) — Yo (r2)We(r1)) = 0.

The wave function of two fermions in the same quantum state is zero. This means
that in a system of more than one fermion (e.g., electrons), only one fermion can
occupy the same quantum state. In other words, a single-particle quantum state may
be either occupied by only one fermion or empty.
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1.17 Problems

1.17.1 Solved Problems

Problem 1 A photon with wavelength 300 nm kicks an electron out of a metal. The
energy needed to remove an electron from the metal is w = 3.5eV. Determine de
Broglie wavelength of this electron.

Problem 2 An electron is moving in the xy-plane in the presence of a magnetic
field B pointing in the z-direction. What are the possible values of the electron’s
kinetic energy and magnetic moment?

Problem 3 The wave function of an electron is given by
VU (x, 1) = A sin(kx) e PPl !

withk = 1A 1andb =2A"1.

(a) Find the normalization constant A. Hint: Use Euler’s formula to evaluate the
integral.
(b) Determine the locations where the electron is most likely to be found.

Problem 4 An electron is confined to the x-axis, where it is placed inside an infinite
potential well of width L:

0 for 0<x <L

oo for x <0 and x > L.

Vix)=

By solving the time-independent Schrodingers equation

h? d*w(x)
2m, dx?

=E¥((x) for 0O<x <L

with the boundary conditions ¥(x = 0) = ¥(x = L) = 0 and normalization

fOL dx | (x)|* = 1, find all possible wave functions ¥ (x) and energies E that the
electron can have.

Problem 5 The wave function of a free electron moving in the x-direction is given
by

_ (VB is02m—en L icx/nm—onn)
Yix,t) = e e
JL\ 2 242

with the periodic boundary conditions ¥ (x 4+ L, t) = ¥ (x, ).
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(a) What are the angular frequencies w; and w»?

(b) What possible momentum values of this electron can be measured and what are
the probabilities to measure those momentum values?

(c) If many electrons are prepared in the state described by the wave function above,
what is their average momentum?

Problem 6 The quantum states of an isotropic two-dimensional simple harmonic
oscillator of mass m and spring constant k depend on 2 quantum numbers, n; and
no, which can take on non-negative integer values 0, 1, 2, 3, .... The energy is

Enn, = oy +n2 + 1)

with the natural frequency w = /k/m.

(a) Find the degeneracy g, of the nth energy level with energy fiw(n + 1).

(b) The quantum states of an isotropic three-dimensional simple harmonic oscilla-
tor of mass m and spring constant k depend on 3 quantum numbers, n{, ny, and
n3, which can take on non-negative integer values 0, 1, 2, 3, .... The energy is

En1n2n3 = ha)(”l +ny+n3+ 3/2)

Find the degeneracy g, of the nth energy level with energy Aw(n + 3/2).

1.17.2 Practice Problems

Problem 1 A photon of wavelength A = 85nm is absorbed by a hydrogen atom
thereby exciting it from the lowest energy ground state to the first excited state.
The atom was initially at rest. The mass of hydrogen atom is 1.008 Da, where 1 Da
(Dalton) = 1.6605 - 10727 kg.

(a) Use momentum conservation to find the final velocity of the hydrogen atom.
(b) Use energy conservation to find the final velocity of the hydrogen atom.
(c) Which answer, (a) or (b) above, is to be trusted? Why?

Problem 2 The wave function of an electron is given by ¥ (x,t) = A(ax —

x2)e kxleiot with k = 0.5 AT anda = 1 A, and the value of the angular frequency
 is unimportant.

(a) Let Py = fooo dx|¥ (x, t)|* be the probability to find the electron anywhere in

the positive-x region and P_ = f 3 oo dX|Y(x, 1) 1 be the probability to find the
electron anywhere in the negative-x region. Find the ratio P,/ P_.

(b) Determine the normalization constant A, including the units. Hint: You may
want to use the integral formula [;° dxx"e™ = n!.
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Fig. 1.4 Double slit experiment

Problem 3 Electrons of a given energy E are shot one by one onto a double slit,
see Fig. 1.4. Assume the distance between the slits, d, and the distance from the slits
to the screen, L, to be known. The screen is covered with a sensitive material that
changes its brightness on the spots hit by electrons. Hence, after sufficiently many
electrons are shot, a certain pattern is observed on the screen. Establish that pattern
for L > d and L > x, where x is the distance on the screen from the symmetry
axis. Consider two cases:

(a) Assuming that electrons are classical particles, sketch the screen brightness
I1(x).

(b) Assume electrons are plane waves, which interact with both slits simultane-
ously. Hence, each slit becomes a source of a partial wave, v and ¥, where
the subscripts 1 and 2 label the slits. The electron wave function at the screen
is ¥ = ¥ + Y. Determine screen brightness I(x) ~ |¢(x, Ik up to a
multiplicative constant.

Answer: I(x) ~ 1+ cos (k%x).

Problem 4 An electron is confined to the xy-plane, where it is placed inside a
square potential well of side length L:

Ofor0O<x<L and O0<y <L

Vix,y) = { )
oo otherwise.

The time-independent Schrodinger equation reads

h2

2m,

(azwx,y) N W (x,y)
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inside the square. The boundary conditions are
v0,y)=¥(L,y)=¥x,00=¥(x,L)=0.

Note that the wave function must be normalized according to

L L
fdx/ dy W (x, )P =1.
0 0

Find all possible wave functions ¥ (x) and energies E that the electron can have.

Problem 5 The ground state wavefunction of a proton in a harmonic potential
V(x) = kx2/2 is given by W (x) = Ae*/?°") Assuming k = 1N/m, use
Schrddinger’s equation to find o.

Problem 6 Two non-interacting spin-1/2 particles find themselves in a simple
harmonic potential V(x) = kx2/2. The energy of a single particle in the nth
quantum state is £, = hw(n + 1/2). Find the energies and degeneracies of the
first 5 energy levels. Keep in mind that the two particles can have the same energy
only if their spins are antiparallel.

Answer: E, = nfiw and g, = n +2|n/2],forn = 1,2, ..., where [---] is the
floor function, which equals the largest integer that does not exceed its argument. In
particular, g1 = 1, g0 =4; g3 =5; 84 = 8; g5 = 9, etc.

1.17.3 Solutions

Problem 1 The energy of the incident photon of wavelength 300 nm = 0.3 pm is

1.24
hf =5 =436V,

Part of this energy, viz. w = 3.5¢eV, goes into helping the electron get out of the
metal. The rest of the photon energy is converted into the electron’s kinetic energy:

Ex =hf —w=4.13-35=0.63¢eV.

The electron’s wavelength is
*e = /150/0.63 = 15.4 A.

Problem 2 In the presence of a magnetic field, an electron experiences a Lorentz
force of magnitude
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Fig. 1.5 Electron trajectory
in a magnetic field

Fr = evB5.

The direction of this force is perpendicular to both the velocity v and the magnetic
field B. The Lorentz force is balanced by the centrifugal force,

mev?

Fec = ,
r

acting in the opposite direction, so the electron moves in a circle, see Fig. 1.5.
From the condition F; = F¢, we find the first relation between the electron orbit
radius r and its momentum p = muv:

mev?

evBB = , eB= =
r r

The second relation comes from the quantization condition that the circumference
must accommodate an integer number of electron’s de Broglie wavelengths A =

h/p:
h
2nr=nA=n—, n=1,2,3,....

It is convenient to use the reduced Planck constant 4 = h/(2m), in terms of which
this condition reads

rp = nh.
From these equalities, we obtain

p? = nheB.
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Hence, the kinetic energy of the electron assumes discrete values

2
p eh
E, = =n B =n B,
" 2m, 2m, s
where the combination
_ eh
mB = 2m,

is called Bohr’s magneton. A more precise quantum-mechanical treatment leads to
the same result, but with n being an odd integer.

The electron moving in a circle can be viewed as a current loop with current
flowing in the clockwise direction. Such a loop possesses a magnetic dipole moment
W pointing into the plane of the figure, i.e., in the direction opposite to B. Its
magnitude is

uw=1IA,

where I is the electric current due to the circular motion of our electron and A is the
loop area,

A=mrt.

We find the radius of the electron’s orbit from the equations obtained above. We get

s _nh
re = B

Hence,
A nh
=1—.
eBB

The electric current / is the amount of charge that is transferred through an
arbitrarily chosen cross section of the loop per unit time. The electron’s velocity
is

p /nehB

V= — =

M M

’

and its rotation period is
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Every T time units, the charge transferred is —e. Hence, the magnitude of the current
is

/= e ev  evnehB/m, _ e’B

T~ 2nr  2nnhj(eB) 2wm,’

and the magnetic moment

1A 2B mnh he
= = e — =N =n
’ 2nm, eB 2m, a

is quantized in Bohr’s magnetons.

Problem 3

(a) The normalization constant is found from the normalization condition

/oo dx ¥ (x, > = 1.

Probability density to find the electron at the position x
Y (e DI = 9, Y (e, 1) = A? sin® (ke 2

We can find A from the equation
o (0.¢]
A? / dx sin®(kx)e 2Pl =242 / dx sin®(kx)e 2b*,
—o0 0

where we used the fact that the integrand is an even function of x, allowing us
to replace | fooo with 2 fooo. We evaluate the integral using Euler’s formulas:

" = cos(kx) + i sin(kx), e *** = cos(kx) — i sin(kx),
from which we obtain

ikx __ e—ikx

sin(kx) = T
i

Plugging this result into the integral, we get

ik —ikx)2
A2 /Oodx (¢ x(_2'§2l *) e—szz_%z /Oodx (eZikx_2+e—2ikx> 2%
0 i 0
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where we used the fact that i = —1. What we now need to integrate are the

exponential functions. Using the identity fooo dxe P¥ = %, where the real part

of p is positive, we have

A 1 1 A1 bo\_A ¥
26 4b+ik) 4b—ik)) 2 \b bB2+k2) 20024+K2
Finally, the normalization constant is

1
A=< 2b(b* + k?).
Numerically, A = /2-2- 4+ 1) = 235 A2,

(b) The electron is most likely to be found at the position x that maximizes the
probability density |y (x, 7)|?. We find these positions by differentiation:

d
T (A2 sinz(kx)e_zhm) =0,

as the expression for |y (x, 0% is given in part (a). Differentiation gives

2 sin(kx) cos(kx)k + sin” (kx)(—2b)sign(x) = 0
= kcos(kx) = bsin(kx)sign(x),

or simply
. k
sign(x) tan(kx) = 5

This equation determines the positions of maxima and minima of | (x, Ik
The largest maxima, i.e., the positions where the particle is most likely to be

found, are located at
Xmax = T — tan - .
max k b

Problem 4 We look for the solution of Schrodinger’s equation in the form
Y (x) = A sin(kx) + B cos(kx)

with unknown coefficients A and B and the wave number k. Substitution of the
second derivative
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d>¥ (x) y )
ps I —k~ (A sin(kx) + B cos(kx)) = —k“W(x)

into Schrodinger’s equation gives

n? d*v  hk

—_— = v =FEY,
2m, dx? 2m,

allowing us to relate the wave number k to the energy E:

we_ o _N2mE
m, R

To find A and B, we use the boundary conditions and normalization. First, we note
that

Y (0) = A sin(0) + B cos(0) =0 = B =0,

and hence, there is no cosine term in ¥ (x) = Asin(kx). The second boundary
condition,

¥ (L) = A sin(kL) =0,
suggests that kL must be an integer multiple of r,
kL =nm, n=1,2,3,...,

because sin(nmr) = 0. We do not include n = 0 because this would give ¥ (x) = 0
(no electron at all). We do not consider negative values of n because a wave function
with negative n represents the same quantum state as the wave functions with
positive n: the two such wave functions differ only by the sign.

Now that we have established that k = %, we find the energy in the quantum
state n:

IR

E, n .
2m, 2m.L

It remains to determine the normalization constant A from the condition
fOL dx |¥(x)|* = 1, giving

L
A2/ dx sin® (?) =1
0

The integral can be found using either the identity sin?(0) =
Sln(@) _ 619_25—19
giving

1—cos(26 . .
+ or the identity

, where 6 = ’”TTX The value of the integral turns out to be L /2,
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L = A:,/%
2 L

for all quantum numbers 7.

Problem 5

()

(b)

The total wave function consists of two counterpropagating plane waves with
the wave numbers

1 _1 1 _1
kf=—=5mm""", kp = — = —1nm
0.2 -1

and the corresponding wave lengths found from A1 > = kzl—”z:
M =047nm= 47 A, A =27 nm= 207 A.

The energies corresponding to these wave lengths are found from A, =

22
,/%. On the other hand, energy is related to the angular frequency by
E1, = hw 2. Hence,

| 150V - A’ . 150eV - A’
= _— w = 0.
1,2 hora 1,2 2,

Numerically, # = 6.58 - 1071 eV - s. Thus,

2281017 A% . ¢!

w1 =
; 2
Ao

After plugging in the values of A1 2 (in A), we get w) = 1.44 - 10851 oy =
5.77 - 10371,

The total wave function ¥ (x, ¢) consists of two plane-wave functions, corre-
sponding to wave numbers k; and k3:

Y(x, 1) =ciyi(x, 1) + can(x, t)
with

I
Yo = — el ki2x—wi2t)
’ L

The respective momentum values are found as p; 2 = fik; 2 with # = 1.055 -
107347 - s:
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kg - kg -
em pr = —1.055.107% ®-m
S S

p1=5275-107%

The probabilities P} > to measure momenta pj > are related to the factors ¢ 2
that multiply the plane waves v 2 as

2
Pio = |c121%

Numerically,

2

3 3 1—i 1+i 1-i2 2 1

P = V3 _ 2759 p—t I 1o 2 1 osg
2 4 2V2 22 8 8 4

As expected, P1 + P, = 1.
The average momentum is

(p) = Pip1+Paps = (5.275-0.75—1.055-0.25)-107% = 3.69-10~2° kg-m/s.

Problem 6

(a)

(b)

Keeping in mind the definition of degeneracy as the total number of combina-
tions of quantum numbers that correspond to the same energy, we need to find
the number of combinations of the non-negative integers ny,ny = 0, 1,2, ...
such that their sum equals n:

ny+ny=n.

To each value of one of those numbers, say, n; between O and n, there
corresponds a single value of n, = n —n1. Hence, there are n + 1 combinations
of n1 and n, such that the sum of these numbers is n. The degeneracy of the nth
energy level is n + 1:

n
g,,=21=n+1.
n1=0

This time, we need to find the number of combinations of three non-negative
integers n1, ny, n3 such that their sum has a fixed value n:

ny +ny +n3 =n.

Let one of these numbers, say, n1, assume the values between 0 and n. The
values of n| larger than n are not allowed because the sum n| + ny + n3 will
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also be larger than n. For each value of n1, another number, say, n;, may assume
the values between 0 and n — ny. Again, higher values of n, are not allowed for
the same reason. For each combination of n; and n,, the third quantum number
has a fixed value n — ny — ny.

The degeneracy is the number of combination of n; between 0 and n and n;
between 0 and n — ny. For each value of n, the number n, assumesn —nj + 1
possible values. The degeneracy is then

n n—nj n
=) ) 1= Z(n ni+1) = Z(n+1) Zm (n+1)°=) " n1.
n1=0n,=0 n1=0 n1=0 n1=0 n1=0

The last term is just the sum of an arithmetic series. It equals
nn + 1)
> m =2t
np= =0
Finally,

nn+1)
2

(n+1Dn+2)

=(n+1)<n+l—g>= 3

g=m+1)*—



Chapter 2 ®
Crystal Structure of Solids e

2.1 Periodic Table of Elements

We can now apply what we have learned about the energy levels of hydrogen, the
concept of spin, and Pauli’s exclusion principle to understand the periodic table
of elements (Mendeleev, 1869). We may consider the electrons in an atom as
approximately non-interacting because they tend to avoid each other due to their
Coulomb repulsion. Then, the one-electron states in an atom are affected by the
positive point-like nucleus to a larger degree than by the remaining electrons. The
conclusion is that if the atomic number Z is not too high, the electron quantum
states in an atom will be similar to Hydrogen quantum states, i.e., they will be
characterized by the principal quantum number n = 1,2, ..., orbital quantum
number | = 0, 1,...,n, magnetic quantum number m = —I[,...,[, and spin
quantum number s = =#1/2, see Sect. 1.11. The single-electron states W, ()
are then to be filled from bottom up taking into account Pauli’s exclusion principle.

When filling the table, one should keep in mind that the nth energy shell can
accommodate 2n? electrons, each occupying a state with its own values of /, m, and
s. The common notation is to denote the orbitals with / = 0 by the letter s (not to
be confused with spin); the orbitals with /[ = 1 are denoted with the letter p (not to
be confused with momentum); the / = 2 orbitals are denoted with the letter d; the
| = 3 orbitals with letter f. The electron orbitals for the first 10 elements are shown
in Table 2.1.

Consider silicon as an example, whose electron configuration is 1s> 2s> 2p% 3s>
3p2. Its deepest shell with n = 1 can accommodate two electrons with [ = m = 0
and opposite spins; hence, we have 1s. The second shell, n = 2, can accommodate
2 .22 = 8 electrons. Those electrons can occupy an s-orbital with [ = 0, which
accommodates two electrons with opposite spins (hence 2s2) and three p-orbitals
with/ =l and m = 1, 0, 1, with two electrons on each, giving 2 - 3 = 6 electrons in
the 2p-states (hence, 2p6). Thus, the n = 2 shell is completely filled. The electrons
belonging to a partially filled shell are called the valence electrons. In Si, the valence

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 41
M. Evstigneev, Introduction to Semiconductor Physics and Devices,
https://doi.org/10.1007/978-3-031-08458-4_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-08458-4_2&domain=pdf

 -2016 61494 a -2016 61494
a
 
https://doi.org/10.1007/978-3-031-08458-4_2

42 2 Crystal Structure of Solids

Table 2.1 Electron orbitals H (Hydrogen), Z = 1 | Is!

for .the. first 10 elements of the He (Helium), Z = 2 152 (full shell)
periodic table

Li (Lithium), Z = 3 152 25!

Be (Beryllium), Z = 4 | 1s2 252

B (Boron), Z =5 152 2s% 2p!

C (Carbon), Z =6 152 252 2p?

N (Nitrogen), Z =7 152 252 2p3

O (Oxygen), Z =8 152 252 2p*

F (Fluorine), Z = 9 152 252 2p°

Ne (Neon), Z = 10 152 2s% 2p® (full shell)

electrons belong to the n = 3 shell. It contains 2 electrons with opposite spins in
the s-state with [ = m = 0, and two electrons in the p-state with [ = 1. These two
electron states can have any value of m = 1,0, 1 and spin s = —1/2, 1/2, with at
least one of these quantum numbers in the two states being different.

If one considers atoms with a higher atomic number (Z > 18), i.e.,, with a
higher number of electrons, then this simple scheme stops working because the
approximation of non-interacting electrons does not apply anymore. Interaction
between the electrons starts to play bigger role.

2.2 Chemical Bonding

Chemical bonding can be understood based on the general premise that the system
of electrons generally occupies the lowest energy state, called the ground state.
When two or more atoms are brought together, the ground state of the electrons
belonging to all these atoms will be modified, depending on the distance between
the atomic nuclei. The ground state energy of the electrons may either increase or
decrease if the atoms are close to each other. If the ground state energy increases,
the atoms of interest will not form molecules, and if it decreases, they will bind
together.

Finding the ground state of a system consisting of several atoms is a difficult
task, which can be tackled only numerically. But the general mechanisms that lead
to qualitative understanding of atomic bonding can be described relatively easily.
There are four basic binding mechanisms:

Van der Waals Bonding Van der Waals bonding is the weakest one of all four, but
van der Waals forces responsible for this type of bonding act between all neutral
atoms and molecules. While atoms are electrically neutral, the center of mass of
the negative electron charge randomly fluctuates in time around the center of mass
of the positive nuclear charge. These quantum fluctuations generate a randomly
fluctuating electric field around an atom, and this field slightly displaces the electron
cloud in another atom, thereby polarizing the other atom. Of course, the second
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atom polarizes the first one as well. The mutual polarization is such that the two
atoms tend to attract each other. The resulting interaction potential is known to
decrease with the distance, d, between the two atoms as the sixth power, 1/ d®. For
the noble gases, whose energy shells are completely filled (He, Ne, Ar, Kr, Xe, Rn),
van der Waals forces are the only forces that can bind those atoms together at low
temperature and high pressure.

Ionic Bonding Consider two atoms from the opposite ends of the period table.
Atom A has all its inner energy shells filled, and the next partially filled shell
contains only one electron (examples: A =Li, Na, or K). The other atom B lacks just
one electron to have all its energy shells filled (examples: B = H, F, or Cl). In other
words, the electron configuration of the atom A is the same as in some noble gas
atom plus an extra electron; for the atom B, it is the same as some noble gas atom
minus an electron from the outermost shell. When A and B are brought close to
each other, it will be energetically favorable for the atom A to give its extra electron
to the atom B, thus filling up all shells of both atoms. This turns A into a positive
ion and B into a negative ion. The two ions attract each other electrostatically, so
that they form a polar molecule A B. If there are macroscopically many atoms A and
B, they will form an ionic crystal, such as the salts NaCl, KCI, NaF, LiBr, etc.

Covalent Bonding Covalent bonding acts between both similar and dissimilar
atoms. Each electron state characterized by the same quantum numbers n, /, and
m can admit two electrons with opposite spins. In a covalent bond, the valence
electrons are shared between atoms. The sharing of electrons allows each atom to
attain the equivalent of a full outer shell. For example, a Si atom has 4 valence
electrons in the n = 2 shell, which can accommodate 2n2 = 8 electrons. In
crystalline silicon, each atom has 4 neighbors to share the valence electrons with,
thus giving 4 + 4 = 8 electrons in the outer shell. A similar bonding mechanism acts
in other important semiconductor materials.

Metallic Bonding Metallic bonding is a mechanism by which not molecules, but
crystals are formed. Each atom in a metal contributes its valence electrons to the
atoms of the whole crystal, thereby binding them together. The valence electrons
detach from their host atoms and become free to move within the crystal. These free
electrons are responsible for the high electric conductivity of metals.

2.3 Crystal Lattices

2.3.1 Atomic Order in Solids

If many atoms are brought together, then it can be energetically favorable for them
to arrange themselves into a crystal, i.e., a pattern that periodically repeats itself
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in space. If the size of the crystal lattice exceeds a few hundred micrometers,
one speaks about a single crystal. A polycrystalline material consists of a large
number of crystalline grains, whose linear size may vary from tens of nanometers
to a few hundred micrometers. Note that the typical interatomic distance in a solid
is several Angstroms, so that even a nanometer-sized grain contains thousands of
atoms arranged periodically. Finally, an amorphous solid does not have any degree
of crystalline order even on the length scales of a few nanometers.

2.3.2 Bravais Lattices

A Bravais lattice is a periodic arrangement of structureless lattice points in space,
such that every lattice point can be reached from any other lattice point by adding
an integer number of the lattice translation vectors. The coordinate of a lattice point
can be expressed in terms of the three translation vectors, denoted as 4, l; and ¢, as

.o

F=id+ jb+ké

with integers i, j, and k. The translation vectors are not necessarily mutually
orthogonal and do not necessarily have the same length.

At a first glance, it might seem that the number of such possible lattices is huge.
But from the point of view of the symmetry, this intuition is not quite correct. It
turns out that there are only 14 three-dimensional Bravais lattices, named after a
French crystallographer Auguste Bravais, who summarized them in 1850.

Depending on the relation between the lengths of the translation vectors and the
angles between them, 6 lattice families are possible, with the number of members in
each family varying from one to four. The triclinic lattice is the least symmetric one,
in which all translation vectors are of different lengths and all angles are arbitrary
but not equal 90° (see Fig. 2.1a). The most symmetric is the cubic lattice, where all
translation vectors are the same and all angles are 90° (see Fig. 2.1b).

Lattice constants are the parameters that are needed to completely characterize
the Bravais lattice. A triclinic lattice requires six lattice constants: three lengths a,

(b)

a
A .

Fig. 2.1 Primitive cells of (a) a triclinic and (b) a cubic Bravais lattice
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b, and c, and three angles «, 8, and y. For a cubic lattice, only one lattice constant,
the side length a, is needed.

The difference between the members of the same family is that some of them may
have additional lattice points not only in the corners, but also in the center, on the two
opposite bases, or on all six bases. Then, the lattices are called body-centered, base-
centered, and face-centered, respectively. If none of these possibilities are realized,
the lattice is called simple. An exception is the hexagonal family, which can be
of two types: simple and rhombohedral. All 14 Bravais lattices are described in
standard textbooks on solid state physics and in numerous online resources; hence,
we will not discuss this topic in much detail here.

2.3.3 Unit Cell, Primitive Cell, and Crystal Basis

A unit cell is a geometric figure whose periodic repetition in space generates the
whole lattice without empty spaces in between. Its choice is not unique: it may have
many shapes and sizes. A unit cell of the smallest volume is called primitive. The
shape of a primitive cell is also not unique, but its volume is fixed: it contains exactly
one lattice point.

Figure 2.2 illustrates these definitions on a two-dimensional oblique lattice,
where the cells A and B are non-primitive, and the remaining cells C, D, and E
are different choices of a primitive unit cell.

Depending on the position of a lattice point, it may be shared by several unit
cells. For example in the two-dimensional lattice from Fig. 2.2, the lattice points in
the corners of cell A are shared by four unit cells; with three points inside the cell,
this gives 4 x 1/4 + 3 = 4 lattice point per cell A. Cell B has four lattice points in
the corners, each shared by four similar cells, and two lattice points on the opposite
sides, each shared by two cells; altogether, this gives 4 x 1/4 + 2 x 1/2 = 2 lattice
points per cell B.

/ B / D

] -

Fig. 2.2 An oblique lattice with two possible choices of the non-primitive cells A and B and three
primitive unit cells C, D, and E, the last of which is the Wigner—Seitz cell
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In contrast, a primitive cell contains exactly one lattice point. Cells C, D, and E
in Fig. 2.2 are primitive.

A special type of a primitive cell is the so-called Wigner—Seitz cell, defined as a
locus of all points in space that are closer to a given lattice point than to any other
lattice point. A Wigner—Seitz cell is built by connecting a given lattice point to all
its neighbor points with straight lines and then drawing planes perpendicular to each
of those connecting lines. The Wigner—Seitz cell is enclosed inside the so-obtained
planes around the selected lattice point. Cell E in Fig. 2.2 illustrates this procedure
for a two-dimensional lattice.

Not every periodic arrangement of points can have the smallest unit cell
containing just one lattice point. Consider, e.g., the two-dimensional lattice from
Fig. 2.3a. Here, the cell A contains one dot; however, this cell cannot cover the whole
lattice by periodic repetition in the plane. The smallest unit cell that reproduces the
whole lattice must contain two dots, such as cell B or C.

In order to be able to describe this kind of lattices, we need to introduce an
important concept of crystal basis. A lattice point itself is a structureless geometric
entity; the basis is a structure associated with each lattice point. This structure may
be, e.g., two points. For the lattice from Fig. 2.3a, this would be, e.g., one dot in
the corner of cell C and the one inside this cell. Then, the lattice from Fig.2.3ais a
square lattice with the primitive cell C; its lattice points are endowed with a basis of
two dots.

In order to describe a real crystal, the basis of its Bravais lattice must contain
information about the type, number, and mutual arrangement of atoms that occupy
each lattice point. A crystal structure is completely determined by its Bravais
lattice and by the basis. This is illustrated by a two-dimensional crystal structure
in Fig. 2.3b, showing a square Bravais lattice and a basis consisting of two different
atoms.

(a) e . . . (b) _QI__O:.,Q;. “_E‘“‘:_“__‘:__

/ 3 ] o * 8 6 8 ___i _________ Bravais lattice

et crystal structure O, Dbasis
L] L]

Fig. 2.3 (a) An example of a periodic arrangement of dots, in which the cell A with just one dot is
not a primitive cell, because it is not a unit cell; cells B and C containing two dots are possible unit
cells. (b) A hypothetical two-dimensional crystal structure, defined by its square Bravais lattice
and the basis consisting of two atoms
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2.3.4 Volume Density and Atomic Packing Fraction

Assume for simplicity’s sake that the basis is formed by just one atom. Then, the
volume of its primitive cell, built on the primitive vectors @, b, and ¢,is v = a - (b x
¢). The volume density of atoms is

1 1
n=-—=—-"—= 5.

v a-(bxc)
If, instead of a primitive cell, one works with a larger unit cell built on the translation
vectors a, b, and ¢, then

Neell

n=_o——=——,
a-(bxc)

where Ny is the number of atoms per unit cell.

The physical boundary of an atom is not well defined. Nevertheless, one can
approximately view atoms in a crystal lattice as solid impenetrable spheres of such
radii that neighboring spheres are just touching each other. For a lattice made of
just one type of atoms, the atomic radius r is half the distance d between the
neighboring atoms in it, or d = 2r. The lattice constant @ and the atomic radius r
are thus proportional to each other, a o d = 2r, with the proportionality coefficient
depending on the crystal structure.

The concept of atomic radius is useful because it allows one to approximately
predict the lattice constant of a material if the atomic radii of the components
forming it are known. For example, the lattice constant of the diamond modification
of carbon ac = 3.567 A, from which the atomic radius of carbon can be found as
rc = 0.772 A with the interatomic distance dc = 1.544 A. Silicon likewise forms
diamond crystal lattice with the lattice constant as; = 5.431 A, which corresponds
to the atomic radius rs; = 1.176 A and interatomic distance dsi = 2.352 A. From
this, we can expect that in a diamond-like silicon carbide lattice SiC, the distance
between the neighbor silicon and carbon atoms is dsic = rc + rsi = 1.948 A. The

expected lattice constant of this structure is asijc ~ asj X % = %(aSi +ac) =
1

4.5 A. This value is in reasonable agreement with the known measured value of
asic = 4.36 A, exceeding it by only 3%.

Atomic packing fraction (AP F) is the fraction of volume in a crystal occupied
by the atoms, which are viewed as solid spheres that touch each other. Specific
examples of its calculation will be given below.
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2.4 Basic Cubic Structures

Most semiconductor materials belong to the cubic crystal family, whose three
members—the simple cubic (sc), body-centered cubic (bcc), and face-centered
cubic (fcc)—and the related zincblende and diamond structures (see Fig.2.4) are
briefly reviewed here.

The Simple Cubic (s¢) The simple cubic (sc) lattice is the simplest member of
the cubic family. The side length of its unit cell, a, is called the lattice constant.
Because each atom of the primitive cell is shared by eight cells with a common
corner, it contributes 1/8 of its volume to a given cell. Because there are 8 corners,
there are 8 - % = 1 atoms per unit cell. The volume density of atoms is

1

Nge = —5.
SC a3

Each atom in an sc lattice has 6 nearest neighbors. If each atom is viewed as a

solid sphere that touches the neighbor spheres, its radius would be r = a/2 and

its volume Vyppere = %n(a / 2)3. Since there is just one atom per primitive cell, the

atomic packing fraction

Vsphere s
3 6= 0.52 = 52%.

APFy =

The only material with this structure is polonium. Simple cubic structure is rarely
found in nature because of its small atomic packing fraction, which is the lowest
out of all structures of cubic family. To minimize the total energy of the crystal,
atoms tend to come close together, thereby maximizing the AP F. The reason why
polonium is an exception from this rule has to do with the specific configuration of
its six valence electrons’ orbitals that favor bonding to six nearest neighbors.

The Body-Centered Cubic (bcc) The body-centered cubic (bee) lattice is obtained
by placing an extra atom in the center of each cube of an sc lattice. The primitive
cell of a bee lattice can be built on the three vectors connecting a corner atom with

lec (b) Zincblende diamond
®
®

@

Fig. 2.4 (a) The basic cubic structures: simple cubic (sc), body-centered cubic (bcc), and face-
centered cubic (fcc). (b) The zincblende/diamond structure (left) and a tetrahedron as its building
block (right)
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three neighboring central atoms. The primitive cell does not have cubic symmetry
and is therefore inconvenient to work with. Hence, the conventional unit cell of a
bec lattice is a cube with one atom in the center.

One can think of it as an sc lattice with the basis consisting of two atoms: one in
the cube corner and the other one in the center. Alternatively, one may view a bcc
lattice as two sc lattices shifted with respect of each other along the main diagonal
of the primitive cell by one-half of its length. Therefore, the volume density of a bcc
lattice is

Npeec = —x
cC a3

because there are 2 atoms per unit cell. Each atom in a bcc structure has 8 nearest
neighbors. The atomic packing fraction

AP Foee = 68%

is notably higher than in the sc structure. Some metals form bcc lattices, such as
chromium, molybdenum, tantalum, and tungsten.

The Face-Centered Cubic (fcc) The face-centered cubic (fec) lattice is formed by
placing six atoms in the centers of the six faces of an sc lattice. The primitive cell
of an fcc structure is built on the vectors connecting a corner atom with its three
neighboring atoms on the faces. The primitive cell does not have cubic symmetry
and is inconvenient to work with. The conventional cell of an fcc lattice is a cube
with six atoms on its six faces.

Each of the eight corner atoms is shared by 8 cells and therefore contributes
1/8 of its volume to a given unit cell. Each atom on the six faces contributes 1/2
of its volume to a given unit cell. The number of atoms per unit cell is therefore
% -8+ % -6 = 4. The number of nearest neighbors of an atom in an fcc lattice is 12.
The volume density of the atoms is then

Nfec = a_3'
The atomic packing fraction
AP Fiee = 74%.
This is the highest value of all cubic lattices. Another structure that has the same
APF is hexagonal closed-packed (hcp). Due to their high degree of packing, fcc

and hcp structures are the ones favored by most metals. Specifically, materials with
the fcc structure include aluminum, copper, nickel, gold, silver, and platinum.
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Zincblende and Diamond Structures Zincblende and diamond structures can be
described as two interpenetrating fcc lattices shifted with respect to each other along
the main diagonal by 1/4 of the diagonal length. If the two lattices are made of the
same type of atoms (e.g., C, Si, Ge, or @-Sn), the structure is a diamond. If the
two fcc lattices are made of different atoms (e.g., GaAs, InSb, InAs, or ZnS), the
structure is called zincblende, which is another name for zinc sulfide, ZnS. Note that
the materials that prefer to form this structure are either non-metals (C, Si, As, S)
or poor metals (Ga, In, Sb, Zn). The building block of this structure is formed by a
tetragonal arrangement of atoms, see Fig. 2.4b.

The conventional unit cell of a diamond or a zincblende structure is a cube. The
number of atoms in this cell is 8,i.e.,n = 8/ a3. Each atom has 4 nearest neighbors.
The distance between the neighboring atoms is a+/3/4. The AP F = 34%.

Not all semiconductors form diamond or zincblende structure. Examples are
numerous: ZnSb, ZnAs, ZnO, BeO, CdSb, CdAs, etc. Some materials may assume
more than one different crystal structure, called polymorphs. For example, ZnS,
ZnSe, CdS, and CdSe may form zincblende or wurtzite lattices, whereas silicon
carbide (SiC) has 250 different crystalline forms, zincblende being one of them.

2.5 Formation of Diamond Structure

Quantum mechanics explains diamond structure as follows. Consider an element
belonging to group IV of the periodic table, such as Si. All elements from group
IV have 4 valence electrons, two in the s-state and two in the p-state. When many
such atoms are brought together, a process called hybridization of orbitals occurs.
In this process, one s-electron is promoted into a p-state, resulting in one s-orbital
and three p-orbitals. Then, the s-orbital combines with the three p-orbitals to form
four orbitals of the new type, the so-called sp> hybrid orbitals.

Each of the four sp>-orbitals is elongated, with an angle of 109.5° formed
between any two of them, see Fig.2.5. Furthermore, each sp>-orbital can be
occupied by two electrons of opposite spins. Thus, when many group-IV atoms

(@) Energy () M

Pt E’ 109.5
s—H—~ &----- D

Fig. 2.5 (a) Formation of an sp> hybrid orbital. (b) A sketch of the electron density distribution
in an sp> hybrid orbital accommodating four electrons
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are brought together, they arrange themselves so that each atom has four nearest
neighbors, thus forming tetragons, the building blocks of the diamond lattice.

To understand the zincblende structure formed by atoms belonging to groups II1
and V (the IT1I-V semiconductors), we note that an atom from group III (e.g., Ga) has
3 valence electrons, and an atom from group V (e.g., As) has 5 valence electrons. An
As atom can give one of its electrons to a neighboring Ga atom, so that both atoms
now have 4 valence electrons. Then, the sp3-hybridization proceeds as described
above.

In a similar way, zincblende structure can be formed by some of the II-VI
semiconductors, such as InSb, CdTe, etc. In these materials, a group-VI element
gives two of its valence electrons to a group-II element, resulting in 4 valence
electrons in the atoms of each type.

2.6 Miller Indices

2.6.1 Determination of Miller Indices

Miller indices (William H. Miller, 1839) are a standard convenient method of
indicating various crystallographic directions and planes in a given crystal lattice.

To indicate a direction, a vector d in that direction has to be used. However,
simply stating the components of d is not enough. One must also give a reference to
a particular coordinate system and indicate how the crystal lattice is oriented relative
to that system. In order to avoid the necessity of giving this additional information,
it is more convenient to express d in terms of the lattice translation vectors, a, l;,
and ¢.

Depending on the convenience considerations, those vectors may or may not be
primitive. The direction vector d may have any length. It is decomposed into the
translation vectors

d=id+ jb+ké,

such that the three numbers i, j, and k are integers without a common denominator.
The direction is then specified by placing these three integers into square brackets,
[i j k]. If one of these numbers is negative, the corresponding Miller index is
denoted with an overbar, e.g., [11 i]. Figure 2.6a shows Miller indices for some
directions of a cubic lattice.

Some crystallographic directions possess the same symmetry. To indicate the
whole family of such symmetry-related directions, one representative member of
this family is placed into triangular brackets. For instance, in a cubic lattice, one
such family is (1 00), consisting of [100], [010],[001],[100],[010], and [001]
directions.
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(a) [111] (b)

[021] [

[110] ] L (100) (110) (110)
3 X . ( #
/J _______ =7 '

(111) (210) (210)

Fig. 2.6 Several crystallographic (a) directions and (b) crystal planes with the Miller indices
indicated in the brackets. The translation vectors @, b, and ¢ are aligned with the coordinate axes
x,y,and z

To indicate a crystallographic plane, the following algorithm is used. First, the
intercepts of the plane with the coordinate axes built on the translation vectors, a,
b, and ¢, are expressed in terms of the lengths of these vectors as pa, gb, and sc.
The numbers p, g, and s cannot be zero, i.e., the plane cannot go through the origin.
Then, the numbers are inverted to give 1/p, 1/q, and 1/s. Each of these inverted
numbers is multiplied by the smallest number, n, such that the triplet i = n/p,
Jj = n/q,and k = n/s is formed by integers i, j, and k. Those integers are the
Miller indices for the plane of interest.

If one of the intercepts is infinite, then the corresponding Miller index is zero.
Negative Miller indices are denoted with an overbar. Miller indices for planes are
indicated in round brackets. Figure 2.6b shows Miller indices for several planes in a
cubic lattice.

A family of symmetry-related planes is indicated by placing Miller indices for
one representative member of this family into curly brackets. For instance, for cubic
lattices, the {100} family consists of (100), (010), (001), (100), (010), and
001 planes.

2.6.2 Miller Indices for Cubic Structures

As stated earlier, it is convenient to treat bee, fce, and diamond/zincblende lattices as
cubic, with several atoms per unit cell (2 in bcc, 4 in fcc, and 8 in diamond). A nice
feature of cubic lattices is that a direction with Miller indices [/ j k] is perpendicular
to the plane with the same Miller indices (i j k).

Let us find the distance between two successive (i j k) planes. We note that an
(i j k) plane crosses the x-axis at the point x = na/i, the y-axis at the point y =
na/j, and the z-axis at the point z = na/k, see Fig.2.7. Here, n is an integer. Then,
the two vectors
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Fig. 2.7 An (i j k) plane of
a cubic lattice

N na. na., na._ na._
'y = —€y — ——€x, NN = ——€;— —¢€

Jj i k i

belong to the (i j k) plane. On the other hand, a unit vector in the [i j k] direction
is, by definition,

iex + jey + ke,
Vit 2R

Now, it is easy to verify that 7| - € = 7, - ¢ = 0, and thus the unit vector in the [i j k]
direction is perpendicular to the two non-parallel vectors in the (i j k) plane. This
means that [i j k] direction is perpendicular to that plane, as stated.

To find the distance between two (i j k) planes, we note that the closest such
plane intersects the coordinate axes at the following points: the x-axis at the point
x = (n+ 1l)a/i, the y-axis at the point y = (n + 1)a/j, and the z-axis at the point
z = (n+ 1)a/k. Then, a vector

e =

n+1 _ n. 1 .
aey — —€éy = —dadeéy
l 1

d=—
begins on the nth plane and ends on the (n 4 1)st plane. The distance between the
two planes is the projection of this vector onto a unit vector perpendicular to the
(i j k) planes:

a

NEES T

d=d-¢=

2.7 Imperfections and Impurities in Solids

From the electrical properties’ point of view, single crystals are preferred over poly-
crystalline materials because the grain boundaries in the latter tend to deteriorate the
electrical characteristics. However, even in a single crystal, deviations from perfect
long-range order are possible for various reasons.
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Fig. 2.8 (a) Point and (b) line defects in a crystal lattice

One obvious reason for such deviations is the unavoidable random thermal
vibrations of atoms. However, the average positions around which the atoms vibrate
do form a crystal structure.

Other causes of deviations from perfect crystallinity are the formation of defects
of various types. Point defects, see Fig. 2.8a, result in a local distortion of the crystal
lattice. They may form as vacancies, i.e., missing atoms on same lattice sites, or
as interstitial defects, where an atom occupies the space of the crystal structure at
which no atom should be present. Other types of point defects are possible, e.g.,
Frenkel defects formed by closely located vacancy and interstitial defects. Impurity
atoms are considered point defects as well.

Line defects may extend over macroscopic distances. They appear as disloca-
tions, which are of two main types: edge and screw dislocations, see Fig. 2.8b. In the
former, one of the atomic planes terminates in the middle of the crystal, resulting in
a “bending” of the adjacent planes around that half-plane. A screw dislocation is a
bit harder to visualize, but basically it is a twisting of the crystal lattice.

Other types of defects are planar defects (grain boundaries, stacking faults,
or twin boundaries) and bulk defects such as cracks, pores, voids, or impurity
precipitates.

2.8 Problems

2.8.1 Solved Problems

Problem 1 Consider a two-dimensional honeycomb lattice formed by regular
hexagons, see Fig. 2.9a. Can the hexagon corners serve as lattice points of a Bravais
lattice? If no, how can they be grouped into the basis? What are the translation
vectors of the Bravais lattice? What does the Wigner—Seitz cell look like?
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Problem 2 Find the atomic packing fraction of a diamond lattice.

Problem 3 A certain plain of a cubic lattice intersects the coordinate axes at the
points x = 2a, y = —3a, and z = a, where a = 7 A is the lattice constant. Find the
distance between two neighboring planes of this family.

Problem 4 Find the number of atoms per unit area in the (1 1 1) plane of a sc, bcc,
and fcc lattices with the lattice constant a = 4 A.

2.8.2 Practice Problems

Problem 1 Find the atomic packing fraction of fcc and bcc lattices.

Problem 2 GaAs forms the zincblende lattice with the density of 5.318 g/cm>. The
atomic masses of the atoms forming this structure are mgy, = 69.7 and mas =
74.9 amu (1 amu = 1.6605-10~27 kg). Determine the lattice constant of this structure
and find its concentration of valence electrons that form the Ga—As bonds.

Problem 3 Find the surface density of atoms (SDA), i.e., the number of atoms per
cm?, in the (110) plane of a diamond lattice with the lattice constant a = 5.65 A.

Problem 4 Consider a body-centered cubic lattice with the lattice constant a =

6 A. What are the Miller indices of the plane shown in Fig. 2.9b? What is the surface
density of atoms in that plane?

(a) (b)

Fig. 2.9 (a) A honeycomb lattice from Problem 1. (b) A crystallographic plane in a bcc lattice
from Problem 4
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2.8.3 Solutions

Problem 1 If we align one translation vector a along the lower side of the hexagon
and another vector b at an angle of 120° to a, then a linear combination ia + jb
will cover not only the corners, but also the centers of each hexagon. The hexagon
centers are not the lattice points of this structure. Hence, the corners of the hexagons
cannot be used as lattice points of a Bravais lattice. But two corners can be grouped
together to form the basis of the Bravais lattice, see Fig.2.10. The resulting lattice
points form a hexagonal lattice with the lattice vectors shown in the figure. The
original hexagons are Wigner—Seitz cells of this lattice.

Problem 2 The diamond structure can be thought of as two fcc lattices shifted
relative to each other along the longest diagonal of the unit cell by one-quarter of
its length d = a+/3, see Fig. 2.11. The distance between the nearest neighbor atoms

is, then, % = a‘/Tg. If the atoms are viewed as solid spheres of radius r that just
touch each other, then the distance between the centers of the neighboring spheres

is 2r = d /4, allowing us to relate the radius to the lattice constant as

Now, let us count the number of atoms in a diamond structure unit cell. Each of
its 8 corner atoms is shared by 8 cells; hence, each corner atom contributes 1/8 of its
volume to a given cell. Each of its 6 atoms on the 6 faces is shared by 2 unit cells;

Fig. 2.10 Lattice points of a ° .
hexagonal Bravais lattice & . >
= (3
. (] .
. .
- .
-
. - .
. .

Fig. 2.11 Diamond (or
zincblende) unit cell
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hence, the face atoms contribute 1/6 of their volume to a given cell. Finally, there are
4 atoms that are completely inside a given cell, see Fig. 2.9. Hence, the total number
of atoms in a unit cell is

1 1
N=8~<§>+6-<§>+4=1+3+4=8.

The volume occupied by a single atom is Vp = %nr3. Hence, the volume
occupied by all 8 atoms in a cell is
8-4 3)3 3
Vatoms = NVo = Tﬂa3 (\g?) = 613 7T\1/—_ = O.34a3.

Since the unit cell volume is >, the atomic packing fraction is

Vatoms

APF =
a3

=0.34 = 34%.

Problem 3 We begin by finding the Miller indices of this plane. For this, we invert
the intersection point coordinates divided by a:

and multiply these three numbers by the smallest positive integer (= 6) that will turn
them into integers. The resulting triplet is the Miller indices:

(i jk)=(326).

The distance between two neighbor planes with the same Miller indices is (for cubic
family lattices) given by

7
d= 4 - —1A
ViZ+j2+k2 V9+4+36

Problem 4 Consider the sc lattice first with the (1 1 1) plane shown in Fig.2.12. In
this plane, the atoms form a triangular lattice consisting of equilateral triangles of
side length d = a+/2. Since each atom is shared by 6 triangles, there are 3/6 = 1/2
of an atom per triangle. It is less than 1 because a triangle is not a unit cell of this
two-dimensional lattice. The unit cell is a rhombus (shaded area) of side length d
and height 4 found using Pythagoras’ theorem:

d\? 3
h2+(5) =d> = h:d%.
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vy >

Fig. 2.12 Arrangement of atoms in the (111) plane of a sc lattice

2 2

Fig. 2.13 Arrangement of atoms in the (111) plane of a bce lattice

The area of such a rhombus is
3
A=dh= dzé — a3,

and, because there is just one atom per thombus, the surface density of atoms is

1 1 1
A a2/3 163

A unit cell of a bec lattice contains an extra atom right in the center, see Fig. 2.13.
However, and, perhaps, counterintuitively, this central atom does not happen to be in
the (1 1 1) plane. The easiest way to see this is to imagine a (1 1 0) plane, which does
contain that central atom. Since the (1 1 1) plane can be obtained by tilting the (1 1 0)
around one of the cube’s edges, the (1 1 1) plane does not contain the central atom
of the bec unit cell. Therefore, the arrangement of atoms in this plane is exactly the
same as in the sc lattice, with the same surface density of atoms 3.61 - 104 cm—2,

SDA = A2 =361-102A2=361-10"%cm>
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o

20O

Fig. 2.14 Arrangement of atoms in the (111) plane of an fcc lattice

Finally, an fcc lattice has extra atoms located in the middle of each face. The
arrangement of atoms in the (11 1) plane is the same as in the sc case, but with
atoms in the middle of each side of the triangles, see Fig.2.14. A unit cell (shaded

area in the figure) contains 1 + 4 - (%) + 1 = 4 atoms. This means that the SDA is
4 times as big as in the sc case: SDA =4 -3.61- 10 = 1.44 - 105 cm™2.
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Equilibrium Statistical Mechanics Qs

3.1 Microstates and Macrostates

Physical systems consist of a huge number of particles. The most complete
information about the system is contained in the system’s microstate (microscopic
state). In classical mechanics, the microstate is specified by a huge number of
coordinates and velocities of all particles comprising the system. It evolves in time
according to Newton’s second law. In quantum mechanics, the microstate is given
by the collective wave function, which depends on all the system’s coordinates. It
evolves in time according to the time-dependent Schrodinger equation.

Information about the microstate is complete in the following sense: If the
system is perfectly isolated from the rest of the Universe, then its microstate will
evolve in time according to the system’s autonomous equations of motion. Then,
the microstate at the initial moment of time determines the system’s microstate at
any future time according to these equations.

It is a hopeless task to solve the equations that govern the evolution of the
system’s microstate. There are several reasons for this:

1. The initial microstate of the system is unknown.

2. The equations that govern the system’s microstate evolution are deterministic, but
their solution is usually chaotic (random). This means that the tiniest deviation
of the initial state will result in a completely different trajectory of the system.

3. The system is never completely isolated from the rest of the world. In particular,
it is impossible to switch off gravity, or perfectly isolate the system from external
electromagnetic waves. Those interactions cannot be completely accounted for.
However, small, they affect the dynamics of the systems microstate, see the
previous point.

4. Last but not least, the system may be simply too big to be treated theoretically.
Solving 10? or so equations of motion is practically impossible. Because of
these reasons, the microstate changes in time in a random, unpredictable manner.
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Luckily, information about the system’s microstate is practically never required.
What is of interest is a set of the coarse-grained macroscopic parameters that
characterize the system as a whole, such as pressure, volume, energy, temperature,
concentration of atoms, polarization, magnetization, etc.

Because the system’s microstate changes randomly in time, we may introduce
the probability p, to find the system in a microstate «, in which the system’s
macroscopic parameter of interest, Y, has the value Y,,. As the microstate changes,
so does its property Y. These random changes are called fluctuations.

A measurement of the parameter Y takes finite time ty. This time is of the same
order of magnitude as the reaction time of the measuring device used. The time of
measurement is many orders of magnitude longer than the characteristic time over
which the system’s microstate changes. For instance, oscillation period of an atom
in a solid is about 10~ 13 s, much shorter than the reaction time of any device.

This means that during a measurement, the system visits an astronomically huge
number of its microstates. The total amount of time it spends in a microstate o
during the measurement can be estimated as t, = p, ty. When the system is in the
microstate «, its property Y has the value Y,,. The result of a measurement will be
the time-averaged value of Y:

¥y =~ > Yata =Y Yupa
tY o o

A macrostate of a system is specified by a relatively small number of the
macroscopic parameters that describe some measurable property of the system.
Those parameters can be either the control parameters that can be fixed by an
experimentalist or they can be the average values of some fluctuating properties
of the system. For example, if we consider a gas in a container, then the volume of
the container V is part of the macrostate description. If the gas finds itself inside a
cylinder with a movable piston, then the gas volume is not fixed; however, applying
a constant pressure to the system fixes the average volume (V'), which must be used
as a macrostate variable. Other examples of the macrostate variables are the number
of particles, temperature, pressure, etc.

3.2 Thermal Equilibrium

The microstate probabilities p,, in general, change with time. As an example,
consider a container whose right half is initially filled with gas and the left half
is empty. Very quickly the gas will distribute itself uniformly within the container.
The initial state and the final state are characterized by different sets of microstate
probabilities. Corresponding to this transient process from the initial to the final
states, the average value of a physical parameter Y will also be time-dependent:

(Y)(@) = 3y Yapa (D).
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But if we wait long enough, the system will eventually enter a special macro-
scopic state, in which the probabilities p, do not change anymore. This state is
called thermal equilibrium, or thermodynamic equilibrium.

Suppose two systems, initially isolated from each other, are in equilibrium states.
They do not need to have the same values of such parameters as temperature or
pressure. Now, we bring the two systems in contact with each other, allowing them
to exchange energy and particles. Then, energy will flow from the hotter system to
colder one and atoms will migrate from the system with the higher pressure to the
one with the lower pressure. Eventually, the two systems will come to equilibrium
with each other, as their temperature and pressure will become equal.

We may also consider a single system in some non-equilibrium initial state. As
the system equilibrates, any non-uniformity of its temperature and pressure cause
energy and particles to redistribute themselves inside the system until the system
reaches equilibrium. In thermodynamic equilibrium, temperature and pressure are
uniform. Also, in equilibrium, there is no transfer of energy and particles.

One may think (erroneously) that in thermal equilibrium, energy and particles
do not flow between different parts of the system. In fact, thermal equilibrium
should not be imagined as something static. Rather, it is a dynamic state, in which
different parts of the system do exchange particles and energy, but the fluxes of those
quantities are perfectly balanced by the respective counterfluxes. As a result, no
overall transport occurs and the average amount of energy and the average number
of particles in each part of the system remains constant.

3.3 Postulate of Equal A Priori Probabilities

Consider a system that is isolated to the best of our abilities. Its extensive
properties—the volume V, the number of particles N, and the energy E—are held
fixed and do not change in time. The microstate of the system, on the other hand,
constantly changes. In each microstate « visited by the system, these extensive
parameters have fixed values: V, =V, N, = N, E, = E.

The postulate of equal a priori! probabilities is a drastic statement about the
system’s dynamics in thermodynamic equilibrium. It states that in thermodynamic
equilibrium all microstates which are consistent with the given fixed extensive
parameter values are equally probable.

Mathematically, this can be expressed as follows: If, for two microstates a and o’
of an isolated system we have V, = V,y =V, N, = Ny = N,and E, = E, = E,
then py, = py/-

No rigorous proof of this statement exists. At the same time, all experimental
evidence speaks in favor of this postulate. We accept simply because it successfully

! The Latin expression “a priori” means “from the earlier.” It denotes those properties of an object
that do not depend on the empirical evidence, but follow from common sense and logic.
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explains all phenomena observed in the systems containing many particles. The
success of statistical physics can be taken as an a posteriori” proof that the postulate
of equal a priori probabilities is correct.

3.4 Grand Canonical Distribution

Consider a system, which can exchange energy and particles with a much bigger
system called the heat bath. The energy E and the number of particles n in the
system of interest is not fixed, because the system exchanges these parameters
particles with the heat bath. The role of the heat bath is to maintain constant the
average energy (E) and the average number of particles (n) in the system. If at some
moment of time, the number of particles in the system is greater than (), then the
particles are more likely to leave the system and enter the heat bath. If n < (n), then
the particles are more likely to enter the system from the heat bath; same applies to
energy.

To each number of particles, n, in the system, there corresponds a certain set of
states «. The energy of the system with n particles in a state « is denoted as Eq.

We assume that the properties of the system—namely, its quantum states and
energies E,,—are known. The question that we attempt to answer here is: What is
the probability p,, for the system to have n particles and be in the microscopic state
a?

At a first glance, we do not have enough information to answer this question.
For instance, we do not know the nature of the heat bath and the mechanism of the
system-bath coupling, which makes the energy and particle exchange between the
two objects possible.

But this question can be answered with the help of the postulate of equal a priori
probabilities. Namely, if, for a fixed number of particles, n, two different microstates
a and o’ have the same energy, E,, = E,q, then they are equally probable, p,, =
Pno’» independent of the nature of the system. In other words, for a fixed number of
particles n, the microstate probability p,, is simply the inverse of the total number
of microstates with the energy E,q.

This implies that the probability p,, can only depend on the number of particles
n in the system and the energy E,, of the state o:

1
Pna = EG(na Enq),

2 The Latin phrase “a posteriori” means “from the later” and refers to the statements that follow
from experience or observation of the physical world.
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where the function G(n, E,,) is to be established, and the constant Z in the
denominator is introduced in order to make sure that the total probability is
normalized to one,

Z Z Pna = 1,
n o
meaning that

Z=Y "% "G En).

The constant Z is called the grand partition function.

To find the function G(n, E,y), we consider two identical systems that are
coupled to the same heat bath. The two systems are sufficiently far away from
each other to be statistically independent. The probability for one system to have
n particles and to be in the state « is p,y. The probability for the other system to
have n’ particles and to be in the state &’ is p,,’. The combined probability for the
first system to be in the state (n, &) and the other system to be in the state (n’, o) is
given by the product of the individual probabilities:

1
PnaPn'a’ = ?G(}’l, Ena)G(n/v Eyo).

On the other hand, this composite probability must depend on the total energy
and the total number of particles in the two systems via the function G:

1
PnaPn'a’ = EG(’? +n', Epq + Eyyr)

with the normalization constant
23939 ) WART I
n npn a o

Equating the natural logarithms of the last two expressions for p,q pya/, We
conclude that the function G (n, E,,) must be such that

InGn+n',Ewg +Eyvy) =InNG(n, Epg) +InGW, Epg) + ln(Z/Zz).
But this is possible if and only if In G (n, E,,) depends linearly on both arguments,
n and E,y. Hence, we introduce two parameters, A and B, to express the linear

relation between the function G (n, E,) and its arguments:

InG(n, Epg) = An+ BEpy = G(n, Epy) = e BEne
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Note that the condition Z = Z?2 is then fulfilled automatically, because

7 — ZeAn—t-BE,,a’
no

7 - Z Z Z Z AN+ +B(Ena+Ey )
n n o o

_ ZeAn+BEm, ZeAn’JrBEn/a/ — 72
no n'o’

Actually, it is customary to express the parameters A and B in terms of two other
parameters, denoted as 7 and u: B = —% and A = % Here, T is the temperature
(measured in Kelvins), the parameter u is called the chemical potential and,

k=1.3806...- 1072 J/K =8.6173...- 107 eV/K,

is Boltzmann’s constant.
We thus arrive at the standard expression for the grand canonical distribution for
the system to have n particles and find itself in the state «:

1 un — E,q un — Enq
- _ 0r mna — E E or e )
Pna exp < T ) , Z 2 exp < T )

The constants p and T are determined from the requirements that the system has a
given average number of particles and a given average energy:

(n) = Zznpnm (E) = ZzEnapna-

As stated earlier, thermodynamic equilibrium state is the state of no microscopic
currents, by means of which different parts of the system would exchange energy
or particles. Consider now a spatially extended large system containing a very
large number of particles. In this system, we focus on two small volumes AV,
one around some point 7 and the other around a point 7’. The average number
of particles and the average energy in both small volumes must be the same,
independent of the choice of their positions 7 and 7’. But (n) and (E) are uniquely
determined by the chemical potential © and temperature 7. Hence, we conclude
that in thermodynamics equilibrium, the chemical potential i and temperature 7
are constant everywhere inside a spatially extended system.
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3.5 Fermi-Dirac Distribution

In the previous discussion, we did not specify the nature of the system. Therefore,
the main result obtained there—namely, the grand canonical distribution—is very
general and applies to systems of any nature.

In particular, consider electrons in a crystal. Assume that the interaction between
electrons can be neglected. Hence, each electron may occupy a single-electron state
«. Nothing can stop us from treating this quantum state as the system and to apply
the grand canonical distribution to get its occupation probability.

The energy of this system can be either the quantum state energy E, if it is
occupied by an electron, or 0 if it is empty:

E,o =nEy, n=0,1.
The number of electrons n in the state o can assume only two values, O and 1,

according to Pauli’s exclusion principle.
We can determine the average number of electrons in the state @ by using the

grand canonical distribution. If the state is empty, then n = 0, Eo, = 0, and
Poa = % If the state is filled with an electron, then n = 1, E;, = E,, and
o(1—Ea)/KT . .
Pla = L#T The average number of electrons in the state « state is, thus,
1

(ne)=0-pog +1-plo = pra = Ee(u—Ea)/kT_

The partition function is

7 = Z g'l(,u—Ena)/kT =1+ e(M_Ea)/kT.
n=0,1

Then

eH—Ea)/KT 1

T 14 eW—E/KT — 1 f g(Ea—i)/KT *

(ng)

This number, which is between 0 and 1, is the probability pi, that the state o is
occupied. This formula is called the Fermi-Dirac distribution.

The letter u is a standard notation for the chemical potential adopted in
thermodynamics. In solid-state physics, a different name and notation is used for the
chemical potential. Namely, in solid-state physics, the chemical potential is called
the Fermi energy and is denoted as Er:

u=Ep.
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This is the convention that we also will be using. Hence, the probability of
occupation of a particular quantum state « is given by the Fermi-Dirac distribution:

1
f(Ea) = —1 T e(Eu—EF)/kT'

The probability for this state to be empty is given by a similar expression:

1 e(Ea—Er)/kT 1
1_fa%):1_1+fwwfmwT:1+1ww£mwT:1+1wp£wwr

note the change of sign in the exponential function in the denominator.

A plot of the Fermi-Dirac distribution vs. energy (with the state subscript o
omitted) is shown in Fig.3.1a. At E < EF, Fermi-Dirac distribution approaches
the value 1; at E > Ep, it goes to zero very quickly. The transition between these
two extremes occurs near Fermi energy, at which the distribution assumes the value

£ 1
f(EF) = 5

The width of the transition region depends on the temperature. At T = 0, the
distribution f(E) is a sharp step going from the value l at E < EptoOat E > Ef

(dotted line). Increasing the temperature makes the transition of f(E) near E = Ef
from 1 to 0 more smooth.

1.0 D (a) 10 ‘-l (b) ]
: v 2
p I| r=0.1 z’;-l_ 0.8 “ E 4
Tr=02E T : v 3
F 1 L)
o =03 E / ! 06 - -
005t it \ { = 10y T=01E,
e : "“-.”_4 | 10 '[ |
1 10 .[
i oz} 1
: e
0.0 | 0.0
0 £ 0.0 0.5 1.0 1.5 2.0

Fig. 3.1 (a) Fermi-Dirac distribution at 7 = 0 (dashed line) and for three non-zero temperatures
(solid curves). (b) Fermi-Dirac distribution at 7 = 0.1 Er (solid curve) and its Boltzmann
approximation f(E) = e~ E—ER)/KT (dashed curve). The inset shows the same plotat £ > Ep
with the logarithmic scale on the y-axis chosen for the ease of comparison of the curves
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3.6 Boltzmann Approximation

For energies exceeding Er by a few thermal energies k7', Fermi-Dirac distribution
can be approximated by the so-called Boltzmann’s distribution, obtained by neglect-
ing the 1 in the denominator:

f(E) ~ e—(E—Ep)/kT.

This approximation is valid for energies, at which e~ EF)/kT" js much bigger
than 1. Typically, the term “much bigger” means “bigger by at least one order of
magnitude,” i.e.,

eEED/KT S 10> 1 = E— Ep > kT In(10) = 2.3kT.

The accuracy of Boltzmann approximation at large energies is seen in Fig.3.1b
showing Fermi-Dirac distribution and Boltzmann approximation at 7/Er = 0.1.
Boltzmann approximation is quite accurate in this case for £/Er > 1.2, see inset.

The probability for a given state below Fermi energy to be empty (see Sect. 3.5)
can be approximated in a similar way:

~ ¢~ (E—ER)/KT_

1= 1) = | + e(E—Ep)/kT
This approximation is valid provided that
Er — E > kT In(10) = 2.3kT.

At the room temperature 7 = 300K, the thermal energy k7" = 0.02585 eV, and
we see that Boltzmann’s approximation applies if the Fermi energy differs from a
particular energy E by at least 0.06eV.

3.7 Fermi Energy at Low Temperatures

Fermi energy depends on temperature. Its temperature dependence should be found
from the condition that the sum of the occupation probabilities for all quantum states
be the same as the total number of electrons N. This gives an equation for Ef:

1
> I E) =Y g = V-
o o

Fermi energy E r at any temperature can be determined from this equation, provided
that the energies of the quantum states E, are known. It is often convenient to take
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the sum not over the quantum states, but over the energy levels E,, each of which is
degenerate and contains g, quantum states. In this formulation, Fermi energy is to
be found from

gn _
Z 1 + e En—En)/kT — N.

n

At T > 0, the solution of this equation needs to be performed numerically or
using analytical approximations. The resulting Er does not need to coincide with
any energy level E,, of the system.

At absolute zero temperature, all states with energy below Fermi level are
occupied and all states above Fermi level are empty. Let us denote the energy of
the highest occupied energy level at T = 0 as E| and its degeneracy as g1. If the
number of particles N is known together with the energies and degeneracies of all
energy levels of the system, then the highest occupied energy level is relatively easy
to figure out. One just needs to fill all energy levels with particles, starting from the
ground state and up, until all particles are exhausted.

Let us also denote the energy and the degeneracy of the lowest energy level which
is empty at T = 0 as E and g;. In this section, we wish to find the Fermi energy
at the thermal energy slightly higher than zero, but well below the energy difference
between the lowest empty and the highest occupied levels, kT < E» — E| .

We need to consider the cases of complete and partial occupancy of the highest
occupied level at T = 0 separately:

Case 1: n1 = g1;

Case 2: n; < g1,

where n1 is the number of electrons in the level E1 at T = 0 (Fig. 3.2).
(a) T=0 (b) 0<T<<E,-E

E, O0—O0—C0— O0—0-n,=0 E, O—8—0O— O—& n=g-n

L 000 0@ -2 I 08 —O® n<g

Fig. 3.2 Occupancies of the levels Ej and E> at (a) T = 0 and (b) T > 0. Filled circles represent
occupied quantum states, empty circles are empty states. It is assumed that at 7 = 0, all states
belonging to the level E; and all levels below E; are occupied, and all states belonging to the
levels E, and higher are empty
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Casel AtT < (Ey — E1)/k, only the excitation of particles from the level E to
the level E; plays a role. In other words, the g particles that belonged to the level
Ep at T = 0 get redistributed between the levels E1 and E» at T > 0. In this case,
the chemical potential at low temperatures is found from

81 n 82 _
14 eE—ER/AT T T4 g(Ba—Epy/kT — 81

because there are n1+n, = g1 particles that belong to the levels £ and E». Defining
x = FITEDINT AR = By — Ey,

we have:

81 n 82 _
I+x 1+ xedE/kT = 81

Multiplying both sides by the product of the denominators and rearranging the
terms, we obtain a quadratic equation

2g1e®E/ T 4 x(g1 —g2) — g2 =0,

whose solution reads

_ — o1)2
_ 8278 —appr | |82 787 onpur | 82 —appir
28 4¢3 8l

In view of the condition kT <« AE, we can arrange the exponentials as

o—2AE/KT —AE/kT —AE/(2kT)

Le Le

This allows us to neglect the first term in the square root relative to the second one,
and then to neglect the first term in the right-hand side relative to the square root.

Then,
x = o E1\=ER)/KT _ |82 —(Ex—E1)/QKT)
81

Solving this for the Fermi energy, we obtain:

Ei+E» kT
Ep(T) = sz—i—?ln%.

On heating, the Fermi energy shifts toward that energy level which has the lower
degeneracy.
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Fig. 3.3 (a) Same as in Fig. 3.2a, but this time with n| < g;. (b) Fermi-Dirac distributionat 7 > 0

Case 2 This time, we have n| < g particles in the level E; at T = 0. At T > 0,
particles can get transferred from the level E; to the higher level E> but also from
the lower level Eg < E to the level E, see Fig. 3.3a. That is, now we have go +
particles that get redistributed among three levels Eg, E1, and E, where gg is the
degeneracy of the level Ey, which was completely filled at 7 = 0. Accordingly,
Fermi level must be established from the equation

80 4 81 n 82
1 + eEo—ER)/kT ~ | 4 @(E1—EF)/kT | 4 o(E2—EFp)/kT

= go +ni1.

A rigorous solution of this equation for Er is difficult, but still possible. But since
we are interested in the temperatures 7 < E; — E1 and E; — Ey, we can simplify
the calculations considerably with the following reasoning:

The Fermi-Dirac occupation probability of a quantum state with the energy E,

1
HE =g

makes a sharp transition from 1 to 0 at E = p. At T = 0, the occupation probability
of a quantum state belonging to the energy level 0 is f(Eg) = 1; for the quantum
states belonging to the level 2 it is f(E2) = 0; and for a quantum state belonging
to the level Ep itis n1/g1, as n; states out of g; are occupied. Hence, at 0 < T <
E1 — Eo and E> — E1, the occupation probabilities should not be very different
from these values, see Fig. 3.3b. Therefore, we can approximate the equation that
determines the chemical potential by setting the first term in the left-hand side to gg
and the third term to 0, giving

81

1+ eEr—w/T ~ "
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Solving this for the chemical potential, we obtain:

g1 —ni
ny

Epr(TY=E{—T In

As the temperature increases, the Fermi-Dirac distribution broadens around the
energy Er. The Fermi energy adjusts itself so as to maintain the occupation
probability of any quantum state belonging to the level E; equal to n;/g1, see
Fig. 3.3b. If more than half of the states in the level E are filled, then (g1 —n1)/n; <
1 and the Fermi energy increases; for n; < g1/2, it decreases. If n; = g1/2, it stays
equal to E same to the first order in 7.

3.8 Problems

3.8.1 Solved Problems

Problem 1 A certain disease is known to affect 1 in 10,000 people. The medical
test for this disease is 99.9% accurate, i.e., the probability of a false results (no
matter if positive or negative) is 0.1%. What is the probability that a person who got
a positive result of that test actually has this disease?

Problem 2 What is the smallest number of students in a class such that at least two
students have birthdays on the same day with at least 50% probability? Assume that
a year has 365 days, i.e., neglect leap years.

Problem 3 Consider a gas of bosons at temperature 7" and chemical potential u.
What is the average number of bosons in some quantum state with energy E? Note
that, like fermions, bosons are indistinguishable particles, but there is no restriction
on the number of bosons in the same quantum state.

Problem 4 The degeneracy of a particular energy level g = 6. The probability for
a particular quantum state belonging to this level to be occupied by an electron is
f = 0.1. What is the probability P, for this level to have n electrons with n =
0, ...,6? What is the average number of electrons occupying this level?

Problem 5 A particular energy level E has the degeneracy 6. What should be the
energy difference AE = E — EF for this energy level to be empty with probability
1/3at T = 300K?

Problem 6 A system consists of N = 15 non-interacting spin-1/2 particles with the
single-particle energies E;; = AE - (i 2 4+ j%), where AE = 1eV and the quantum
numbers i and j can assume the non-negative integer values 1, 2, 3, .... Determine
the Fermi energy Er at zero temperature. Does the Fermi energy increase, decrease,



74 3 Equilibrium Statistical Mechanics

or stay the same as the system’s temperature is increased from zero? Answer these
questions for N = 16 and N = 20 particles as well.

3.8.2 Practice Problems

Problem 1 Three fair dices are rolled. Calculate the probabilities p, to obtain n
dots on their faces, withn = 3,4, ..., 18.

Problem 2 The energy of a harmonic oscillator with the natural frequency o is
quantized as E,, = hiwo(n+1/2) withn =0, 1, 2, . ... At temperature 7', what is the
probability for the oscillator to be in the quantum state n? What is its average energy
(E)? You may need the formula for the sum of a geometric series, Y o x" =
(1 —x)~1, valid for |x| < 1.

Problem 3 A particular energy level has the energy 0.04 eV above Fermi energy. It
can accommodate at most 2 electrons of opposite spins. The temperature is 300 K
with kT = 0.02585 eV. What is the probability for this level to be empty? What is
the probability for it to be occupied by just one electron? By two electrons?

Problem 4 The degeneracy of a particular energy level g = 100. Its energy is 0.1
eV above Fermi energy, Er, whose temperature dependence can be neglected. At
what temperature will this energy level be occupied by at least one electron with 1%
probability?

Problem 5 A gas of N = 1000 electrons may occupy the energy levels E, =
hw(n+1/2) of aharmonic oscillator with the natural frequency such that iw = 1eV
andn =0, 1, 2, . ... Not more than two electrons can occupy the same energy level.
Find the Fermi energy of this system at 7 = 0.

3.8.3 Solutions

Problem 1 The wrong way of solving this problem is the obvious one: The
probability to get a false positive result is 0.1%. The probability to be sick is then
100% — 0.1% = 99.9%.

The right way is a bit more intricate. Let ps = 1/10000 = 10™* be the
probability of having the disease and pr = 0.1% = 1073 be the probability of
getting a false test result. Suppose a large number N of people took the test, and
Np people tested positive. This number consists of two groups: (1) the people who
are actually sick and were tested correctly, and (2) the healthy people who got false
positive results. The number of people in group 1 is given by the product of the
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number of sick people, psN, and the probability of test being correct, 1 — pr. Thus,
Ny=({—-pr)psN.
The number of people in group 2 is the product of the total number of healthy

people, N — Ng = N(1 — pg), and the probability that the testing went wrong, pr.
Thus,

Ny =1 - ps)prN.

The probability for a person with a positive test result to belong to group 1 (i.e., to
be sick) is

p= Ni (I-pF) ps _ 1 B 1
TNI+N T (- 1— - A=ps) pr 0.9999-10-3 °
1+ N2 (=pp)ps+ A=ps)pr 14+ G=E500 14 8800

which is 9.08%. The probability that a person with a positive test result is actually
not sick is almost 91%.

Problem 2 Let N be the number of students in the class. The probability Py that
all N students have birthdays on different days is

364 366N Nl_‘[‘

3 365 — i
365 77T 365 ’

365

Py
i=1

We need to find the smallest N, at which 1 — Py > 1/2, 0or Py < 1/2, or

One can attack this problem numerically, e.g., by building an Excel table and
calculating the value of the product in the left-hand side of this inequality for
different values of N. A more elegant way to find the answer is to perform an
analytical calculation. Taking the natural logarithm of both sides,

365 — i ., i
1 —1n(2) ; n({1-—) <—InQ).
n < —In2) l;n( 365>< n(2)

The sum of the logarithms can be approximately found using the approximation

In(1 4+ x) = x for |x| <« 1.
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We assume that N < 365, meaning that i /365 <« 1 fori = 1,...,N — 1. We
will have to check the validity of this assumption after obtaining the value of N. We
have

N i N 1 = 1 (N-DN
ln 1—— x — _——— [=——

: : : 365 2

l:1 l:l =

where we recognized an arithmetic series to obtain the last equality.
We now need to find the smallest N, for which

LN(N— 1)

g @ = NV -1)> 2365 In(2) ~ 506.

We obtain

N =23.

Problem 3 The probability to have n particles in a quantum state with the energy
E is given by the grand canonical distribution:
e—M(E—-)/kT

Pn = 7

The value of the constant Z is such that the probabilities to have any number of
particles add up to one:

o o
_ N\ n(E—)/KT _ —(E-w/kT\" _ 1
z=3 e _Z(e ) = o~ E-w/kT’
n=0 n=0
where we used the sum of the geometric series formula, 1+x +x24+...=1/(0—x)

for |x| < 1, in the last equality.
The average number of particles in this quantum state is

o0 o] —ne
_ohe E—pu
(n) = E np, = 2n=0 , €= )

= zZ kT
The numerator can be evaluating by noting that
oo o — oo —
Znefne:_zde ne:_i e*néz_i ! = < .
de de del—ec  (1— 6_6)2
n=0 n=0 n=0

Dividing this result by Z = 1/(1 — e~ €), we obtain:
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e 1 1
W = e T e o1 T T

This result for the average number of bosons in a particular quantum state is known
as the Bose—Einstein distribution. It differs from the fermionic counterpart, the
Fermi-Dirac distribution, in that the unity is subtracted from the exponential rather
than added to it. When (E — w)/kT is bigger than 1 by at least 2 or 3 times, the
unity in the denominator can be neglected, and the Bose—Einstein distribution can
be approximated with Boltzmann’s formula, (n) & e~ (E=H/KT

Problem 4 Each of the g = 6 states belonging to this energy level can be occupied
with probability f = 0.1 and empty with probability 1 — f = 0.9. The probability
for all states to be empty is

Py=(1—f)f=09°=05314.
The probability for the energy level to have exactly one electron is
Pr=gf(1— ) 1=6-0.1-09° =0.3543.

Here, the factor f gives the probability for one state to be occupied, and the factor
(1 — f)&~! gives the probability for the remaining g — 1 states to be empty. Since
there are g states that can be occupied, the product f(1 — f)&~! is multiplied by g.

The probability for the energy level to have exactly n electrons should be
proportional to f"(1 — f)87". The first term in the product is the probability for
some specific n states to be occupied and for the remaining g — n states to be empty.
The proportionality coefficient, denoted as Cj, is the number of ways to select n
occupied states out of g available states:

Py =CRf"(1— f)8".

The number of selections of n filled states out of g available states is called the
binomial coefficient and is given by

g _ 8!
Tl g —n)!

Here is the explanation of this formula. Imagine two bins, one labeled “occupied”
and the other labeled “unoccupied,” into which we put objects called “states.” These
objects are labeled: 1, 2, 3, ..., g. We put n states into the “occupied” bin, and the
remaining g — n states into the “unoccupied” bin. We are interested in the number
of such arrangements which are distinct. For example, an arrangement that puts
states 1, 2, 3, ..., n into the first bin is the same as the arrangement 2, 1, 3, ...,
n, as the two arrangements just differ by a permutation of the states 1 and 2 within
the first “occupied” bin. Now, the total number of permutations of all states is g!.
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Some of those permutations swap the states between bins, which results in a new
arrangement, while some permutations just swap the states within the same bin,
which does not result in a new arrangement. Hence, the total number of permutations
needs to be divided by the number of permutations of n states in the “occupied” bin
and by the number of permutations of g — n states in the “unoccupied” bin, i.e., by
n!and (g — n)!. The result is the expression for Cj above.

In particular,

6! 6!
6 6 6 6 6 6 6
Ch=Ci=1 CI=C§=6, (F=C{=5=15 Cf=5

We obtain:

Py =15-0.17.0.9% = 0.09842,
P;=20-0.1>.0.9° = 0.01458,
Py =15-0.1*.0.9% = 0.001215,
Ps =6-0.1° - 0.9 = 0.000054,
Pg = 0.1° = 0.000001.

The average number of electrons in this level is

8
(n)y=) nP,=0-Py+1-Pi+...4+6-Ps=0.6.
n=0

Problem 5 The probabilities for a particular quantum state to be occupied and to

be empty are, respectively,

1 1 1
f= 1| + AE/KT I-f=1- |+ eAE/KT — 1 4 o—AE/KT "

The probability for all g = 6 quantum states belonging to this level to be empty is

1

With Py = 1/3, we can solve this equation to find AE:

1

_ pl/g —AE/KT _ p—1/8 —AE/KT _ p—1/8 _
—1+8—AE/kT_P0 = l+e =P, = e = P, 1.
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Taking the natural logarithm in both sides of the last equation, we finally obtain:
AE = —kT In(Py /8 = 1).

At T = 300K, the thermal energy is kT = 0.02585eV. Plugging in all other
numerical values,

AE = —0.025851n((1/3)""/® — 1) = —0.02585In(3"/® — 1) = 0.0415eV.

Problem 6 Quantum states are labeled by three quantum numbers: i and j = 1, 2,
...,and spin s = 1/2. Each energy level characterized by a particular combination
of the quantum numbers i and j can thus accommodate two particles of opposite
spins. We form a table showing the energies and degeneracies of the lowest few
energy levels:

Level | (i, j) Degeneracy | Energy [eV]
1 (1, 1) 2 2

2 (1,2)and (2,1) |4 5

3 2,2) 2 8

4 (1,3)and (3,1) |4 10

5 (2,3)and (3,2) |4 13

6 (1,4)and 4,1) |4 17

7 (3.3) 2 18

The degeneracy of each level is obtained by multiplying by two the number of the
(i, j) combinations that result in the same energy, as there are two possible spin
orientations.

For N = 15, all particles end up in the first five levels at zero temperature: 2 + 4
+ 2 +4 + 3 = 15. The highest occupied energy level is filled with ns = 3 particles
and has the degeneracy gs = 4. Because ns < g5, we have for the Fermi energy
Er = Es — kT In 5’5’1;5"5 = 13eV 4 kT In(3). It has the value of 13eVatT =0
and increases with temperature.

For N = 16, all particles occupy the first five energy levels, as the sum of their
degeneracies, 2 + 4 4+ 2 4+ 4 + 4 = 16, equals the number of particles. The highest
occupied energy level is now completely filled: ns = g5 = 4. The lowest empty
energy level Eg has the degeneracy g¢ = 4 and energy E¢ = 17eV. The Fermi
energy at low temperatures is given by Er = % + ]% In ﬁ = @ =15eV
independent of temperature at low 7.

Finally, for N = 20, the particles occupy the first six energy levels (2 + 4 +
2 +4 + 4 + 4 = 20) with the last one being completely filled: n = g = 4. The
lowest empty energy level has g7 = 2 and E7 = 18eV. The Fermi energy is Er =
# + ]% In % = 17.5eV + kT In(2)/2, an increasing function of temperature
with EF(T =0) = 17.5eV.
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4.1 Bloch’s Theorem

In the absence of an external electric field, an electron in a solid interacts with the
positively charged point-like nuclei located in the nodes of the crystal lattice, as
well as with a huge number of other electrons. The positive nuclei and the negative
electrons together produce an electrostatic potential, U (7), which is periodic in
space, having the periodicity of the crystal lattice. This means that a displacement
by any translation vector d = ia + jb + k¢ of the lattice will not result in a change
of the potential energy:

UG +d) =UGF).

Of course, perfect periodicity of this potential is broken by the presence of defects,
impurities, and the thermal vibrations of the crystal lattice. We assume that all these
effects are weak, so that we can treat the potential U (r) as periodic to sufficient
accuracy.

Now, we must solve the time-independent Schrodinger equation for one electron
in a periodic potential:

2
EV(F) = —;—m%zxy(a + U®F) V().

We assume for simplicity that the crystal lattice has cubic symmetry. An infinite
crystal is modeled as a large cube of side length L with the periodic boundary
conditions imposed on the wave function:

U(F +2L) = U(P),

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 81
M. Evstigneev, Introduction to Semiconductor Physics and Devices,
https://doi.org/10.1007/978-3-031-08458-4_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-08458-4_4&domain=pdf

 -2016 61494 a -2016 61494
a
 
https://doi.org/10.1007/978-3-031-08458-4_4

82 4 Band Theory of Solids

where ¢ is a unit vector in the x-, y-, or z-direction. That is, we do the same trick as
in Sect. 1.7, when we discussed the wave function of a free particle.

In the special case of no potential, U (r) = 0, the solution of the time-independent
Schrodinger equation is a plane wave explained in Sect. 1.7:

2 e L ik
for U(r)=0: V(&)= me’ ,

where the wave vector k can have only discrete values,
- 2T N N
k = T(klex + koey + k3e;)

with all three components k1, k3, and k3 being integer numbers.

When the periodic potential is present, the wave function should reflect its
translational symmetry. But the wave function itself is not physically measurable,
only its modulus squared is. Therefore, it should have the property:

for UG+d)=UF) £0 : |[WFE+ad)|>=|¥@%

where d is a translation vector of the lattice.

There is an important result about the wave function of an electron in a periodic
potential, derived by Felix Bloch in 1928. Bloch’s theorem states that if the periodic
potential U (F) is present, then the solution of the time-independent Schrodinger
equation takes the form of a modulated plane wave

- - | T
V@) =¥,z (7 = 755 70,
where the functions u,; () have the lattice periodicity,
w2 (F) = u (7 +d).

In the absence of the periodic potential, they assume the value one:

for U(F) =0 : u,p(r)=1.
The integer n is an additional quantum number that labels the wave functions
W (r) = W, ;(7). Itis called the band index. The band index n and the wave vector k
define Bloch states with the wave function \Ifn,;(?).

The derivation of Bloch’s theorem is given in Appendix A.2. Here, we would like
to point out that the Bloch wave function \Ifn,;(7) has the desired properties above.
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Namely, it becomes a plane wave in the absence of the periodic potential, and its
modulus squared is periodic with the periodicity of the potential:

for UF) #0 ¢ [0 G+d) = luzG+d) = luz P = 9,7

4.2 Energy Bands

4.2.1 Physical Origin of the Energy Bands

Bands are formed by those Bloch states W, »(F) that are characterized by the same
value of the band index 7, bgt different wave vectors k. To each wave vector k there
corresponds the energy E,, (k), which is a continuous function of k for a given value
of the band index n. Following the wave—particle duality argument, we can identify
the product /k with the electron momentum p in the crystal; it is called the crystal
momentum, or the quasimomentum.! In this way, we find that a single energy-
momentum relation of a free electron gets replaced with many energy-momentum
relations, E, (fik), that depend on the band index n and are more complicated than

the simple quadratic formula for a free electron, E 7. ( D) = Zmz

So far, the emergence of bands looks like a purely formal ‘Tesult that follows
mathematically from Schrodinger’s equation with a periodic potential. Let us now
try and understand the physical origin of the bands.

The building block of a crystal is its primitive cell, see Sect.2.3.3. A primitive
cell is equipped with one or several atoms that form the basis of the crystal lattice.
Now, imagine that we could somehow control the lattice constant a of the crystal
without affecting the mutual arrangement of atoms inside each primitive cells. At
large lattice constant, the primitive cells resemble isolated molecules, whereas at
small a, they form the crystal, see Fig.4.1a and b for a two-dimensional illustration.

At large intercell separation a, the electron states in each cell are obtained by
solving Schrodinger’s equation with the potential generated by those several nuclei
that belong to a particular cell. Those electron states are discrete, i.e., they can be
labeled with a quantum number, which we call n. Each such state can be filled with
at most 2 electrons of opposite spins. The energy in the state n is denoted as E,,.

If we now reduce the distance between the cells so that the electron wave
functions of neighboring cells start to overlap, then the energies E, will be affected
by the neighboring atoms. Because electrons are indistinguishable, one cannot
assign electrons to their host cells anymore. In other words, each electron starts
to belong not to an individual cell, but to the whole crystal consisting of N cells.
This implies that a single-cell state with a given set of quantum number n can

! From Latin quasi = apparent.
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Fig. 4.1 (a) Periodic arrangement of primitive cells in space with the symmetry of the crystal
lattice, but with the lattice so large that the intercell interaction is negligible. (b) An arrangement
of the same primitive cells in a crystal. (¢) Schematic illustration of the splitting of electron states
into bands as the lattice constant is decreased

now be occupied by 2N electrons. But this is clearly impossible by Pauli exclusion
principle, which allows only two electrons of opposite spins per state.

In order to comply with Pauli’s exclusion principle and to accommodate all
2N electrons in a quantum state at the same time, each formerly single-cell state
must broaden into N closely spaced substates with two electrons per substate,
see Fig.4.1c. Those substates form energy bands. Then, a new quantum number
emerges, which allows one to distinguish between different substates within the
same band. This quantum number is the wave vector k in the Bloch’s wave function
vz (7). The energies now depends on two quantum numbers, 7 and k, ie., E =
E, (E). The number of possible k-states in the same energy band must be equal to
the number N of the primitive cells in the crystal.

4.2.2 The First Brillouin Zone

Brillouin Zones

In the beginning of Sect.4.1 we said that each component of the wave vector k is
given by an integer multiple of 27 /L, where L is the linear size of the crystal with
periodic boundary coPditions. Then, in the end of the last section, we stated that the
number of different k-values in each band equals the number of primitive cells in
the crystal.

The two statements apparently contradict each other. Indeed, the number of
primitive cells, N, no matter how large, is still finite, whereas the number of integers
is infinite.

The contradiction is resolved by the fact that in each band, there is finite a
collection of N different wave vectors k that result in physically distinct Bloch
functions lI/n,;(7). This collection of N physically distinct wave vectors is called
the first Brillouin zone. All wave vectors outside of this collection yield the wave
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functions that are physically equivalent to those obtained from the wave vectors in
the first Brillouin zone. They belong to other Brillouin zones: the second, the third,
etc. Each Brillouin zone contains the same number N of wave vectors as the first
one.

One-Dimensional Crystal

To see how this works, consider a single electron in a one-dimensional model crystal
obtained by a periodic arrangement of atoms along the x-axis. The electron finds
itself in a periodic potential U (x + a) = U (x). The lattice constant of this crystal is
a, the number of primitive cells (i.e., the number of periods of U (x)) is N, and the
length is L = Na. The periodic boundary conditions mean that the wave function
of an electron satisfies W (x 4+ L) = W (x). According to Bloch’s theorem, it is given
by the product

1 .
Wk (x) = —=e™ upp (x),

VL

where n is the band index, ~/L serves the purpose of the plane-wave part

eikx 2 L dx .
T =T = 1, and the wave number is an

integer multiple of 277/L, see Sect. 1.7:

o L
normalization to one: [, dx

2T,
k:]T’ j=0,%1,42,....

For most values of j, the plane-wave part of the Bloch function, viz., ﬁe”‘x,

does not have the lattice periodicity. But notice what happens if k is increased by
27”. Then, the plane-wave part becomes

1 ei<k+27”>x: 1 eikxei%rx.

VL VL

The function e’ « * does have the periodicity of the lattice, because increasing x by

. j 27 P27 . . :
a does not change its value: e’ a W) — oY in view of the fact that e/27
Appendix A.1.

Now, the function

=1, see

. 1 ifpe2r
5 g ) = )

VL

has the same modulus squared as W, (x); therefore, it is physically equivalent to
W,k (x), see Sect. 1.10. However, its plane-wave part has the wave number
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2
K o=k+ 2.
a

This means that two Bloch states whose band index n is the same, but the wave
numbers differ by 27 /a, are identical. This also implies that the energy E, (k) is a
periodic function of the wave number with the periodicity

En(k +27/a) = En(k).

Alternatively, we can express energy in terms of momentum p = fik and state its
periodicity as

E,(p+h/a) = E,(p),

ash =2nh.
The first Brillouin zone of a one-dimensional crystal consists of N wave numbers
that have the smallest magnitude:

2w N . N 7 T
IstB.z.: k=j— with — — < j < —; hence —— <k < —.
Na 2 2 a a
In other words, the first Brillouin zone is a line of length 27 /a centered around
k = 0. Here, we assumed N to be an odd number without loss of generality. The
second Brillouin zone consists of the wave numbers in the range

mdBz: 27 <k <-T and T <k <2, orsimply © < k| < 2.
a a a a a a

In general, the nth Brillouin zone is defined as
nthB.z.: (n— 1)z < k| < nz
a a

To get an idea of the energy-momentum curves in the first Brillouin zone, we
first take the effect of the lattice periodicity into account. For this, we take the
energy-momentum curve of a free electron, E(p) = p%/(2m,), see Fig.4.2a,
and periodically replicate it along the momentum axis with the periodicity 27/ /a
corresponding to the wave number periodicity of 27 /a, see Fig. 4.2b. By combining
different parts of parabolas, one can build periodic E(p) curves with the periodicity
h2m /a. Those curves will have cusps at the odd or even integer multiples of /it /a.

Next, we take into account the periodic potential. Without going into detail of
solving the corresponding Schrodinger’s equation, the main result of the periodic
potential is rounding off of those cusps to produce smooth periodic energy-
momentum curves E(p) for all momenta in the so-called extended zone scheme,
see Fig. 4.2c. Finally, keeping in mind that only the first Brillouin zone matters, we
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(a) : (b)
E(p)
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a a a

Fig. 4.2 (a) Energy-momentum relation of a free electron. (b) The graph from (a) is periodically
repeated horizontally with the periodicity /27 /a. (¢) The effect of the lattice potential U (x) is
to round off the cusps of the energy-momentum curves belonging to different bands. (d) Energy-
momentum curves for the first 4 bands in the reduced zone scheme

restrict the momentum values to the range —fimr/a < p < hm/a, corresponding to
the reduced zone scheme, see Fig. 4.2d.

Band Gap

The main result of the interaction between the electron and the periodic potential
U (x) is rounding off of the cusps at the edges of the Brillouin zones and the
development of the bandgaps. A band gap is the smallest energy interval that
separates two bands. An electron in a crystal cannot have energy within the band
gap, no matter what its momentum is.
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This result is both extremely important from the point of view of semiconductor
properties and quite counterintuitive. It is worthwhile to try and understand the
origin of the bandgaps qualitatively.

We start answering the band gap question by looking into the physical meaning
of a Bloch state W, (x) = ¢'**u,; (x)/~/L. Its plane-wave part, ¢'** //L, is a wave
that travels to the right if k is positive and to the left if k is negative.

But a plane wave cannot exist alone in a periodic structure. Let us say, a primary
plane wave propagates to the right. It gets reflected by the lattice potential to
produce a secondary wave propagating to the left. The amplitude of the secondary
wave depends on the potential U(x) and is, generally speaking, smaller than the
amplitude of the primary wave. The secondary wave also gets reflected by the
lattice potential to produce a tertiary wave that travels to the right, which also gets
reflected to produce a wave traveling to the left, and so on. A Bloch state results
from a superposition of all those forward- and back-propagating plane waves. The
modulation function u, (x) describes this superposition.

Now, consider what happens when k = m/a, i.e., the plane wave has the
wavelength A = 2w /k = 2a. Each period of the lattice now accommodates half
of the wavelength a = X /2 for the original wave and also for the forward- and back-
propagating reflected waves. Those wave combine so as to form standing waves. The
nodes of these standing waves, i.e., the points where |, 7 /4 (x) |2 = 0, correspond
to zero probability to find an electron. The antinodes are located at the points where
the electron is most likely to be found.

By symmetry, either the nodes or the antinodes of these standing waves should
coincide with the maxima of the potential U (x), see Fig.4.3. If the standing wave
nodes happen to be at maxima of the potential U (x), the energy of the standing wave
will be lower; if the maxima of U (x) coincide with the standing wave antinodes,
the energy of the wave will be higher. The energy difference between these two
situations is the band gap.

Fig. 4.3 A sketch of the Ur( \_)
periodic lattice potential 5 AN

U (x) (upper graph), and the
electron probability density in \ / \ m /—\ /-

the two possible standing
waves that correspond to the
wave number k = 1 /a

n wla '1)|

J\/\f\/\”

AL AN X
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Fig. 4.4 Band structure of silicon, germanium, and gallium arsenide, showing the energy vs.
momentum curves for a few bands and for two crystallographic directions. The momentum is
normalized to the momentum py of a free electron with the kinetic energy p(z) /Q2m,) =1eV
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The Energy-Momentum Diagrams in Three Dimensions

In three-dimensional crystals, the first Brillouin zone consists of the k-vectors inside
a certain polyhedron centered around k = 0. The shape of that polyhedron is chosen
based on the symmetry of the crystal structure. Finding the electron energies vs.
momentum for different bands in a crystalline solid is a hard mathematical and
computational task. Nevertheless, the band structure calculations are performed
routinely for many materials of practical significance. The structure of a few bands
in Si, Ge, and GaAs is shown schematically in Fig. 4.4 as an example.

It is seen the function E, (p) depends not only on the magnitude but also on the
direction of p. This is so, because the atoms of the crystal are arranged differently
along the crystallographic directions that do not belong to the same family. For the
p-vectors that are oriented along the crystallographic directions of the same family,
the E, (p) curves are identical.

The highest maximum and the lowest minimum of E, (p) at a fixed n are called
the top and the bottom of the band, or the band edges. The energy difference between
the top of a lower band and the bottom of a higher band is called the band gap, E. It
has a typical value of the order of 1eV. The band gap values of three representative
semiconductors, Si, Ge, and GaAs, at T = 300K are given in Appendix A.3. Due
to the thermal expansion of the crystal lattice, the band gap depends weakly on
temperature. The presence of a band gap plays an important role in the formation of
the electronic properties of semiconductors.

Quasimomentum

The momentum-like quantity p = hk of an electron in a crystal is called
quasimomentum, or the crystal momentum. Quasimomentum is in many respects
similar to the kinematic momentum py;, = m.v of a free electron. For example,
the quasimomentum of an electron in a crystal is conserved, just like the kinematic
momentum of a free electron does not change in time.
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The introduction of the quasimomentum actually makes the discussion of
electrons easier than in terms of the kinematic momentum py;,. For example, when
an electric field £ is applied to an electron, its kinematic momentum changes due
to the electric field and due to the presence of the periodic potential U (F). The
quasimomentum, on the other hand, changes solely due to the electric field; the
effect of the periodic potential is already taken care of in the energy-momentum
relation E,, (hk) in a given band.

An important difference between the two kinds of momenta, p and pyiy, lies
in the fact that the energy of an electron in a crystal is a periodic function of
the quasimomentum, so that only p inside the first Brillouin zone are physically
relevant. In a one-dimensional crystal, adding an integer multiple of 2 /a to the
quasimomentum results brings the electron to a quantum state physically identical
to the state with the quasimomentum p. _

In this book, we will omit the prefix “quasi” and will refer to p = ik simply as
momentum, keeping these differences from the kinematic momentum in mind.

4.2.3 Phase Velocity vs. Group Velocity
Phase Velocity

So far, we described an electron in a periodic potential as a Bloch wave. The full
time-dependent Bloch wave function is (see Sect. 1.8.2)

. e o (i 1 i - E,(0)
Y 1) = W, () 7O =g (s OO0 () = ==

where w;, (l_é) is the angular frequency corresponding to the energy E, (l?). The phase
of the plane-wave part of this wave function,

G, 1) =k -7 — wn(k)t

has a constant value at the point 7 given by

(k)
F(t) =7y + n
k|2
Indeed,

OF (), 1) =k - 7(t) — wp(K)t = k - 7y = const.

The time-dependent position 7 () above describes motion from the starting point
7(0) = 7y in the direction of a unit vector k / |k| with the velocity
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on(k)  En(K) _ En(p)

vpn(k) = =—s"=—
P x| hi|k| 1P|

called the phase velocity. In the second equality, we switched from the description
in terms of the wave vector k to the one in terms of the momentum p = k.

Even though the phase of the Bloch wave function moves with the velocity vy,
this motion does not result in any observable effect. The reason is that the wave
function is not a measurable quantity, only it modulus squared is. The probability
density corresponding to the time-dependent state i n,—g(? , 1) is stationary:

R 1 R
I (F D1 = ﬁwn,;(rnz.

The probability to find an electron is periodically modulated, but the electron
remains delocalized in the following sense. The probability to find an electron inside
a unit cell located at the point Ris obtained by integrating the probability density
over the volume of the unit cell VCEIZ(R)) located at R:

B (7 o2
Sy @ g G, 1)

2 = const.

P(ﬁ)=/ CBriy ool =
Vcell(R)

Because the function u,;(7) has the periodicity of the crystal lattice, the integral

does not depend on the location R of the unit cell. Hence, an electron can be found
in any unit cell with the same probability.

Group Velocity

The wave—particle duality principle says the same object may behave as a particle or
as a wave, depending on the situation. Here, we will try to understand how electrons
in a crystal can behave as particles.

An object manifests its properties when it interacts with other objects. Electrons
in a crystal interact with the crystal defects, with the thermal vibrations of the crystal
lattice, and with other electrons; These interactions usually are more efficient for
some values of the wave vector k and energy E, (ié) than for others. This is similar
to the interaction of a simple harmonic oscillator with an external force: it is most
efficient if the force changes in time periodically with the natural frequency of the
oscillator.

Consider a group of Bloch states that belong to the same band n and whose wave
vectors have the values close to kg. These states are described by a collective wave
function given by a linear combination

PG 0 =Y A Y, (1)
k
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with some function A(%), called the envelope function. This linear combination of
Bloch states is called the wave packet.

The collective wave function ¢ (7, ) does not describe a state of definite energy.
Rather, it is a superposition of quantum states of many energies, E, (k), which are
selected by the envelope function A (k). Because of that, ¢ (7, t) does not satisfy the
time-independent Schrodinger equation. However, it satisfies the time-dependent
Schrodinger equation

N 2
R0 B e+ UGG,
ot 2me

Therefore, ¢ (7, t) is a possible time-dependent state of an electron.
Because the discrete wave vectors k are closely spaced, we can replace the sum
by an integral and write

¢(;7 t) = /d3k A(l;) MnE(;) ei(E‘;_wn(E)l)_

We have absorbed the constant 1/L3/2 and whatever other constants arise in this
replacement into the envelope function A(k ko)

Suppose a particular interaction is most efficient for the wave vectors around
some specific value ko Correspondingly, let us choose the envelope function A(k)
such that it has a sharp peak at k= ko and quickly decays to zero as the modulus of
the difference |l€ — ko| gets larger. To understand the behavior of the wave packet, let
us consider the simpler case of a one-dimensional crystal; the insight that we will
obtain in its analysis will be applicable to the three-dimensional crystals as well.

Let us choose the envelope function to be a box of side 2Ak around the wave
number ko:

Ao if ko — Ak <k < ko + Ak,

0 otherwise.

Ak) = {

The one-dimensional wave packet then becomes
ko+Ak )
By = A0 [ dkup () e,
ko—Ak

For small Ak, the term u,;(x) can be replaced with u,,(x) and taken out of
the integral, because k¢ is not an integration variable. The angular frequency as a
function of k can be approximated as a linear function:

wn (k) = @ (ko) + @y, (ko) (k — ko) + ...,

dwn (k)

where w), (ko) = | k=ko" . With these replacements, we have
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ko+Ak )
@ (x,1) = Ag Upky(X) dk ¢! lex—(en ko)t (ko) (k—ko))1]
ko—Ak
ko+Ak
= Ao Unky (x) o (@n (ko)—wy, (ko) ko)t / dk ety ko)t)
ko— Ak

In the second step, we moved the part of the exponential that does not depend on k&
outside the integral. The integration is easy to perform:

/ kotak oty € KETeh k0D k=kotak
dk e —w, (K0 [
k

0—Ak i(x — wy, (ko))

k=ko— Ak
i Ak (x—0, (ko)) _ p—i Ak(x—a}, (ko)1)
i(x — wy(ko)t)
sin (Ak(x -, (ko)t))
x — o), (ko)t

oikox—a, (ko)) €

— zeiko (xfw;l (ko)t)

where we used Euler’s formula sin(@) = (e!® — ¢71%)/(2i) in the last step, see
Appendix A.1. Substitution of this result into the last expression for ¢ (x, t) gives

sin (Ak(x — w),(ko)1))

X, 1) = 2 Aoy, (x) e Kox—en(ko)r)
¢(x, 1) 0Unko (X) o)t

It gives the probability density to find an electron
|60, D17 = 4AGIunky (DI AR f (x, 1),
where

sin? (Ak(x — o}, (ko)t))

Fo 0 = = oG oyt 2

If not for the function f(x,t), the probability density |¢ (x, )|> would have been
just a periodic function of space. The function f(x, #) makes all the difference. It
has the maximal value?

fpea(®), 1) = 1 at xpeak(t) = @, (ko)t

and decays to the left and to the right of that peak, simultaneously performing a
few oscillations. But then the probability density |¢ (X, )|?* to find an electron is

2 Note that lime_, 32€ = 1.
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maximal at X ..x and decays to zero to the left and to the right of the peak. In other
words, the electron is now localized at x = X 4. It behaves as a particle.

The behavior of the function f(x, r) at three different times is shown in Fig. 4.5.
Its maximum moves with the velocity

dxpeak ,
V= —— = k ,
r w, (ko)

called the group velocity. Remarkably, the group velocity is independent of the
width Ak of the envelope function A(k). As a matter of fact, any other reasonable
choice of A(k) yields the same group velocity value.

The argument can be generalized to a three-dimensional crystal. In this case, the
group velocity of a wave packet is a vector, whose components are given by

_ dwn(k) _ DEN(P)
Ak Oy

v; s L=X,),2,

where we used the relations E, = hw, and p = hk and dropped the subscript 0
in the wave vector k, around which the wave packet is centered. Note that for free
classical particles with the standard energy-momentum relation E(p) = p2/(2m),
the velocity components are likewise given by v; = 0E/dp; = p;/m.

4.2.4 Bloch Oscillations

Let us consider again a hypothetical one-dimensional crystal model with just one
electron in the energy band n. Suppose that an external electric field £ is applied to
the crystal. The electron momentum p changes in time according to
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Fig. 4.6 Bloch oscillations Penst
of the quasimomentum in the
presence of a constant electric hi/(2a)
field
—h/(2a)
dp(1)

= e€ = p(t) = —elt,
assuming p(0) = 0. Eventually, p will reach the left edge of the first Brillouin
zone at —hm/a = —h/(2a). This state is physically identical to the one with the
momentum +/mw/a = h/(2a). Hence, the momentum suddenly changes its value to
h/(2a) and continues its linear decrease until it reaches the end of the Brillouin
zone again. The electron momentum in the presence of a constant electric field
performs saw-tooth-like oscillations with the amplitude //(2a) and period i/ (aef),
see Fig. 4.6. This periodic variation of the momentum is physically equivalent to its
steady decrease p(t) = —e&t at all time in view of the equivalence of the Bloch
states with momenta differing by & /a.
Consider now what happens to the electron group velocity, given by

v(t) = E, (—eft),

in a one-dimensional crystal. Since the energy is a periodic function of p with the
period h/a, the electron group velocity will perform oscillations around the value
v = 0 with the period

Also the position of the electron wave packet,

t
x(t) =/ di" v(t") + x(0),
0

will be oscillating with the same period.

This is a remarkable result that demonstrates the completely different behavior
of an electron in a crystal from a free electron. A constant electric field accelerates
a free electron, but an electron in a crystal performs oscillator motion, whose period
depends on the crystal’s lattice constant. This effect is called Bloch oscillations.
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Bloch oscillations are very hard to observe experimentally in real crystals. In
order to perform at least one Bloch oscillation, an electron wave packet must remain
unperturbed on the time scale of the order of Tp. For the electric field strength
€ = 1kV/cm and the lattice constant a = 4A, the period of Bloch oscillations
has the value Tp = 1.03 ps. This is many orders of magnitude longer than the
characteristic collision time of an electron with quanta of lattice vibrations and with
impurities in a crystal. Due to these collisions, the electron wave packet is destroyed
well before it reaches the edge of the first Brillouin zone.

But even in the absence of collisions, the wave packet gets destroyed for a
different reason. Our derivation of the expression for the group velocity relied on the
simplest linear approximation of the energy-momentum relation around the value
po, the momentum of the wave packet: E,(p) = E,(po) + E,(po)(p — po). A
more accurate analysis should include higher-order terms in p — pg. It shows that the
wave packet width increases in time, which means that the wave packet eventually
becomes delocalized.

Nevertheless, Bloch oscillations have been observed in the so-called
superlattices—artificial periodic structures with large lattice constant—at high
electric fields.

4.3 Conduction Types of Solids

4.3.1 Band Filling and Electrical Conductivity

After the band structure of a material is established, the electron states must be
filled with electrons, with two electrons per state and 2N electrons per band, where
N is the number of primitive cells. In doing so, the lower-energy bands will be
completely filled. Naive classical considerations would lead us to think (incorrectly)
that the states with the lowest energy are characterized by zero electron velocity, and
application of an electric field would lead to an overall velocity increase for those
electrons, i.e., to an electric current. _

A completely filled band contains electrons with a non-zero wave number, k, and
the momentum p = hl?, which may be very large in magnitude. In the absence of
an electric field, there is no net current produced by the electrons in a completely
filled band, because for each electron moving in one direction, the band contains
another electron with the same magnitude of momentum, but moving in the opposite
direction.

Even in the presence of an electric field, a completely filled band produces
zero contribution to the net electric current. A single electron is accelerated by an
electric field, i.e., it changes its momentum. In a crystal containing many electrons,
an electric field attempts to put each electron into a different momentum state in
the same band. But if all those states are occupied, then Pauli exclusion principle
disallows an electron to change its momentum in response to the electric field. Then,
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Fig. 4.7 Schematic
illustrations of the
energy-momentum diagrams
of metals and semimetals.
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the band will continue to contain the same number of electrons moving against and
along the electric field, producing zero contribution to the electric current.

It is only the bands that are partly filled that contribute to the electric current in
response to an external electric field.

The band theory allows one to understand the conductivity of conductors (metals
and semimetals) and the lack thereof in insulators. The type of a given material
is determined by its band structure and the location of Fermi energy at zero
temperature. Note that the band structure diagrams that appear in this section do
not refer to any particular materials and are given for illustration purposes only.

4.3.2 Metals and Semimetals

In metals, such as Li, Au, Cu, etc., Fermi energy at zero temperature happens to
be in the middle of one of the energy bands (Fig. 4.7). This means that the highest
occupied band is filled only partly and contains both filled and empty states. If an
electric field is applied to a metal, electrons in that partly filled band will change
their momentum states, because there are empty states in the same band for its
electrons to occupy while remaining in the same band. As a result, the field will
create a disbalance of the electrons moving against and along the field, leading to
the onset of an electric current.

In semimetals, such as As, Sb, Bi, «-Sn, etc., the two highest bands that contain
electrons at zero temperature overlap, and both are partly filled. As a result, both
bands contribute to the electric current when an external electric field is applied.

4.3.3 Dielectrics and Semiconductors

In dielectrics and semiconductors, Fermi energy at 7 = 0 happens to be inside the
energy gap between two bands. As a result, the highest occupied band is completely
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filled, while the next band is empty. Application of an electric field cannot change
the momentum states of the electrons in the highest filled band, because there are
no empty states in that band for the electrons to go to. Then, the electrons will not
react to an applied electric field, and the material will not conduct electricity.

The difference between the dielectrics and semiconductors is in the size of the
energy gap, E,, separating the highest filled band from the lowest empty band,
see Fig. 4.8. In semiconductors, the band gap is of the order of 1-4 eV, whereas in
dielectrics it exceeds 5eV. Because of this, the lowest empty band in dielectrics
remains empty even at the temperature of a few hundred Kelvin, whereas in
semiconductors, some electrons can go into it from the highest occupied band at
the room temperature.

4.4 Conduction and Valence Bands

In semiconductors, the tail of the Fermi-Dirac distribution at 7 > 0 extends into the
upper band that is empty at zero temperature, but becomes partly filled at 7 > 0.
This band gets a non-negligible amount of free electrons which can change their
momenta in response to an external electric field. Such electrons contribute to the
electric conductivity and are called conduction electrons. The band where they
“live” is called the conduction band. Because Fermi-Dirac distribution decreases
exponentially with energy at its tail, conduction electrons occupy the bottom part of
the conduction band.

The band from which the electrons were promoted at non-zero temperature is
called the valence band. This band was completely filled at zero temperature, but
at a non-zero temperature, some electrons from the upper part, or the top, of the
valence band move into the conduction band. As a result, the top of the valence
band lacks a non-negligible number of electrons. Because empty states exist in the
valence band at T > 0, this band also contributes to the electric current in response
to an external electric field.

Semiconductors in which the top of the valence band is at the same wave vector
as the bottom of the conduction band are called direct-band gap semiconductors.
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Fig. 4.9 Schematic illustrations of the energy-momentum diagrams in direct-band gap vs.
indirect-band gap semiconductors. The shaded areas indicate the states occupied with electrons
at7 >0

The typical example of direct-band gap semiconductors is GaAs. If the top of the
valence band happens at a different momentum than the bottom of the valence band,
the material is called an indirect-band gap semiconductor, the typical example being
Si. Figure 4.9 illustrates this distinction.

The band gap of a semiconductor is measured experimentally by studying the
optical absorption of light. Namely, the light with the photon energy A f exceeding
the band gap energy E, can promote electrons from the valence band to the
conduction band and is, therefore, absorbed by the material. On the other hand, if the
photon energy is below Ej, the light will pass through the material. A measurement
of the light frequency f.4¢. at the absorption edge gives the band gap energy
Eg =hf edge-

4.5 Holes

The contribution to the net current caused by an electric field from a particular band
is proportional to the sum of the velocities that correspond to those states of this
band which are filled with an electron:

Tpana x —e Z 1713.
filled states p

Note that the sum of velocities over all states, both filled and empty, from the
same band is exactly zero. This is so, because to each state in the band with a
particular velocity value there corresponds a state with the opposite velocity:



100 4 Band Theory of Solids

Z ﬁﬁ: Z 1_5[,—1- Z 5ﬁ=0.

all states p filled states p empty states p

Thus,

E V= — E U5,

filled states p empty states p

and the expression for the current contribution from a given band can be rewritten
as (note the sign change in front of e)

Tpand = € Z 1713

empty states p

The number of empty states in the valence band of a semiconductor is usually
much smaller than the number of the filled states. It is for this reason that the second
expression for Ip4,4 as the sum over the empty states is more preferable to use than
the first one.

Each empty state p in the valence band can be interpreted as a state filled with
an imaginary particle, or a quasiparticle, of positive charge e and velocity v;. These
quasiparticles are called holes. While a hole means the absence of an electron in a
particular momentum and spin state in a band, holes do behave like real particles.
Their introduction makes the discussion of semiconductors much easier, whereas
the discussion involving only electrons would be excessively cumbersome.

Therefore, the picture that we will adopt is this: There are two charge carriers in
a semiconductor, the negatively charged electrons in the conduction band and the
positively charged holes in the valence band.

The probability f, that a particular state p with the energy E(p) in the valence
band is occupied by a hole is just the probability that it does not contain an electron.
Because state occupation probability by electrons is given by the Fermi-Dirac
distribution, f,(E),

1 1
Sn(E) = 1= Je(B) =1—7 T eEER/KT = | 4 g (E-Ep)/kT"

The Fermi-Dirac distribution for holes, fj,(E), looks almost the same as that
for electrons, f,(E), except for the sign in front of the energy difference £ — Ef
in the exponential. We can interpret this observation by stating that hole energies,
E™(p), have the sign opposite to electron energy in the same quantum state p, up
to an additive constant AE:

EW(p) = —E®(p) + AE,

see Fig. 4.10. The additive constant should be chosen such that holes and electrons
have the same Fermi level:
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In this way, the Fermi-Dirac distribution for holes looks formally the same as for
electrons:

1

| 4 e EW—ER)/KT

fu(EMy =

We will always give energy from the electrons’ perspective and omit the
superscript (e) by default. If we wish to indicate energy from the holes’ viewpoint,
we will attach the superscript (&) to the respective energy.

4.6 Effective Mass Tensor

In classical physics, the mass of an object is the proportionality coefficient between
its acceleration and the force acting on it,

i=F/m.

Alternatively, it is a coefficient that relates the object’s kinetic energy and momen-
tum, Ex = p2/(2m).

For electrons and holes in a crystal, the role of the momentum is played by the
quasimomentum p = fik, and an applied force results in its change at a rate

dpi

=F, i=x,y,z
di i y



102 4 Band Theory of Solids

The role of the kinetic energy is played by the dispersion relation E(p) = E© (p)
and E™(p) for electrons in the conduction band and holes in the valence band,
respectively. Let us focus on the electrons for now. The ith component of an
electron’s group velocity is

_ED)

opi

The acceleration of an electron then has the ith component

a:@:ialz(ﬁ): )3 azE(ﬁ)@: 3 325(5)F‘
"Tdr T dr dp; dpi dp; dt apiop; 7

Jj=x.y.2 J=x.y.2
The coefficients that multiply the force components in the sum play the role of the
inverse mass of an electron in a semiconductor. It is called the effective mass tensor.
In contrast to the usual mass of a free electron m,, the effective mass depends on
momentum and is a 3 x 3 matrix. It is marked with a star to distinguish from the free
electron mass. The components of its inverse are related to the second derivative of
the energy-momentum relation:

1 1 I*E(p)
i = = Fj, = = —.
¢ . Z (mZ(P))U ! (mZ(P))U op;idp;

J=X,Y,2

We will be interested in the situations when the electrons’ momenta do not differ
much from the momentum p¢ at the minimum of the conduction band. Then, the
effective mass tensor is evaluated at a particular momentum p = pc; as such, it has
constant components independent of p.

The next simplification has to do with a convenient choice of the coordinate axes.
At not too big deviations | p — p¢| from the band minimum, the surface of constant
energy E(p) = const in the momentum space has the form of an ellipsoid, see
Fig.4.11a. Aligning the coordinate axes with its principal axes makes the matrix
(1/m});; diagonal, i.e., its elements with i # j become zero. Hence, the effective
mass has only three non-zero components:

1_<1> _?E(p)
me; o \mi)i o op]

*
e,i e

, L=Xx,Y,2Z.
p=pc

This definition is valid only for a particular choice of the coordinate axes; any other
choice will give non-zero values of mj ;i withi # j.

In many semiconductors with ellipsoidal constant-energy surfaces, including Si
and Ge, two components of the effective mass tensor are the same (Fig.4.12a).
They are called the transverse (subscript t) effective masses. The remaining third
component, which is different, is called the longitudinal (subscript /) effective mass:
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(a) (b) E

Ap.
E(p)=const \/

e -1 7
- Ap, :
Ap, :
heavy

light

Fig. 4.11 (a) Constant-energy surface in the momentum space near the bottom of the conduction
band; note that Ap = p — pc. (b) A sketch of the band structure of a semiconductor with two hole
branches: heavy and light

(a) sty ©® [001]

Ge GaAs

o

[010]

1]
4 [100]

[T11] il

Fig. 4.12 Constant-energy surfaces in the momentum space near the bottom of the conduction
band of (a) Ge and (b) of GaAs

me,x = m:,y = m:,t ’ m:,z = m:,l'

The numerical values of the transverse and longitudinal effective masses are usually
given as ratios to the free electron mass m,. Depending on the material, the ratios
my , and mj ; range from a few percent to a few. The values of the effective mass
components in three representative semiconductors are given in Appendix A.3. In
GaAs, which is a direct-band gap semiconductor, the constant-energy surface is a
sphere centered at p = 0; hence, all three effective mass components are the same
in this semiconductor (Fig. 4.12b).

The effective mass of a hole m} in many semiconductors is not a matrix, but an
ordinary number, because the constant-energy surface in the valence band happens
to be a sphere centered at p = 0 at small p. The hole effective mass is found as the
curvature of the E(p) in the valence band near the valence band maximum:
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Pl _ _dEP

2m¥ omi dp?

E(p)=Ey — .
p=0

The minus sign in front of the second derivative takes care of the fact that hole
energy is measured down. The valence band in many semiconductors consists of two
branches that meet at p = 0, see Fig. 4.11b. Corresponding to these two branches
are the two types of holes, designated as heavy and light, with the effective masses
mZ > m;‘h. The heavy and light holes effective masses in Si, Ge, and GaAs are
given in Appendix A.3. As with the electrons, they typically range from a few
percent of a free electron mass to a few free electron masses.

A quasiparticle is a useful concept to describe particle-like elementary excita-
tions in solids. Examples of quasiparticles are numerous and include the quanta of
lattice vibrations (phonons), magnetization spin waves (magnons), bound electron—
hole states (excitons), to name but a few. The conduction electrons and holes with
the properties described in this chapter exist only inside the crystal, but not as free
particles. For that reason, they are not real particles, but quasiparticles. In the rest
of this book the term “electrons” will mean quasielectrons near the bottom of the
conduction band; all other quasielectrons are irrelevant for our purposes.

4.7 Problems

4.7.1 Solved Problems

Problem 1 Show explicitly that a linear combination of Bloch states wn,;(F , 1), viz.,

G0 =Y A Yz (.0,
k

satisfies the time-dependent Schrédinger equation,

dpF, 1

S .
o7 2mev ¢r,t)y+UFr) p(r,t).

ih

Problem 2 Consider a wave packet formed by the plane waves in one dimension:

00 ei(kxfa)(k)t)
b(x,1) =/ dk A(k) ———.
—o VL

The angular frequency depends on the wave number according to the free-particle
energy-momentum relation:



4.7 Problems 105

E(hk)  hk?
wk) = —— = —,
h 2m
where m is the particle’s mass. The envelope function is a Gaussian peak centered
at k = ko and having the width oy, viz.,

Ak) = Aoe—(k—ko)z/(zakz)_

(a) Find the particle’s probability density |¢ (x, 7)|*> by performing a integration
over k.
(b) Find the constant Ag from the normalization condition fOL dx |¢(x, t)|2 =1.

Hint: use the identity [ dk e~@k= — /774 where a is an arbitrary complex
number with Re o > 0 and k may be complex-valued as well.

Problem 3 The energy-momentum dispersion relations near the edges of the two
bands of a hypothetical one-dimensional semiconductor read

conduction band : E(p) = Ae? cosmr/po)

valence band : E(p) = B cos*(p/po)

2
with positive constants A = 3eV, B = 1.5¢V, y = 0.2, and py such that % =
leV.

(a) Isit a direct-band gap or an indirect-band gap semiconductor?

(b) Determine the band gap and the Fermi energy at T = 0 relative to the top of the
valence band.

(c) Express the electron and hole effective masses in terms of the free electron mass,
i.e., as ratios m} /me, mj /me.

(d) Assuming the Fermi energy to be in the middle of the band gap, what is the
probability for the lowest energy state in the conduction band to be filled with
an electron at 7 = 300 K?

4.7.2 Practice Problems

Problem 1 An electron in a one-dimensional lattice with periodicity a finds itself
in a Bloch state W, (x) = ﬁ e 1 (x) with wur (x + a) = upi(x). Its average

momentum is

AW, (x)

(p) = —ih/dx v (x) P

see Sect. 1.9. Show that (p) = hk.
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Problem 2 Imagine a one-dimensional semiconductor with just one electron in the
conduction band. A constant electric field £ is applied to the sample. The assumed
energy-momentum relation in the conduction band is E(p) = —Ey cos(ap/h).
The electron’s wave function is not a pure Bloch state, but a wave packet of finite
width. How does the group velocity of the electron evolves as it undergoes Bloch
oscillations? What happens to its position?

4.7.3 Solutions

Problem 1 The time derivative of the wave packet wave function multiplied by i %
is

EIGHE YD)
ih o _%:A(k)lhT.

Each time-dependent Bloch function satisfies the time-dependent Schrodinger
equation,

(3 2
in kD B G0y Gy £ UG Y.

ot N 2me,
Hence,
I o (52 NG
ik oy =ZA(k) (—%Vzwn;(r,t)JrU(r) llfn,;(r,t)>
P
Flz >0 g - = 7 e
=5V ZA(k) wn,;(r,z)+U(r)ZA(k) Vi (7.0
k k
n -
= V(. 1) + UFRF, 1).
2m,
Problem 2

(a) The wave function is given by the integral

_Ag [ (k —ko)* | ho,
¢(X,l‘)—ﬁ\/oodk exp (—T]3+l (k}(—ﬁk t))
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The argument of the exponential function is transformed so as to complete the
square:

k — kg)? h
k—ko” _, <kx _ _kzt)
20,(2 2m

k% — 2kok + k? h
=TT ik i1k
2m

R -

N =

. 2\2 . 2\2 2
1({1 R ko +ixoy ko + ixop; kg
= (= +i=t)|(k- - - . +
2\of m l—i—i—okzt 1+iﬁak2t 1+Z—O'k

.2\ 2 2
1 1+'ht ko +ixoy kp
xexp| - —=+i—
P 2\ o2 m l—l—i%crkzt l—i—lEO'kl

Aoos 2 1 (ko +ixo?)?
= exp |:— (—Ekz — ké

JL 1—|—l—0’k 2(7,(2 1+itolt
_ Aok akx —21k0x+t—k2
VL 1+l—0’k )

Particle probability density is

2
G DI = ¢* (NP (x. 1) = % 2m

1y 20
sz—f— zakt

1| ofx? = 2ikox + k2t o2x? + 2ikox — i Lkl
exp| —= + ) .
2 1+l—(7k[ 1 —itogt
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After some algebra, the expression in the square brackets simplifies to

2
ko
(e 7,)

142 2‘7k

so that the particle probability density is

2

, A2 27 2<x—hmﬁf)

lp(x, D] :T— exp _Ukh—242
=t B opr? Lt ot

This is a Gaussian distribution,

2
2\/_71 (x—%t)
2 _
| (x, 1)] ) exp _W

The peak of this distribution is located at x = hmﬁt; it moves with the velocity
Mo Yts width

11w,
ox(t) = 5 ?‘i‘mﬁkl‘ .

Initially (at # = 0), the width of the probability density is

1
V201

The broader the distribution of the wave numbers that comprise the wave packet,
the better it is initially localized in the x-direction. However, the probability
distribution |¢ (x, 1)|* becomes broader and broader in time. At large times it
behaves as

0x(0) =

crk

Jm'

Its rate of spreading is proportional to the width of the wave packet oy in the
k-space.

ox(t) =
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(b) Integrating the probability density and using the integral formula, we obtain

© A2 1 /L
2 _ 20n6_3/2 _ _ =
/;wdx|¢(x,t)| =7 277 =1 = A()——7T3/4 ok

Without the constant Ag, the probability density is written as

2
(=)
m

2 _
¢ (x, )] = o) exp 202(0)

Problem 3

(a) To establish the type of this hypothetical semiconductor, we need to find the
energy minimum in the conduction band and energy maximum in the valence
band. Let us begin with the conduction band. Since exponential is an increasing
function of its argument, the minimum of Ec(p) is found at that momentum p,
at which cos(2wp/po) has the minimal value of —1. This happens at

P = PC,min = P0/2~

Let us look at the valence band. The maximum of Ey (p) is found at

P = PV.max = 0.

Since pc.min # PV.max, this is an indirect-band gap semiconductor.
(b) The band gap energy is the difference between the minimal energy in the
conduction band and the maximal energy in the valence band:

Eg = Ec(pCmin) — Ev(pvmax) = Ae™” —B =3¢ —1.5=0.956eV.
At T = 0, the Fermi energy is right in between the band gap:
EF(T = 0) — EV = Eg/Z =0.478¢eV.

(c) To find the carriers’ effective masses, we need to differentiate Ec(p) near its
minimum and Ey (p) near its maximum twice and use the formulas

1 1
* _ ®
me_a'2EC , My =

dp |p:pc,min d[) P=PV,max

Let us do it:
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dEc = A eV cos@p/po) .y, . (_ sin (2ﬂ_p>) il

dp Po Po
L i g (22,
Po Po
2
d"Ec __2mvA (ey cos@rp/po) . 2 o (2”_1’)> .
dp? | p=pos2 Po Po Po p=p0/2

We did not write the term proportional to sin(2wp/po), which appears after
differentiating the exponential function, because this term goes to zero after
substitution p = pg/2. With cos(2mp/ po)| p=po/2 = cos(r) = —1 we have:

dzEc

1 Qm)*yA _
dp? m: 2

_ Y
% 2 :
p=po/2  Me Dy

This gives the electron effective mass

pge”
my=——-:.
4y A

With pé /(2m,) = C = 1eV, we find p(z) = 2m,C. Hence, the ratio of electron
effective mass to the free electron mass can be finally found:

. 2m.CeY m} Ce?

=— =5 t=_—
e 472y A me 2wy A
Numerically,

* leV) - 0.2
me __ (ev)-e —0.103.
me 2-mw2-0.2-(3eV)

Now, we perform a similar calculation for the valence band near its maxi-
mum at p = 0. We have:

dEy b4 mp\ . (©wp T . (2np

—— =—-B.-2—cos| — )sin|— ) =——Bsin| — ),

dp Po Po Po Po Po

where we used the identity 2sin(f)cos(f) = sin(260). Taking the second

derivative at p = 0,
d’Ey
dp?

p=0 My po po
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27%B 2
= mp =20
p(% 27‘[23

e my C
= :> _ = -
"h= 2p m. 7’B
Numerically,
ms 1
— = = 0.0675.
me big

The probability for the lowest energy state in the conduction band to be
occupied by an electron is given by the value of the Fermi-Dirac distribution

1
/= 1 + e(Ec—Ep)/kT

Since the Fermi energy is in the middle of the band gap, we have
Ec— Erp =E;/2=0478eV.

At T = 300K, the thermal energy is kT = 0.02585 eV. The probability f has
the numerical value

1

_ _ -9
f= 1 + ¢0-478/0.02585 — 9.32-107".
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Semiconductors in and out of Equilibrium



Chapter 5 ®
Semiconductors in Equilibrium Qs

5.1 Density of States

We are now ready to calculate the equilibrium electron concentration in the
conduction band, ng, and equilibrium concentration of holes in the valence band, py.
The notation comes from the sign of the respective charges: negative for electrons
and positive for holes. The subscript 0 indicates thermal equilibrium.

We will see later on in this chapter that equilibrium charge carrier concentration
can be affected by adding various impurities that may also alter the band structure of
the material, provided that impurity concentration is high. Here and in the following,
we assume this not to be the case, i.e., impurity concentration is insufficient to
change the band structure.

Let us start with the electrons. The most general expression for the concentration
of the conduction electrons is

2 -
no=13 ), FE®),

peC.B.

where the sum is over all momentum states p in the conduction band (C.B.), E(p)
is the electron energy in the conduction band as a function of electron momentum,
and the prefactor 2 comes from the two possible spin orientations, +1/2. The result
is divided by L3, the volume of the semiconductor, assumed to be a cube of side
length L with periodic boundary conditions.

Evaluation of this sum is difficult because the dependence E (p) is quite compli-
cated and because Fermi—Dirac distribution f(E) is not easy to deal with. We can
overcome both difficulties by making use of the fact that because f(E) decreases
exponentially strongly with energy above Fermi energy, only the low-energy states
in the conduction band are populated with appreciable probability. Hence, we can
approximate the energy—momentum relation with a quadratic function
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o 1
Ep)=Ec+ ) 5

i=x,y,2 el

(pi — pc.i)’,

where E is the energy at the conduction band minimum and p¢ is the momentum
at which this minimum occurs. The coordinate axes are chosen such that only the
diagonal components of the effective mass matrix are non-zero (see Sect. 4.6).

The value of the Fermi—Dirac distribution depends on the momentum p via the
energy E(p). Therefore, it is convenient in the expression for ng to convert the sum
over momenta into the sum over energies in the conduction band. Furthermore, the
typical spacing between two neighboring momentum states is of the order of 4/L,
which is a very small number if L is macroscopically large. Then, instead of a sum,
we can use an integral over energies:

no = / dE gc(E) f(E) .

Ec

The density of states, gc(E), is a function that tells us how many momentum and
spin states are there in the conduction band per energy interval from E to E + dE
in a unit volume. This number is gc (E) dE.

The functional form of gc(E) can be established arithmetically by performing
dimensional analysis. The unit of any physical parameter is some combination of
mass (measured in kg), time (measured in s), and length (measured in m). For
instance, the dimension of energy is

[E]l=J = kgm2 s72
in ST units. The dimension of Planck’s constant is
[h] = kgm2 g1 ,
and, obviously, the dimension of the effective mass is
[m]=kg.

The density of states in the conduction band depends on these three parameters.
The energy should be counted from the conduction band edge, i.e., we should be
writing E — Ec instead of just E. The density of states should be proportional to
the combination

gc(E) o« (E — Ec)* m*P h”

with the exponents «, §, and y that are yet to be found. In terms of these exponents,
the dimension of the density of states is
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[gc(E)] = (kgm? s~ )% ke (kgm? sy = kg HATY m?@+r) g=Caty)

By its very definition, the dimension of the density of states—that is, the number of
states per unit energy per unit volume—is the inverse of the product of energy and
volume:

[gc(E)] =[E~"'Im > =kg"'m "
Hence, the exponents «, 8, and y must be such that
a+B8+y=—-1, 2(a+y)=-5, —=Qa+y)=2.
Solving these three equations for the three unknowns gives their values

S P B
T PE YT

Then, the density of states in the conduction band is, up to an unknown constant C,

VE —Ecm??
gc(E)=C I S

The non-dimensional number C cannot be established within the dimensional
analysis. Neither does the dimensional analysis answer the question about the
relevant effective mass /m;, which should be some combination of the components
of the effective mass tensor m;" ; withi = x, y, z. To figure out the constants C and
m}, a more rigorous treatment is needed.

We first find the total number N (E) of the conduction band states whose energy
is below a given value E. The possible momentum values of an electron are given
by p = %ﬁ, where 7 is a vector whose all three components are integers. In the
momentum space, each momentum state occupies a cube of volume

AQ = (h/L)>.

To find N(E), we need to find the number of such cubes inside an ellipsoid defined
by

(Px = pcx)’? (py — Pcy)? (p: = pca)® _
2m; (E — Ec) ' 2m% (E—Ec)  2m}_(E — Ec)

)

see Fig. 4.11a. The volume of this ellipsoid is'

! An ellipsoid with the major axes oriented in the x-, y-, and z-directions is defined by an equation
72 Z . . . .

;—i + 272 + ;é = 1 with the parameters a, b, and ¢ being half the distance between the opposite

poles of the ellipsoid in the x-, y-, and z-directions. The volume of an ellipsoid is V = %nabc.
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(a) [001] (h) /“T” (c)
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Fig. 5.1 Constant-energy surfaces in the momentum space near the bottom of the conduction band
of (a) Si, (b) Ge, and (c) GaAs. Note that in the case of Ge, each of the eight valleys is shared by
two Brillouin zones; as a result, the number of valleys in the first Brillouin zone of Ge is vc = 4

Q(E) = 4 Q(E — Ec))*?* [mz mi m? ..
3 e,y'"e,z
The number of the conduction band states of energy below E is obtained by dividing
Q(E) by AQ. The result needs to be multiplied by 2 to account for two possible
spin orientations and by the number v¢ of the equivalent energy minima in the
conduction band. For example, in silicon, vc = 6; in Ge, v¢c = 4; in GaAs, vc = 1,
see Fig. 5.1. Hence,

Q(E)  L*8v.
A W3 3L 7 2(E — Ec))*?  Jmx m? m}

N(E) =2v¢ o,y

The density of states per unit energy interval per unit volume is obtained by
differentiating this quantity with respect to energy:

1 dN(E) _ 8fnvc,/m* mE m*
gc(B) = ;53— = ———=JE—Ec.

The concentration of holes is obtained by integrating over those states in the
valence band (V.B.) that are empty:

Ey
=3 ) (- fER) = [ dE gv(E) (1 - f(E)) .
peV.B. o
The hole density of states in the valence band is found by a similar analysis as
for electrons, but with two modifications. First, we focus on the materials in which
there is only one energy maximum in the valence band at p = 0, and where the
hole effective mass is an ordinary number (see Sect. 4.6), i.e., m} ha = =m} h.y =m} hz
Second, we take into account the existence of two kinds of holes, the heavy and the
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light, with the effective masses mj, and m}),. Adding the density of states for the
two kinds of holes together, we have the total density of states in the valence band

7 (mjy)* + (mfy)*?)
h3

8
gv(E) = Ey — E.

5.2 Equilibrium Carrier Concentration

Boltzmann approximation for the Fermi—Dirac distribution is expected to hold quite
well because, typically, the energy difference between Er and the band edges Ec,
Evy, is of the order of a few tenths of eV. At the same time, at room temperature
T = 300K, we have kT = 0.02585 eV, which is much smaller than Ec — Er and
Er —Ey.

With Boltzmann’s approximation

f(E) ~ e—(E—Ep)/kT L 1— f(E) ~ e(E—Ep)/kT

and our expressions for the densities of states in the conduction and valence bands,
the expression for the electron concentration becomes

no = / dE gc(E) f(E)

Ec

anvc\/m/ dE\/E—E,Ce—(E EF)/kT.
Ec

The integral is evaluated by changing the integration variables from E to x = (E —
Ec)/kT:

/ dE JE — Ec e"E=EP/KT — (k7)3/2 p=(Ec=Ep)/kT /Oodx Vxe™
Ec

0
_ kTP YT g Ee—ERkT
2 9
where the x-integration is performed in Appendix A.4. This gives, finally,

4y/2vc (TkT)3/? oxMe ymg

ng = N¢ e~ (Ec—ER/KT
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The parameter N¢ is called the electron effective density of states. This formula can
be interpreted physically as the product of the concentration N¢ of the conduction
band states available for electrons and the probability of f(E) = W ~

e~(Ec=ER/KT for a particular state near the bottom of the conduction band to
be occupied. The concentration N¢ of the available states is approximately the
concentration of states whose energy does not exceed the energy Ec at the bottom
of the conduction band by more than the thermal energy k7. Hence, Nc must
increase with kT. Also, Nc must depend on the curvature of the energy—momentum
curve near the conduction band minimum: the lower the curvature (i.e., the higher
the effective mass m}), the flatter the band near the bottom, and the more states
it offers for the electrons to occupy. Hence, N¢ also increases with the effective
mass m}.
A similar treatment for holes gives the concentration

3/2 3/2 3/2
(Ev-EQIT N 4V2(mkT)>/ ((m;‘;h) 2 4+ (m3)3?)
: - .

po= Nye

The parameter Ny is called the hole effective density of states. The physical
meaning of this formula is similar to that of the electron counterpart, except now we
need to count the unoccupied states near the top of the valence band. The probability
of a state at E = Ey to be empty (i.e., to be occupied by a hole) is

1 e Ev—EFr)/kT 1
I=fEv)=1- 1+ eEv—ER/KT — | 4 o(Ev—ER/KT — | 4 g—(Ev—Ep)/kT

~ ¢ Ev—EFR)/kT

The total concentration of holes is a sum of the heavy and light holes’ concentra-
tions. The contribution of each hole species is proportional to the respective effective
mass raised to the power 3/2.

The typical values of the effective densities of states at room temperature
T = 300K are of the order of 10'7...10*°cm™3, depending on the material.
Because the effective densities of states depend on temperature in proportion to
T3/2 its knowledge at some particular reference temperature T, say, 7p = 300K,
is sufficient to determine them at any other temperature as

7\3/2
Nc,v(T) = N¢,v(Tp) <70) .

The values of the effective densities of states at 7o = 300K for Si, Ge, and GaAs
can be found in Appendix A.3.
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5.3 Energy Probability Distribution

The function
P.E)=CE — Ece” E"ED/KT with E > E¢

used above has the physical meaning of the energy probability distribution of
electrons in the conduction band. The parameter C is the normalization constant,
whose value is determined by the normalization condition

o o
/ dE P(E) = Cf dE\JE — Ec e E7ER/KT — 1
Ec Ec

The integral has been evaluated previously; with this result,

2
C = (Ec—EF)/kT ,
JR*T)2E

and thus

2
Po(E) = ————— JE — Ece”\ETEO/IT
B = ey ¢

This function is shown in the right panel of Fig. 5.2. By setting the derivative to
zero, we find that the most probable electron energy is

dF.(E) =0 = E,=E +kT
dE E=Ep B " ‘ 2 .

It is also useful to find the average electron energy relative to the conduction band
edge:

E_=E, -3kT/2

avi

E =E.+3kI/2

av

P (E)

E =E, -kT/2 E =E.+kT/2

avrg m V C m avrg

Fig. 5.2 Hole (left) and electron (right) energy probability distribution
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[e¢]

Eavrg = Ec +/ dE (E — Ec) P.(E)
Ec

2 oo
=Ec+—=——— | dE(E — Ec)*?e " E-EQ/KT
T RGP /EC (Em o

We change the integration variable to x = (E — E¢)/kT, giving

2 oo
Equrg = Ec + ﬁkT/ dxx3?e™™ .
0

The integral with respect to x is evaluated in Appendix A.4; its value is 3./ /4.
Hence, the average electron energy is

3kT
Eavrg =Ec+ T .

The result for holes is similar. Hole energy probability distribution is

2 e —(Ey—

Note that hole energy here is measured from the electron’s perspective. The most
probable and average energies of a hole are below the valence band edge by the
amounts k7' /2 and 3kT /2, respectively, see Fig. 5.2, left panel.

5.4 Density of States Effective Mass vs. Conductivity
Effective Mass

5.4.1 Density of States Effective Mass

It is convenient to combine the effective mass components into a single parameter,
called the density of states (D O S) effective mass, m: pos and m;; pos» in terms of
which the electron and hole densities of states are given by

4 (2m:DOS)3/2
h3

4n(2m;D03)3/2
h3

VE—Ec. gv(E)=

and the effective densities of states are

gc(E) = Ey — E

4N2(kT m? 0 6)* AV2TkT m}; 1, 05)*?
N¢ = - , Ny = - .
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The electron and hole DO S effective masses are given by

" 23 & * * 173 2/3, % \2/3, % \1/3
mg pos = Ve (my mg my )7 = v (mg )7 (my )7

2/3
My pos = ((m;:h)3/2 + (’"Zz)3/2> .

In the electron expression, we used the fact that two effective mass components
are equal to the transverse effective mass and the third one equals the longitudinal
effective mass, as discussed in Sect. 4.6.

5.4.2 Conductivity Effective Mass
Electrons

In silicon, which is an indirect-band gap semiconductors, the conduction band has
six equivalent valleys, see Fig.5.1a. To each constant-energy ellipsoid, we can
attach its own three coordinate axes aligned along its principal axes. A particular
crystallographic direction, say, [1 00], is now aligned with the x-axes of two valleys,
the y-axes of two other valleys, and the z-axes of the remaining two valleys.

From the point of view of electric properties of the material, we are interested in
the reaction of the electrons in all six valleys to the electric field. Therefore, if an
electric field £ is applied, say, in the [1 0 0] direction, the acceleration of an electron
should be averaged over all six valleys. This gives the average acceleration in the
[100] direction

1 1 1 1
= —eé - .
arooj €cr100] 3 (m:,x + i + mj,z)

Same is true about the two other crystallographic directions, [010] and [001].
Therefore, on average, an electron responds to an electric field according to

-
> *
a = _eg/me,cond

where the conductivity effective mass is defined by

1 _1 1 n 1 n 1
m:,cund 3 m:,x mj,y m:,z .

In other indirect-band gap semiconductors, such as germanium, there are eight
constant-energy surfaces oriented along the 8 directions of the (11 1) family, see
Fig. 5.1b. Nevertheless, the rule to obtain the average conductivity effective mass
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turns out to be the same as in silicon. The conductivity effective mass of Si and Ge
is, then,
mf = 3
i 4 2(my )t

* — * — * * — *
because m, = my , =mg, and m; . =mg,.
In GaAs, a direct-band gap semiconductor, Fig. 5.1c, conductivity effective mass

is the same as the density of states effective mass, m; .., = m;, nog = mg.

Holes

It is clear from the discussion of Sect. 5.2 that the fractions of heavy and light holes
among all holes are

Po.hh (m},)*"? Po.ih (m;,)3/?

po )2 Tpo T ) 4 )

where po pn and po g, are the equilibrium heavy and light hole concentrations,
respectively.

In the electric current measurements, one does not distinguish the currents
produced by each hole type. Rather, one measures the total current produced by
both heavy and light holes. Therefore, the accelerations of both holes due to an
external electric field &, viz.,

- -

e - e€
, Alh = —5
My myp,

Ahh =

)

should be averaged according to their contributions to the net hole concentrations.
We thus obtain the average hole acceleration

> - DO,hh
h

- DO.lh e€
ap = aj h =

+ a =
Po Po mh,cond

’

where the hole conductivity effective mass is

% _ (m;k,h)3/2 + (m;kh)3/2
My cond = (m;h)1/2+ (m;kh)l/z .
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5.4.3 Thermal Velocity

Before we proceed, it is instructive to address the question about the typical group
velocity of an electron and a hole at a given temperature 7. By “typical,” we mean
that the kinetic energy of a particle equals the average thermal energy, Eqy,g, Which
is above the conduction band edge or below the valence band edge by the amount
3kT /2, see Sect.5.3.

Let us consider the electrons first. For the quadratic energy—momentum relation
(see Sect. 5.1), the group velocity components are

0E  pi—pc,i
Vi = = ———

i=x,9,2.

opi m,;
The electron energy near the bottom of the conduction band can then be expressed
in terms of the group velocity components as

* 2.2
meyiv
2

E@) =Ec+y ——.

The thermal velocity is defined as the velocity of an electron whose energy exceeds
the conduction band edge energy by 3k7T /2. More precisely, its three components
are given by the identities

E )
me,ive\lh,i _ kT

2 2

and the thermal velocity of an electron is then

— 2 2 2
Velth = \/Ue\th,x + ve\th,y + ve\th,z :

Combining the last two equations together and recalling the definition of the electron
conductivity effective mass, we have

3kT
Velth = *
me,cond

Similarly, we define the thermal velocities of the heavy and light holes as

3kT 3kT
Vhhlth = [ —5 » Vlhjth = — -
myp myp
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Their combination according to the relative contribution of the two kinds of holes
to the total hole concentration gives

3kT

5

Po,ih
Uh|th = Vhh|th + Vin|th » =

” .
0 mh,cond

In the rest of this book, we will omit the subscripts DOS and cond in the
effective masses m; and mj. Which effective mass type is meant will be clear from
the context of the discussion.

5.5 Intrinsic Semiconductors

Intrinsic semiconductors are materials without impurities. In intrinsic semiconduc-
tors, each electron that gets promoted into the conduction band leaves behind exactly
one hole in the valence band. Therefore, the concentrations of electrons and holes
are exactly the same.

To emphasize that the semiconductor is intrinsic, the carrier concentrations, as
well as the Fermi energy, carry the subscript i. Using the results obtained in the
previous section, we can figure out the concentration of charge carriers

noj = Nce—(EC—EFi)/kT . poi = Nve(EV—EFi)/kT
and the intrinsic Fermi energy, E ;. Namely, by setting
noi = poi =ni
we obtain an equation for E r;, which is easily solved:

E E kT
Ep = —CctEv KDV .
2 2  Nc¢ 2 4 mx

e

Ny _ Ec+Ey  3KT —m;

In the second equality, we used the relation between the effective densities of states
and the effective masses of the two charge carriers.

At zero temperature, the intrinsic Fermi energy is located exactly in the middle
of the band gap. As the temperature increases, it shifts toward the conduction band
if Ny > N¢ (mj > m}) or toward the valence band if Ny < N¢ (m} < m}). This
is similar to the result obtained in Sect. 3.7, which predicts that the Fermi level shifts
toward the state of the lower degeneracy as the temperature goes up. Here, the role
of the state degeneracy is played by the effective densities of states.

Substitution of the result for Er; into the expression for the electron (or hole)
concentration, we obtain the intrinsic carrier concentration:
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ni = noi = poi = v/ NcNye Es/CKT)

The prefactor /N¢ Ny is typically of the order of 10!7 — 10%° cm—3. In semicon-
ductors with E, of about 1eV at room temperature, kT = 0.0259 eV, intrinsic
concentration is of the order of 10’ — 10" cm™3.

On the other hand, in the materials even with a relatively small band gap value,
say, E; = 3eV and N¢c ~ Ny ~ 10'° cm™3, the intrinsic carrier concentration is
about 7 - 1077 cm™3. One would need a cube of about 1 m side length to have just
one free electron in it. To have a measurable concentration of conduction electrons,
such a material would need to be heated up above its melting temperature.

5.6 Doping and Extrinsic Semiconductors

One can control the concentration of conduction electrons and holes by adding the
so-called shallow impurities that can be easily turned into positive or negative ions.
This procedure is called doping. Doping can be performed in several ways, such as
ion implantation or diffusion.

Donors are dopants that give electrons to the lattice. An example of donor doping
is adding elements from column V of the periodic table to Si. Group-V elements,
such as arsenic or phosphorus, have 5 valence electrons, whereas in Si lattice, bonds
are formed by 4 valence electrons. This means that one of the valence electrons of a
donor atom does not participate in chemical bonding with the neighboring Si atoms
and is therefore relatively loosely attached to its host. It can be easily removed from
the donor impurity and become a free conductance electron. It cannot go into the
valence band because almost all Bloch states in the valence band are occupied. After
losing its electron, the donor atom turns into a positively charged ion.

Acceptors are dopants that catch the host lattice electrons, thereby creating holes
in the lattice. An example of acceptor doping is adding elements from the third
column of the periodic table to Si. Group-III elements, such as boron or gallium,
have three valence electrons, i.e., they are one electron short of forming a covalent
bond with the four neighboring Si atoms. To make up for this deficiency, an acceptor
impurity may take an electron from the host lattice, thereby becoming a negatively
charged ion and creating a hole in the material. That electron comes from the valence
band because the conduction band has much fewer electrons than the valence band.

In II-V semiconductors, e.g., GaAs, a group-1V element, such as Si or Ge, may
act as either a donor or an acceptor impurity, depending on which lattice atoms it
substitutes. This is called the amphoteric doping. The concentration and the type
of the charge carriers in this case depend on the technological details of doping
procedure.

A compensated semiconductor is the one where both donor and acceptor
impurities are present.
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We will assume that the concentration of the impurity atoms is at least several
orders of magnitude smaller than the concentration of the host atoms. That is, the
doping is too weak to change the band structure of the material. Instead, the impurity
atoms will introduce additional energy levels within the band gap. They will also
change the Fermi energy by affecting the concentrations of electrons and holes in
the material.

Charge carriers whose concentration is the larger are called majority carriers;
charge carriers with the lower concentration are called minority carriers. If the
majority carriers are electrons, a semiconductor is said to be of n-type; if the
majority carriers are holes, it is a p-type semiconductor:

n-type: ng > n; > po = niz/no ,

p-type: po > n; > no=n*/po .

5.7 Impurity Energy Levels

Consider donors first. All but one valence electron of a donor impurity is taking part
in chemical bonding, whereas the remaining electrons are relatively loosely bound
to its host. We can view the neutral donor atom as a positive ion with an electron
bound to it. The binding energy of the electron to the impurity ion can be found in
exact same way as the electron energy levels in hydrogen (see Sect. 1.5), but with
two modifications.

First, the electron mass must be replaced by the conductivity effective mass,
me — m.

Second, calculation of hydrogen energy spectrum was performed in vacuum,
whereas a donor ion and an extra electron find themselves in a semiconductor
medium. The two charges interact directly via own electric field. They also polarize
the medium, and the polarized medium generates an additional electric field that
affects the interaction between the two charges. This additional field weakens the
electron—ion interaction as compared to the interaction in vacuum. This weakening
can be accounted for by modifying the Coulomb interaction energy:

- k, €2
Ur)y=———.
€r

The parameter € is called the dielectric constant, or the relative permittivity, of the
medium. Its typical semiconductor value is of the order of 10, see Appendix A.3.
Hence, our second modification is to replace PN 66—2

For an electron in the ground state of a hydrogen atom, ionization energy is

defined as the energy necessary to promote the electron to vacuum:



5.7 Impurity Energy Levels 129

kKZm, et

Ej=1Ry= €2h2 = 13.6eV.

In a semiconductor, ionization energy is the energy necessary to promote an extra
electron from the bound state with a donor atom to the bottom of the conduction
band. In other words, it is the energy difference between the bottom of the
conduction band and the donor energy level. By making the two replacements just
described, we find the donor ionization energy in a semiconductor to be

2% 4 *
kymge®™ my/me

Bai=be—bi=" o =" a

Ry

Here, E; is the donor energy level, which lies below the conduction band edge by
donor ionization energy, E; = Ec — Eg4; (Fig.5.3).

Given that, typically, m}/m,. varies from about 0.05 to 2 and € is between 10
and 20, we find that the typical value of donor ionization energy is of the order of
0.02...0.2¢eV. For instance, for silicon, we obtain E;; = 0.0258 eV. This value is
identical to the thermal energy at room temperature, k7 = 0.0259 eV. Based on
this estimate, we conclude that at room temperature, a large part of donor atoms is
ionized.

It is also instructive to determine the typical distance between the extra valence

electron and the donor impurity ion. In hydrogen, the Bohr radius of the electron
orbit in the ground state (n = 1) isrp = % With the replacements described

e e
above, we find that in a semiconductor, the radius of the first Bohr orbit is

h2e € 0.53 ;\) €
= =r =~ . .
kemzer — Pm¥/m, m¥/m

rd

Numerically, the electron orbit radius in a semiconductor is about 10 nm, which is
ca. 20 lattice constants.

Fig. 5.3 Donor and acceptor
levels relative to the
conduction and valence band

Conduction band l

. E
energies c
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level E; |
acceptor -"::a,- ,
AN =] IEG
]L\ LI
b“l’

Valence band
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With respect to the acceptor impurities, the results are quite similar. A neutral
acceptor atom in the crystal lattice can be viewed as a bound state of a negatively
charged ion and a hole orbiting around it. Therefore, the ionization energy E,; of an
acceptor level E,, that is, the energy necessary to remove this hole from the atom
into the valence band, is

Kimie*  mi/m,
E,;=E;,—Ey = 2,"1262 = ) RY s

and the radius of the hole orbit around an acceptor atom is

h%e €

Vrg= —F7>=Frp—(— .

keme? mj /me

The calculations performed in this section are approximate. They neglect the
tensorial character of the effective mass and do not distinguish between heavy and
light holes. In addition, they do not account for the interaction between the extra
electron (or hole) attached to the donor (or acceptor) ion with its other electrons. But,
in spite of their crude nature, these calculations give the right order of magnitude of
the ionization energy, which has to be measured experimentally. Some values of the
ionization energies for Si, Ge, and GaAs are given in Appendix A.3.

5.8 Statistics of Donors and Acceptors

Let N4 be the concentration of donor atoms, NS the concentration of neutral donors,
and Nj the concentration of donors that have given an electron to the lattice and
became positive ions. Obviously,

Ny =Nj+Nj .

To find N; and NS, we use the grand canonical distribution derived in Sect. 3.4.
A donor impurity can exist either as a positive ion or as a neutral atom with an extra
electron orbiting around it. That electron has two possible spin orientations: either
spin up (1) or spin down ({). It is reasonable to assume that when a donor captures
an electron, that electron exists in the ground state and has the energy Ejy; in other
words, we neglect the excited states of the electron. Denoting the number of extra
electrons attached to the donor as n, we have three possibilities: n = 0; n = 1 and
s =1;n = 1and s =, where s stands for spin.

The probability for a donor to have n = 0 or 1 valence electrons is given by the
grand canonical distribution with the chemical potential u being identical to Fermi
energy Ef:



5.8 Statistics of Donors and Acceptors 131

P, = %ewrlid)n/kT  Z =14 gge Er—EON/AT 4

The donor degeneracy factor g4 = 2 in the expression for Z comes from two
possible spin orientations.

The probability for a donor atom to be ionized, i.e., not have an extra electron,
corresponds to n = 0. This probability is just the fraction of ionized donors, Py =
Nj'/ N,. Therefore, the concentration of ionized donors is

Nf = Na
d = T ggeErEDJRT *

The concentration of donors that are not ionized is

Ng

1+ LeEamER/AT °

NY=N;—Nj =

In view of the relations
Eq= Ec — Eqi , ng= Nce (ECTER/KT
we can rewrite the exponential as

o EF—E)/KT _ ((Ep—Ec+Ea)/kT _ MO Eqi/kT

N¢
giving
+__ Na NY = Na )
d l_l_gd]’\l,_(éeEd,-/kT v d 1+ngI’\1/_ge—Ed,~/kT

The expressions relating the concentration of ionized acceptor atoms, N, and
neutral acceptor atoms, N, 3 , to the total acceptor concentration, N,, can be obtained
by making two modifications in the results for obtaining the donors.

First, donor degeneracy factor must be replaced with the acceptor counterpart,
g4 — &q. Similar to the donor case, the acceptor ground state can be occupied with
either a heavy or a light hole of spin 1/2 or —1/2. The total number of combinations
of hole spin and “heaviness” is

g8 =4.
Second, we should keep in mind that the hole energies are measured downward,

with E® = —E + AE, see Sect. 4.5. Then, the difference between donor level and
Fermi energies must be replaced with
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Eq—Er — E? —EY = —E, + Er,

where E, is the acceptor level energy.
After making these replacements, we obtain the concentrations of negatively
charged and neutral acceptor impurities:

N N VO _ N
@ T 1+ gaeBa—ER/KT @ T gie(EF—Ea)/kT '

In view of the relations
Eq=Ey + Es , po= Nye Er-EV/AT

we can rewrite these expressions in an equivalent form:

_ N MO Na
a = PO pEqi/kT 7 Ta T L Nv ,—Eg/kT ~
l+ganeal l+gapoe ai/

5.9 Mass Action Law

The expressions for ng and pgo in Sect.5.2 contain one unknown parameter, the
Fermi energy Er. But note that the product of the two concentrations does not
depend on the Fermi energy. Indeed, multiplication of these results gives

nopo = NeNye EC=EV/KT — NNy o= Ee/KT

In the second equality, we used the fact that Ec — Ey = Ej, the band gap energy.

Doping of a semiconductor is an efficient way to control the concentrations of
electrons and holes. The expressions for the equilibrium concentrations derived in
Sect. 5.2 still hold in doped as well as intrinsic semiconductors, with the difference
between the two being in the location of the Fermi energy Er.

The electron and hole concentrations can be written in a different form, which
does not involve the effective densities of states N¢ y and the Fermi energy. For this,
we add and subtract the intrinsic Fermi energy to the arguments in the exponential
functions:

ny = Nce—(EC+EFi—EFi—EF)/kT , po= Ny e Ev—EritEri—Ep)/kT

But Nee (Ec—Er)/kT — Ny, o(EFi—=EV)/KT — ;. 'We thus have

no = njeEr—EF/KT po = n;e Eri—ER)/kT
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With these expressions, we can rewrite the mass action law as
2
nopo = n; .

The product of electron and hole concentrations is the intrinsic concentration
squared for any level of doping.

The mass action law tells us that the concentration of one type of carriers
uniquely determines carrier concentration of the other type. Because this law is
derived using Boltzmann approximation, it holds provided that Fermi energy is
separated from the edges of the conduction and valence bands by at least a few
kT.

5.10 Charge Neutrality Equation

At a first glance, doping of a material with, say, donors should not affect the
concentration of holes, pg, which should remain equal the intrinsic concentration.
Donor doping should increase the concentration of electrons, ng, from the value n;
to the value n; + N;, where N; is the concentration of ionized doping.

This intuition is wrong. Donor doping provides electrons not only to the
conduction band, but also fills the empty states in the valence band, whose energy
is smaller than the donor level, Ey < E;. As a result, not only the electron
concentration increases, but also hole concentration gets reduced due to donor
doping.

Same is true about acceptors. Acceptor impurities not only take electrons from
the valence band, thereby creating more holes, but they also capture the conduction
electrons, thereby decreasing their concentration.

The relation between the equilibrium carrier concentrations ng and pg on the
one hand and between the ionized impurity concentrations Nj and N, on the other
hand is slightly more complex. Because the material must be electrically neutral, the
concentration of positive charges must be exactly balanced by the concentration of
negative charges. The positive charges are mobile holes and immobile donor ions.
The negative charges are mobile conduction electrons and immobile acceptor ions.
We thus arrive at the charge neutrality equation:

no+N; =po+Nj,
or, explicitly,

nie(EF—EF,')/kT + Nq — nie(EFi—EF)/kT + Na .
1 + ggeEa—Er)/KT 1 + gge EF—Ea)/KT
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This equation contains only one unknown: the Fermi energy Er. Once it is found,
electron and hole concentrations can be determined using the expressions obtained
earlier, viz., ng = n; e EF~Erd/KT and pg = n; e EFi=ER/KT

An exact analytical solution of the charge neutrality equation can also be
obtained, in principle, by introducing a variable x = e FF~Eri)/kT \hich then will
have to be found from a fourth-degree equation of the form x*+ax3+bx>+cx+d =
0 with the coefficients a, b, ¢, and d being some combinations of the parameters N,,
Ny, ni, 84, 8a, e EFi—E/KT and e(Ea—Er)/KT

A general solution of a fourth-degree equation exists, but it is too complex to be
of practical utility; hence, it will not be considered. Another option is to solve the
charge neutrality equation numerically. But the most instructive approach is to focus
on a few practically relevant special limit cases, referred to as ionization regimes, in
which analytical approximations for the Fermi energy and the carrier concentrations
can be obtained.

5.11 Ionization Regimes

5.11.1 Complete Ionization

The simplest and the most important practically is the regime when the overwhelm-
ing majority of the impurity atoms are ionized. This regime is realized when the
energy differences Er — E, and E; — Ef exceed thermal energy, kT, by some
reasonably large amount, say, by a factor of 3 or more. Then, eFa=EF)/*T apd
e EF=Ed/KT are both much smaller than 1, and we can approximate

Nf = Na ~ Ny, N = Na
d = 11 ggeEr—Ea/kt — 4 Na = 1T (E—Ep)/KT

~ N,

by neglecting the exponentials in the denominators of both expressions. Our charge
neutrality condition then reads

no+ Ny =po+ Ny .

From the mass action law, we can express

resulting in a quadratic equation for ng:

2
ns

no+ No= "t +Ng = n3 4+ (Ng— Nong —n? =0.
0



5.11 Ionization Regimes 135

The solution of this equation is

2 2
Ny — N, Ng — N, n;

2 2 0

From the point of view of numerical accuracy, these expressions work the best
when the doping is of n-type, Ny > N,. But consider what happens in the extreme
opposite case N, > n;, Ngy. Then, the terms n; and Ny are negligibly small relative
to Ny, leaving us with ng ~ —% + % =0and py = nl.z/no — 00.

Hence, in the opposite case of p-type doping, N, > Ny, it is more advantageous
to use a mathematically equivalent, but numerically a different set of formulae:

N, — N, N, — N;\? n?
ptype: po = ———= d+\/<—" d) +n?, omp=—.
2 2 Po

In particular, when doping of just one type is present with the concentration much
higher than intrinsic concentration, the following simple results hold:

2
n:

for Ng>n; > N,: no=Ny, po=—;
Ny
n?

for Ng > n; > Ng: po= Ng, no:N_l'
a

The relations above are derived under the assumption that the energy differences
between donor level and Fermi energy, as well as between Fermi energy and
acceptor level, are large compared to kT. To check if these assumptions hold
true, we need to find Fermi energy. For this, we can use the relations like
ny = Nce—(Ec—EF)/kT — nl.e(EF—EFi)/kT’ and py = Nve(Ev—EF)/kT
n;eEri=ER/KT From these, we find several equivalent expressions for Fermi
energy in a doped semiconductor:

N, N
Ep=FEc—kTh-C = Ep; +kTIn = Ey + kTIn~Y = Ep; —kTIn 22 .
no n; Po n;

It follows from the second equality that for n-type doping, nop > n; > pyo =
”12 /ng, Fermi energy lies above the intrinsic Fermi energy, Ef > EF;. Increasing
the donor concentration raises Fermi energy.

Likewise, the last equality shows that for p-type doping, Fermi energy is below
the intrinsic Fermi energy, Er < EF;, and increasing the acceptor concentration
lowers Fermi energy.

We can now establish the condition under which all impurities are ionized. Let
us focus on the n-type semiconductor for definiteness. In order for almost all donors
to be ionized, N; ~ Nj, we must have
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(EF_Ed)/kT < 1 .

8de
Adding and subtracting the conduction band energy E¢ in the argument of the
exponential and keeping in mind that Ec — E; = E4;, we rewrite this as

(EF—Ec+Ec—Eq)/kT (EF—Ec)/kT ,Eai/kT <1.

8d e =8d€
But e Fr=Ec)/KT — po/Ne ~ Ng/Nc under the complete ionization assumption
and for Ny > n;. We conclude that the complete donor ionization assumption holds
true, provided that

_ Ny e—Eai/ kT
Ea/kT € «1 = Ny <« Ne———
c 8d

8ae

Similarly, for acceptor doping, the condition of complete acceptor ionization, N, =
N, is fulfilled if

o~ Eai /KT

Noe LK Ny ——
8a

At the room temperature and at typical values of impurity ionization energies, the
ratios e~ £ai/kT /g, and ¢~ Eai/kT" are of the order of 0.1. Then, the full ionization
of impurities is achieved if the impurity concentrations Ny , do not exceed a few
percent of the effective densities of states Nc y.

As the temperature is lowered, however, the exponential terms in the numerator,
e~ EailkT and ¢=Fai/KT quickly go to zero. Also the effective densities of states
decrease on cooling as Nc.y oc T°/?. This means that the complete ionization
assumption breaks down at low temperatures.

5.11.2 Intrinsic Regime

Intrinsic carrier concentration, n;(7T), increases with temperature, whereas the
doping concentrations, N, and N, are temperature-independent. Hence, when the
temperature exceeds a certain value, denoted as 7;, intrinsic concentration becomes
much greater than the difference of the impurity concentrations, n; > |Ng — Ng|.
Then, the difference N; — N, can be neglected in the expression ng = w +

2
(%) + ”12 and charge carrier concentrations become approximately equal

the intrinsic concentration:

no(T) ~ po(T) ~ n; (T) = /Ne(T)Ny (T)e™ Ee/@KT)
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It increases with temperature.

Let us now establish the temperature 7;, at which the complete ionization regime
ends and the intrinsic regime begins. At this temperature, intrinsic concentration
should be comparable to the magnitude of the difference N; — N,, which we assume
to be non-zero:

ni(T;) = |Ng — Nq|, or /Nc(T;) Ny (T;)e £/ = N, — N,| .

Rearranging the terms in this equation, we find

) S
" Ne@Nv(Ty) -

(Na—Nq)?

Recalling that N¢c v (T) = Nc,v(To)(T/ To)3/%, where the reference temperature is
usually taken to be Tp = 300 K, we finally have an equation, from which 7; can be
found:

Eg/k
In | NNy (T ( pil )3
(Nd*Nn)z To

One can solve this equation for 7; analytically using the so-called Lambert W-
function.” Alternatively, an iterative solution can be performed, namely, starting
with 7; = Ty and plugging in this value into the right-hand side of the last equation
to obtain a better estimate for 7;, which is again plugged in into the right-hand side
to get a new T;. This procedure is repeated until the results converge. In practice,
only two or three iterations are sufficient to find 7; to a good accuracy. For the
typical semiconductors and typical doping levels, the intrinsic regime begins at T;
exceeding the room temperature by a few hundred Kelvins.

T, =

5.11.3 Carrier Concentration in a Semiconductor with One
Type of Doping at Not Too High Temperatures

Consider the case when only one type of doping impurities—assume for definiteness
donors—is present. Let us focus on the practically interesting case when the
temperature is small enough for the intrinsic concentration to be negligible in
comparison to the concentration of the ionized donors:

Ne=0, NJ(T)>»n(T) at T <T;.

2 Lambert’s function W (x) is the solution of W (x)e"®) = x.
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We do not assume complete ionization. In view of the above inequality, the
concentration of the conduction electrons is given by

Nq
— Nt —
o = Nd - ] —|- gde(EF*Ed)/kT

(EF—Ec)/kT

to a very good accuracy. Because ngp = Nce , we obtain an equation,

from which Fermi energy can be found:

Na
1 + gde(EF*Ed)/kT :

NeeEF~EQ/KT _

Denoting
x = e EFEQ)/KT

we rewrite our equation in terms of this new variable: Ncx = W'
d

Multiplying both sides by the denominator of the right-hand side, we obtain a
quadratic equation for x:
Nex(1+ xgdeEd[/kT) =Ny .

Its solution reads

\/8—2Edi/kT Ny e—Eai/kT
X = —_.

+ e—Edi /kT _
4g2 gaNc 284

By the very definition of x, Fermi energy and electron concentration can be
immediately expressed in terms of x as
2

n;

Ncx *

Er =Ec+kTInx, no=Ncx, po=

Here, the hole concentration follows from the mass action law.
The case when only acceptor-type impurities are present with N,(T) > n;(T),
Ng4 = 0 can be treated analogously and is left for the reader as an exercise.

5.11.4 Electron Freeze-Out Regime

At the thermal energies kT below the impurity ionization energy, only a fraction of
the impurity atoms are ionized, and this fraction decreases to zero as the temperature
is decreased. This ionization regime is called the freeze-out regime.
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Let us consider for simplicity the case when only donor impurities are present.
Then, we can use the formula for ng obtained in the previous section. In that formula,
further approximations can be made. First, we note that under the square root, we
have

—2E4; /KT

e dl/ < N i —Ey / kT

5 e
dgy 8aNc

at kT < Eg; .

This is so, because the ratio Ey;/kT > 1 is a large number, implying that
e Edi/kT « 1, and hence e~ 2Edi/kKT « ¢=Eai/ kT ' A5 for the prefactor Ng/(g4Nc),
it is also large in view of the fact that N¢(T) T3/% decreases on cooling, and
hence, Ny/(2Nc(T)) increases. The expression for electron concentration then
simplifies to

N _ —Egi kT
no(T) = Ne(T) [ | ——4__g—Eai/@kT) _ € ‘
gaNc(T) 284

By the same reasoning, we can neglect the second term in this expression relative
to the first one and obtain

no(m)y = | NaNe@) —Eujeir)
84

The Fermi energy in the freeze-out regime is given by

Es kT N,
EFIEC_i"r‘—]Il d
2 2 gaNc

as can be obtained from the expression ng = NceEF~EC)/KT and the approximate

formula for n¢ just obtained. Note that in the limit of zero temperature, Fermi energy
goes to the limit

Eisi EcH+E
EF—)EC—%:% asT — 0

in full agreement with our observation made earlier that at zero temperature, Fermi
energy is just in between the highest occupied state (donor level) and the lowest
unoccupied state (conduction band edge), see Sect. 3.7.

We can establish the temperature Ty that separates the freeze-out regime from
the complete ionization regime. At this temperature, the two contributions under the
square root in the expression for ng from the previous section must be equal:

e—2Ed,'/ka Nd

— e—Edi/ka )
4g3  gaNe(Ty)
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Taking the natural logarithm of both sides and rearranging the terms, we obtain

Egi

Nc(Ty)
In 484Ny

ka =

with
T 32
Nc(Ty) = Nc(To) | = ,
To

To = 300 K being the standard reference temperature. Thus

Eg4i/k
Nerw (e
1n|:4ngd (To)

This equation can be solved analytically using Lambert’s W-function or iteratively
by first setting, e.g., Ty = Ty (or any other reasonable first guess, e.g., Ty =
0.1E4;/ k), and then obtaining the next improved result for 7y according to its right-
hand side until convergence is reached.

Ty =

5.12 Numerical Determination of Fermi Energy and Carrier
Concentrations

One possible way to find Ef, ng, and pg from the charge neutrality equation,
no+ N, = po+ N{}L, and mass action law, pg = nl.z/no, is as follows. Assume
for definiteness that the semiconductor is of n-type. Then, by applying this same
procedure used to treat the complete ionization regime, we find the electron and
hole concentrations

2
NI —N- NI —N; n?
no = —4——% + (d a)+n,-2,l70=—l

2 2

and the Fermi energy

NI — N~ Nt N\ 2
Efp=Ec+kTh| -2 ——%~ 4+ |2 ) +-%

S

2Nc 2Nc p

The expressions for N; and N, have been established earlier in Sect. 5.8.
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The right-hand side of the last equation contains the ionized impurity concentra-
tions, which themselves depend on the Fermi energy. This equation can be solved
iteratively. Starting with some initial trial value of Fermi energy, one can determine
N; and N, corresponding to this initial value of Er; upon substitution of the
ionized impurity concentrations so obtained into the last equation, one finds a new,
more accurate estimate for Er, which is again used to find better estimates for N;
and N, . This procedure can be repeated many times until the desired accuracy is
achieved. In practice, the number of iterations is of the order of 10.

For a p-type semiconductor, the same procedure can be performed, but with the
interchanged nog <> po and Nj < N, .

Shown in Fig.5.4 are the results of numerical and analytical calculations of
the Fermi energy and carrier concentrations in a hypothetical semiconductor with
the parameters indicated in the figure caption. For these parameters, the intrinsic
temperature can be found to be 7; = 562K, and the freeze-out temperature is
Ty = 112 K. These two temperatures are marked by vertical lines in the figure. The
agreement between the analytical and numerical results at 0 < T < T; is smaller
than the line thickness.
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Fig. 5.4 The results of numerical calculations of the Fermi energy and electron and hole
equilibrium concentrations in a hypothetical n-type semiconductor with the band gap E, = 1¢V,
the effective densities of states at Ty = 300K taken to be N¢(Tp) = Ny (Tp) = 10! em™3, donor
concentration Ny = 10'> cm™3, donor ionization energy Eq; = 0.05eV and degeneracy factor
g4 = 2, and no acceptors, N, =0
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It is seen that Fermi energy, measured relative to the top of the valence band,
monotonically decreases with temperature and finally saturates at 7 > T; at the
level of 0.5 eV, i.e., in the middle of the band gap.

As for the charge carrier concentrations, three regimes can be distinguished. (1)
At low temperatures 7 < 100 K, thermal energy is insufficient to ionize impurity
atoms, and let alone to promote electrons from the valence to the conduction band.
As a result, the freeze-out of conduction electrons occurs, where both electron and
hole concentrations go to zero on cooling. (2) In the temperature range between
about 100 K and 500 K, the majority electron concentration has a plateau at the level
ng = Ng = 105 cm™3 > n;, whereas the minority hole concentration is much
smaller than this value. This regime corresponds to complete ionization of donors.
(3) Ateven higher temperatures, 7 > 500 K, intrinsic carrier concentration becomes
comparable to and eventually starts to dominate over Ny on heating. In this intrinsic
regime, characterized by the inequality n;(T) > Ny, we have ng & pg = ny,
independent of the doping level.

5.13 Problems

5.13.1 Solved Problems

Problem 1 The effective density of states has the dimension of inverse length
cubed. Find a combination of the density of states effective mass m:‘ 5 thermal
energy kT, and Planck’s constant % that has the same dimension as the effective
density of states, and compare it with the result obtained in Sect. 5.2.

Problem 2 The density of states in the conduction band is gc(E) =

%13/2

%«/E — Ec. The total number of states (per unit volume) in the
conduction band in an energy interval between Ec and Ec + AE is Z¢c(AE) =
f §£+AE dE gc(E). Find the number of conduction band states in a unit volume

with energies less than E¢ + kT. Compare it to the effective density of states in the
227 m kT)3/?

conduction band by finding its ratio to N¢ = 5

Problem 3 The temperature dependence of the band gap in Si is given by E, =

104 . .. . . . .
1.166eV — %T? At T = 300K, the intrinsic carrier concentration in Si

is 109 ¢cm™3. Find n; at 400 K.

Problem 4 The DOS effective mass of holes in a hypothetical intrinsic semi-
conductor is ten times larger than that of the electrons. The band gap is 1eV,
independent of temperature. At 7 = 300 K, the intrinsic concentration is 107 cm™3.
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(a) Find the difference Er; — Ey at 300 K.
(b) Find the effective densities of states N¢ and Ny at 300 K.
(c) At what temperature is Fermi energy 0.6 E, above the valence band edge?

Problem 5 A Si sample is doped with boron (ionization energy E,; = 45 meV,
degeneracy = 4) at N, = 10'® cm™3. Take into account the temperature dependence
of the band gap. The semiconductor parameters needed to solve the problem can be
found in Appendix A.3.

Problem 6 A p-type semiconductor has the band gap E, = 0.8¢€V, the electron
and hole effective masses are the same, and n; = 2 - 10° cm 3. The temperature is
T =300K and N; = 0. At what concentration of acceptors will Fermi energy be
above the valence band edge by AE = 0.2eV?

Problem 7 A compensated semiconductor with the intrinsic carrier density
n;(300K) = 10'%cm=3 and E, = 0.9¢V is doped with N; = 10'®cm~3 donors
and N, = 10'2cm™3 acceptors. Determine Fermi energy relative to the intrinsic
Fermi energy at 7 = 200 K in the complete ionization limit.

5.13.2 Practice Problems

Problem 1 Derive the hole concentration pg and the respective effective density of
states Ny following the same steps as for electrons in Sect. 5.2.

Problem 2 At T = 300K, the effective density of electron states in a semiconduc-
tor is 10?0 cm™3. What is the effective density of states at 200 K and at 400 K?

Problem 3 Estimate electron concentration (= hole concentration) in an intrinsic
semiconductor with £, = 0.7V and in a dielectric with E; = 7eV at 300 K. Take
a reasonable value for N¢ and Ny, e.g., 1019 cm=3.

Problem 4 The concentration of holes in a p-type semiconductor (no donors)
exceeds the concentration of electrons by 25 times. Find the ratio of the concen-
tration of ionized acceptors to the intrinsic concentration.

Problem 5 A Si sample is doped with a donor impurity at N; = 10'7 cm™3. At the
temperature T = 30K, electron concentration in this sample was measured to be
no = 102 cm~3. Find the impurity ionization energy E4;. Hint: ng = N; >n >
po at 30K.

Problem 6 A compensated semiconductor with the band gap of 0.8eV is doped
with equal concentrations of donors and acceptors. The respective ionization
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energies are E;; = 0.05eV and E,;; = 0.02eV. Find the Fermi energy relative to
the top of the valence band, Er — E'y, in this material at absolute zero temperature.

5.13.3 Solutions

Problem 1 For definiteness, let us focus on the conduction electrons; the discussion
of holes is similar. To express N¢ in terms of m} and kT, we consider the units in
which these parameters are measured (we use SI units in this problem):

kg - m?
SZ

[Nel=m™3, [m]=kg, [kT]=1]=

We may also need Planck’s constant, measured in

kg - m?

[Al=T-s=
We express N¢ as a product
N¢ o (mH® (kT)P h”

with unknown «, 8, and y and a non-dimensional prefactor. The dimension of this
product is

2\ A 2\7
[Nc] = ke® - (kg -2m ) _ (kg -m ) = k@ Py m2B+r) = @B+y)
S S

It must be equal to m~3. Hence, we must have
a+B+y=0, 2B+y)=-3, 286+y=0.

Subtracting the third equation from the second, we get y = —3. Substitution of
this value of y back into the second equation gives § = 3/2. Finally, substitution
of these values of B and y into the first equation gives « = 3/2. Hence, up to a
non-dimensional constant

(m* kT)3?
X ———— .

Nc 3

Problem 2 Substitution of the formula for gc(E) into the definition of Z¢(AE)
gives
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A (2m*)3/2 [EctHAE 8 (2m*)3/2
ZC(AE)z%/ dE E—Ecz%AEyz.
Ec }
For AE = kT, we have
8w (2m*kT)>3/?
ZckT) = ———4——
c(kT) Ve
The ratio of this parameter to N¢ has the value
Zc(kT) 8m-23%/3 4
cWT) _8m-277/3 _ =0.752.

Ne — 2@2n)3?  3/n

This is close to 1. This result confirms that the effective density of states can be
interpreted as the concentration of states in the conduction band whose energies are
higher than E¢ by approximately one thermal energy k7 .

Problem 3 The intrinsic carrier concentration is given by

ni(T) = /Nc(T)Ny (T) e~ Es(D/CKT)

where the effective densities of states in the conduction and valence bands are
proportional to T3/2. We need to recalculate the square root of their product,
VNc(TYNy (T) o T3/? from the reference temperature 7y = 300K to a different
temperature 7':

7\3/2
NNy (T) = /Ne(To)Ny (To) <?0> .

Likewise, we need to recalculate the exponential in the expression for n;:

o~ Ee(T)/QKT) _ ,~E¢(To)/(2KTy) ,Eq(To)/(KkTo)—Eg(T)/(2KT)

Multiplying these two expressions together, we find
T\3/2
ni(T) = i (To) <_) o E(T0)/QKTo)~ Eg(T)/QkT)
To

It remains to plug in the numbers. We start with the band gap at 7p = 300K and
T =400K:

477-10*

—— 300> =1.120eV
300 + 636 ©

E,(300K) = 1.166 —
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477-1074

L 400% =1.092¢eV .
400 + 636 ©

E,(400K) = 1.166 —
Next, we find the thermal energy at 7 = 400 K, given that k7o = 0.02585eV:

kT = 0.02585 400 0.03447 eV
=0. -—=0. ev.
300

Finally, we determine the intrinsic concentration at 400 K:

n; (400K) = 1010 (400/300)3/2 el.120/(2~0.02585)71.O92/(2~0.03447) —521- 1012 cm73 )

Problem 4

(a) Intrinsic Fermi energy happens to be exactly in the middle of the band gap
only if the electron and hole effective masses are the same; this is not the case
in most semiconductors. When the effective masses are different, we have a
general expression

Ec+Ey 3kT . m!
Eri=——y 4

e

from which it follows that

Numerically,
Erpi — Ey =0.540.75-0.02585 - In(10) = 0.545¢eV .

(b) We know that the effective density of states is proportional to the effective mass
of the charge carriers in the respective band raised to the power 3/2:

Ne o< (m2)*? ) Ny oc (m%)>? .

Knowing that holes are 10 times as heavy as the electrons, we can find the ratio
of the effective densities of states as

Ne  (mg 3/2
NV_ mZ ’

On the other hand, the expression for n; contains the product Nc Ny :

n? = NcNye B/ = NeNy = n2efs/FT
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()

Multiplying the last two equations together, we obtain the effective density of
states in the conduction band:

m*\ 32 m*\ 34
N% = (_e> n2eE/KT o N = (_i) n2eFel OKT)
m m

*
h h

The expression for Ny is obtained by interchanging electron and hole effective
masses:

m* 3/4
NV = (—:) I’ll-zeEé’/(sz) .
m

e
Numerically,

109 . £0-5/0.02585

— _ 16 -3
NC—IO—3/4—4.47~10 cm

Ny =10%%.10” . 92/002% = 1.41. 10" cm™ .

In the second formula from the solution to part (a), we set Ef; — Ey = cEj,
where ¢ = 0.6:

Solving this for kT, we find the thermal energy corresponding to the tempera-
ture at which the Fermi level is higher than the valence band energy by a desired
amount:

4 c—12
kT = 2 C 2
3 lnm—fi
m

Numerically, this is

kT = 2 (1eV) O-1 05791 ev
= — - c s — = U. (] .
3 In(10)

To convert thermal energy into temperature, we divide it by 0.02585eV and
multiply by 300 K:

0.05791
T —

= -300=672K.
0.02585
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Problem 5 The concentration of ionized acceptors is given by a general formula

N, = Na
a — 1+gae(Ea*EF)/kT ’

which can be transformed into

N 1 1
r= Na - 1+gae(Eu_EV+EV_EF)/kT - l+gaeEai/kTe(EV_EF)/kT ’

In the second exponential in the denominator, we recognize the concentration of
holes:

po= Ny e EV—EF)/KT

So, we can write e EV—ER/KT — 5—3 giving
1

X = /""" "5— -
1 + gaeEai/kTAp;—(‘)/
On the other hand,
2

Ny N R

It is reasonable to assume that at low temperatures, the concentration of ionized
acceptors greatly exceeds the intrinsic concentration, N, > n;, allowing us to
approximate

pPo = N; =xN,

to a good accuracy. Then, substitution of this expression into the expression for x
just obtained gives

1 1 N,
= N = s A= ga _a eEai/kT .
1+ga_N3eEai/ka 1+A.x NV

X

This is a quadratic equation for the fraction of ionized acceptors, x:

1 1 1
Ax’4+x—1=0 T
x“+x = X A + 142 + 1
The possibility of a negative sign in front of the square root has been discarded
because x must be positive. It remains to plug in the numbers.
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(a) AtT = 200K, kT = 0.02585 - 200/300 = 0.01723 eV. The effective density
of states in the valence band at this temperature is

200\ *? 9 3
Ny (200K) = Ny (300K) 300 =1.116 - 10" cm " .
This gives the parameter A to be
10'°
—4. . 0:045/0.01723 _ (3 14883 .
1.116 - 1019

Using this value, we find x = 0.955, i.e., 95.5% of acceptors are ionized.
(b) AtT =50K, kT = 0.02585 - 50/300 = 0.004308 eV. The effective density of
states in the valence band at this temperature is

50 3/2
Ny (50K) = Ny (300K) (ﬁ) =1.395-10%cm™ .

This gives the parameter A to be

1016
—4. . ,0.045/0.004308 _ 986.3
1.395-10!8 o

Using this value, we find x = 0.0313, i.e., 3.13% of acceptors are ionized.

Problem 6 Since m; = mj, the intrinsic Fermi level lies exactly in the middle of
the band gap, i.e.,

E
£ —04eV.

EFi—Ev=7

We wish to have
Er — Ey =0.2eV,
which implies that
Eri — Ep =02eV.
We can figure out the concentration of holes at this value of the Fermi energy:

(Ev—Ep)/kT _ Ny e Ev—EFri+EFpi—Ep)/kT (EFi—EF)/kT ,

po=Nye =n;e

where we used the one of the previously obtained expressions for the intrinsic
concentration, n; = Ny eEV—EF i)/ kT Numerically,
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po=2-10%.%2/002585 — 4.583. 102 cm™3 |

This value is much bigger than n;. From this, we conclude that to a good accuracy
po = N, = N,, as practically all acceptors are ionized at 300 K. Hence, N, =

a

458 -102¢cm—3.

Problem 7 First, we find the intrinsic concentration at 7 = 200 K from its value at
To = 300K:

T\3? e _Eg T\? £ (_T
n; (T) = nl(TO) — eZkTO kT — nl(TO) - eszO (1 T) )
Ty To

Numerically,

200

3/2
300> ® ot (-38) Z .01 10 em™3

n;(200K) = 109 (

This number is much smaller than the difference N; — N,. Hence, in this n-type
semiconductor, the concentration of electrons is to a very good accuracy

no=Ng— Ny =9.999 . 105 cm™3 .

Electron concentration is related to the intrinsic concentration by

no = N¢ e (Ec—EF)/KT _ N¢ e (Ec—EFri+EFi—Ep)/kT _ n; e EF—EFi)/kT ,

where we used one of the previously obtained expressions for the intrinsic concen-
tration, n; = N¢ e~ Ec—EFri)/kT We obtain

EF—EFiZkT ll‘ln—o.
n;

Numerically,

200 9.999.10%
Ep — Ep; =0.02585 - — .1

2 03996V .
300 " 9.031-10° ©



Chapter 6 ®
Carrier Concentration and Electric Chock or
Potential

6.1 Electron and Hole Concentrations in a Non-uniform
Electric Potential

If the electric potential ¢ (7) inside a semiconductor is non-uniform, the charge
carrier concentrations will differ from the values ng and pg obtained in the previous
chapter. The reason is simple: the mobile charge carriers get redistributed in the
material in response to the electric field £ = —%(ﬁ (F) produced by the spatial
inhomogeneity of the potential. An overall motion of the charge carriers means
that they are not in thermal equilibrium. In this chapter, we assume that the
semiconductor is not a part of a closed circuit; hence, the electric current due to
a redistribution of electrons and holes eventually stops, and the system comes to a
new equilibrium state.

Electrons tend to migrate from the regions with the lower electric potential to the
regions with the higher potential. Likewise, holes migrate from the high-potential to
the low-potential regions. As the charge carriers move from one region to another,
they leave behind the ionized impurities. As a result, an internal disbalance of
positive and negative charges is created, which itself produces an internal electric
field. The internal field counteracts the external field, so that the total electric field
in the material eventually becomes zero and further migration of the free charge
carriers stops.

This reasoning shows that the electric potential inside the semiconductor and
the distribution of charge carriers affect each other, which makes finding the
new equilibrium state a non-trivial task. We begin by establishing the effect of a
non-uniform potential ¢ () on the carrier concentrations. We mentally divide the
material into small volume elements AV such that the electric potential in each
element is approximately constant. The local concentration of electrons and holes is
defined as the ratio of their average number in each element to the volume AV of
that element.
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152 6 Carrier Concentration and Electric Potential

The energy of a charged particle due to the presence of an electric potential
¢ (7) is q¢ (). That is, the energy of an electron near the top of the conduction
band changes from Ec to Ec — e¢(7), and the energy of a hole (from the holes’
perspective) near the top of the valence band changes from E g’ ) to E 81 )+ ed (7).
We can repeat the derivation from Sect. 5.2 to obtain the local concentrations of
electrons and holes at a point 7 with the result

— Nee—(Ec—Er—es@M/KT Ny e Ev—Er—ep@)/kT

no(r) po(F) = n}/no(F) =

It should be borne in mind that the electric potential is defined up to an arbitrary
constant. If the potential is uniform, ¢ (r) = const, this constant should be set to
zero, as the carrier concentrations should be given by the expressions from Sect. 5.2
in this case.

It is expedient to cast the expressions for no(¥) and po(F) into a form that
is independent of the choice of that constant. Namely, the electron and hole
concentrations at a point 7 are related to their values at some reference point 7y
by

@A —¢F0))/ Vin , (@@= G0))/ Vin

no(r) = no(ro) e po(r) = po(io) e
Here, in order to avoid using the letter e in the meaning of the elementary charge
and the base of an exponential (e.g., writing e¢®")/kT is a bit clumsy), we have
introduced the thermal voltage

kT
Vih=—".
e

At the room temperature 7 = 300 K, it has the value V;;, = 0.02585 V.

6.2 Poisson’s Equation

A non-uniform distribution of electric charges inside a semiconductor due to, e.g.,
a non-uniform doping profile, results in an onset of an internal electric field, £(7),
related to an electrostatic potential as £(F) = —%qﬁ (7). The electric field depends
on the distribution of the charges inside the material. Poisson’s equation relates the
electric potential to charge density. It is the familiar Gauss law expressed in the form
of a differential equation.

For the sake of simplicity, we focus here on a special case when the electric
charge density depends on the x-coordinate only and is uniform in the yz-plane:
p = p(x). Consider a thin slab of thickness Ax and base area A perpendicular to
the x-axis, see Fig. 6.1. By Gauss’ theorem, the electric field flux through its surface
equals the charge inside the slab divided by the product €pe, where € is the relative
dielectric constant of the material, €g = 8.854 - 10~ F/m is the permittivity of
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A
&(x) E(x+ Ax)
X x+Ax

Fig. 6.1 Gaussian surface inside a semiconductor is a cylinder; the electric field flux through it
arises due to a non-uniform distribution of electric charge in the x-direction

vacuum, and € is the relative permittivity of the material:

As the electric field has only the x-component, the flux through the slab is given
by £(x + Ax)A — £(x)A. For very small Ax, we can neglect the x-dependence of
the electric charge density inside the slab; hence, the total charge contained inside
the slab is p(x) AAx. We thus have

p(X)A Ax
€€ ’

Ex+Ax)A—-—EMX)A =

Dividing both sides by the slab volume A Ax and taking the limit Ax — 0, we have

lim E(x + Ax) — E(x) . d€(x) _p)
Ax—0 Ax T odx T epe

Because the electrostatic potential is non-uniform in the x-direction only, we have

do(x)
E(x)=— .
(x) I
Hence, we arrive at Poisson’s equation:
¢ pl)
dx? €0€

In a semiconductor, the charge density is a sum of the positive charge densities of
holes and ionized donors and the negative charge densities of electrons and ionized
acceptors:

p(x) = e(po(x) + N (x) —no(x) — Ny (x)) .

For the sake of generality, we allowed the doping concentrations to depend on the
coordinate x. In equilibrium, the local concentrations of carriers depend on the
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potential, as established in Sect. 6.1. Because of that, Poisson’s equation is non-
linear:

d2
_d) - _ <p0(x())e—¢(x)/vm + N;r(x) _ no(xO)e¢(X)/Vm _ Na_(x)) ,
dx? €0€

where xq is a reference point, where the potential has the value ¢ (xg) = 0. Its

exact solution in a one-dimensional geometry will be presented in the end of this
chapter. But also approximate solutions can be obtained when the surface potential
is small compared to thermal voltage and when it is large, but not too high. These
approximations are discussed below.

6.3 Approximate Solution of Poisson’s Equation

6.3.1 Problem Formulation

Consider a thick semiconductor slab with a flat boundary in the yz-plane extending
in the positive x-direction. The semiconductor finds itself in thermal equilibrium
at the temperature sufficiently high for complete ionization of all doping impurities.
For definiteness, we assume that the semiconductor is of p-type, as in Fig. 6.2a, with
all acceptors ionized and no donors:

N, ~Ny>»n;, Ng=0.

The behavior of the electrostatic potential is described by Poisson’s equation

d* (x) e
5— = ——— (po(x) — no(x) — Na)
dx €€
with
2 2
Po(x) = Nae OV oy = i = M 00/ Van
po(x)  Ng

The electrostatic potential on the surface has a fixed value ¢g, and very far away
from the surface, it is zero. The value of the surface potential is maintained by an
external voltage applied to a metal electrode. In order to prevent the current from
flowing, that electrode is separated from the semiconductor by a thin insulating
layer, see Fig. 6.2. Note that due to the presence of this insulating layer and due
to the fact that the metal and the semiconductor have different work functions, the
voltage applied to the metal electrode differs from the value ¢g. In this chapter, we
will simply assume ¢g to be given.



6.3 Approximate Solution of Poisson’s Equation 155

(a) metal electrodes (b) metal electrodes

ol

¢ =0 — ¢ <0 + :
o—I|[| = | p-type —“| : +| n-type *||
Ml = T
insulating layer i depletion region insulating layer | | depletion region

x=0 x, x=0 x,

Fig. 6.2 The development of a depletion layer near when (a) a positive bias is applied to the
surface of a p-type semiconductor and (b) a negative bias is applied to the surface of an n-type
semiconductor

We wish to find out how the electrostatic potential ¢ (x) decreases from the initial
value

¢(0) = ¢s
to the value far from the surface
¢(00) =0.
Furthermore, because there is no electric field at infinity, we have a further condition

9

=0.
dx lx=00

6.3.2 Debye Screening

First, let us focus on the situation when the surface potential is small compared to
the thermal voltage. Then, we can approximate

po(x) = Na€7¢(x)/vth ~ N, (1 _ d)(-x))
Vin

2
and neglect the electron concentration ng(x) ~ :,—’ (l + %) relative to the hole

and acceptor concentrations. This allows us to linearize Poisson’s equation with
respect to ¢ (x)/ Vi, as

d*¢(x)  eN, o) = 29

dx?2 eV, AZD

)
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where we introduced the so-called Debye length

€peV,
Ap = | S0€ Ve
eN,

The general solution of the linearized Poisson equation reads
¢(x) = Ae™/*D  Be¥/*p

Due to the boundary condition ¢(co) = 0, we have to set B to zero. Next,
considering the boundary condition at x = 0, we find that the parameter A is, then,
the surface potential ¢, yielding

¢ (x) = pse /0.

We see that the free charge carriers (holes in this case) redistribute themselves in the
material in response to the external potential in such a way that the electric potential
in the material quickly goes to zero. This phenomenon is called screening.

6.3.3 Depletion Approximation

A simple approximate expression for the potential ¢ (x) in the semiconductor can
be obtained if the surface potential ¢s has the same sign as the majority charge
carriers, i.e., ¢s > 0 for a p-type semiconductor (Fig. 6.2a) and ¢s < O for an n-type
semiconductor (Fig. 6.2b). In this case, the majority carriers are pushed away from
the surface. On the other hand, we assume that the magnitude of the surface potential
is not large enough to attract a considerable amount of the minority carriers. As
a result, a region is formed near the surface, where neither the majority nor the
minority carriers compensate the uniform charge of the dopant ions. The charge
density inside this region is close to the charge density of the dopants. It is negative
in a p-semiconductor and positive in an n-semiconductor. This region is called the
depletion region or the space-charge region (SCR).

Within the depletion approximation, the boundary of the SCR is viewed as
sharp. That is, the true (but unknown) distribution of the electric charge density
is approximated by a box distribution:

—eN, forx <ux4,
px) ~

0 forx > x4,

where x4 is the yet unknown width of the depletion region, see Fig. 6.3. With this
approximation for the charge density, Poisson’s equation
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(a) (b)

Po(x) p(x)

/. .. _/

X,y

Fig. 6.3 (a) Schematic illustration of the hole concentration vs. the coordinate x (solid lines)
and the depletion approximation for po(x) (shaded area). (b) Schematic illustration of the charge
density vs. coordinate (solid line) and its depletion approximation (shaded area)

d*¢(x) . ioi: for x < x4
dx? 0 for x > x4

is easy to solve both inside and outside the SCR. It should be borne in mind that the
solutions of Poisson’s equation obtained in the two regions, x < x4 and x > x4,
must coincide at the boundary of the SCR, x = x,.

Integrating Poisson’s equation once with respect to x, we have

dp(x) ioig(x —xq) forx <=xy
dx 0 for x > x4 .

Itis 0 at x > xg4 because the electric field —d¢/dx must vanish at x — oo. The
integration constant in the expression for d¢ /dx for x < x4 is chosen so as to make
sure that the derivative d¢/dx is continuous at x = x4.

One more integration gives

eN,

px) = | 20°
0

(x —xgl)2 forx < x4,

forx > x4.

Note that ¢ (x) is continuous at the SCR boundary x = x;. We now can determine
the width x4 of the depletion region from the surface value of the potential:

This completes the derivation.
Keeping in mind that the electric field induced in the semiconductor is £(x) =
—d¢(x)/dx, we conclude that it decreases linearly from the maximal value



158 6 Carrier Concentration and Electric Potential

#(x) E(x)

£(0)
2

Fig. 6.4 Electric potential and electric field in the semiconductor obtained within the depletion
approximation

eNgxg 2eN,
€0€ n €€

£(0) = ¢s

at x = 0 to zero at x = x4, see Fig. 6.4.

For an n-type semiconductor with ¢5 < 0, a similar analysis gives the same
formulae, but with the acceptor concentration replaced by the donor concentration,
N, — Ny, and the opposite sign of ¢ (x):

—Na(x — x )2 forx < x4 2ep€
px) = 0° — L xa= 15|
0 for x > xg4 eNg

Combining the results for the p- and n-type semiconductors together, we express the
electric potential in the depletion region as

2
2
¢<x>=¢s<1——’“) Cxa= [ s
X4 eNgop

where Ngop = Ny or N, depending on the semiconductor type.

6.3.4 Validity Range of the Depletion Approximation

Let us now determine more precisely the validity range of the depletion approxima-
tion. As stated earlier, for this approximation to be valid, the concentration of both
majority and minority carriers must be much smaller than the doping concentration.
Assuming for definiteness the semiconductor to be p-type, we demand that

po(x) < N, and np(x) < N, for x < xg4 .
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The charge carrier concentrations are related to the electric potential by
Po(x) = po(00)e P/ Vih = N, o=/ Vin

2
no(x) = ng(00)e? @/ Vin — 2 g6/ Vi
N, ’

where we used the general formulas from Sect. 6.1 and the fact that N, > n;, which
allows us to approximate to a good accuracy po(co) = N, and np(co) = nl2 /Ng.
We thus arrive at two conditions:

N2
e¢(x)/vrh > 1 , e¢(x)/vth < _g
i
within the depletion region x < x4.
It is clear that the first condition cannot be fulfilled at all values of x < x4.

Indeed, as the coordinate increases from 0, the potential ¢(x) decreases and
eventually reaches the value of a few V;;, at some coordinate xo:

X0 2
¢(XO)=¢S<1——) =KV,
Xd

where K ~ 2 or 3. The depletion approximation actually becomes poor at

x>xo=xq41— KVen
0= Xd ¢ .

Note that xo < x4. In order for the validity range of this approximation to be broad,
xo must be only slightly smaller than x4, which is only possible if

¢s > Vi .

This is the first validity criterion of the approximation. As usual, the strong
inequality >> means that the surface potential must exceed the thermal voltage by at
least 10 times.

However, the surface potential cannot be too large because otherwise the second
condition,

2
e*¢S/Vth < N_; s
i

will be violated. Thus, the depletion approximation is valid if the surface potential
has the value within the range

N,
Vin K ¢ps < 2VipIn —= .

n;
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It should be much higher than the thermal voltage, but smaller than the so-called
threshold potential

E

Eri — N,
or =2- " "F oy, 1n 24

e n;

by at least a few multiples of the thermal voltage. For an n-type semiconductor with
¢s < 0, a similar condition can be derived.

To summarize, both for n- and p-semiconductors, the depletion approximation is
valid, provided that

Ny
Vin < lgps| < 2Vy In nop ,

1

where the doping concentration Ny, is either Ny or N,, depending on the
semiconductor type. This double inequality can only be fulfilled if the doping level
is sufficiently large. Namely, we must have

N
2V, In —42P

> Vin = Naop > n; .

1

More precisely, Ngop must exceed the intrinsic concentration by at least a few
hundred times.

If the magnitude of the surface potential exceeds the threshold potential ¢, an
inversion layer is formed near the semiconductor surface. In the inversion layer,
the concentration of the minority carriers exceeds the doping level. As a result,
the conductivity of the inversion layer is comparable to or may even exceed the
conductivity of the bulk semiconductor. The depletion approximation cannot be
applied to describe this effect, and one must resort to the exact solution of Poisson’s
equation.

6.4 Band Diagrams and Band Bending

In thermal equilibrium, Fermi level must be constant everywhere in the semicon-
ductor. The non-uniformity of the carrier concentrations ng(x) and po(x) in the
presence of an x-dependent potential ¢ (x) implies that the position of the band
edges Ey and E¢ relative to the Fermi level Er depends on the coordinate x.
Namely, the valence band edge gets closer to the Fermi level in the direction of
the hole concentration increase, and the conduction band edge gets closer to Ef in
the direction of the electron concentration increase. Mathematically,

Ec(x) =Ec —ep(x), Ey(x) =Ey —ep(x),
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Fig. 6.5 Band bending in an (a) (b)
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where E¢c and Ey (without the explicit x-dependence) are the band energies far
from the surface, where the electric potential is zero.

This is conveniently depicted in an energy band diagram, which shows how the
important energy levels change with the spatial coordinate x. Figure 6.5 exemplifies
the energy band diagrams of an n-type semiconductor with the negative and positive
surface potential. If the surface potential is positive, the semiconductor bands bend
down near the surface. If the surface potential is negative, the bands bend up. The
size of band bending is e|¢g|. The direction of band bending has to do with the fact
that the electron energy in the presence of the electric potential is shifted by the
amount —eg (x).

The energy band diagram does not have to be perfectly scale-accurate; however,
it must show the relative arrangement of the important energies in a semiconductor.
For example, if the semiconductor is of n-type, its Fermi level Er far from the
surface must be higher than the intrinsic Fermi level Er; & (Ec + Ey)/2; in other
words, Er must be closer to the conduction band edge than to the valence band
edge. In a p-type semiconductor, Er must be closer to the valence band than to the
conduction band. Note that the position of the intrinsic Fermi level bends together
with that band edges Ec(x), Ey(x). If the intrinsic Fermi level Ef;(x) crosses
the semiconductor Fermi energy Er, this means that the conductivity type of the
semiconductor changes from the p- to the n-type at the point of crossing where
EFi(x) = EF.

6.5 Electric Potential in a Semiconductor from Poisson’s
Equation

6.5.1 Exact Solution of Poisson’s Equation

Because the right-hand side of Poisson’s equation strongly depends on the unknown
electrostatic potential, its analytical solution may seem a formidable task even for
complete ionization. Yet, Poisson’s equation can be solved analytically under the
complete ionization conditions.
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For the sake of brevity of the formulae, we still assume that N, ~ N, > n; and
N4 = 0. But the method developed here applies to arbitrary doping levels with both
donor and acceptor impurities.

It is convenient to cast Poisson’s equation, formulated in the beginning of
Sect. 6.3, into a non-dimensional form. Let us introduce the non-dimensional
potential y(x) and the non-dimensional coordinate ¢ according to

o (x) x
Vin

y(x) =

Here, Lp is Debye length defined in Sect. 6.3.2. It is also expedient to define the
non-dimensional threshold potential from Sect. 6.3.4 as
N, Epi — E . N?
v =20 g Na _pErZEr oy Na
Vth nj kT nlz
With these definitions, Poisson’s equation is conveniently written in the non-
dimensional form:

2
dd);gf) _ <e—y(t) _eYO-yr _ 1)

with the boundary conditions

_ye= P8 Dm0y =
YO =ys =3 ¥(00) = St =00) = 0.

Poisson’s equation is reminiscent of a Newtonian equation of motion for a unit-
mass particle with position y(¢) in a potential V (y):

P’y dV()

drr dy

The potential is obtained by integration:

e _

—eTT 1l = V() =—e Y —e¥ T — .
dy

This mechanical analogy allows us to use the law of energy conservation. Namely,
multiplying both sides of the “equation of motion” with the “velocity” dy/dt, we
obtain

dy d?y dy dV (y) d (1 (dy\?
Dy _ DV o (D) +vy] =o0.
drdi2 ~ di dy a\2\a ) TV
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At any moment of time, the total “energy” of the particle

1 (dy 2 1 (dy 2
E=-(ZX Viv) = = [ Z2) _ ey _ovyr _
2<dt) Vo) 2<dt e e Y

is a constant. The value of the “energy” E can be established from the boundary
condition at t = oo, where y = 0 and dy/dt = 0O:

E=—-1—¢7T.

Substitution of this expression into the definition of “energy,” we conclude that

1 (dy\* , ,
E(d_)t)> e T Ly T

and thus the velocity is given by

fl_)t) = —sign(qbg)\/Z (y +e Y —1+eI7T(e) — 1)) .
The correct sign in front of the square root must be opposite to the sign of the surface
potential ¢g. If ¢s > 0, then the potential should be decreasing to 0 with distance
from the surface, and thus dy/dt < 0. If ¢s < 0, then the potential should be
increasing with distance, and thus dy/dt > 0.

The last equation can be written in the equivalent form

dy
\/2 (y+ey—1+e1(e¥ = 1)

dt = —sign(¢s)

Integrating this from ¢ = 0, where y = yg, to some arbitrary ¢ and the corresponding
y(t) gives

1 y(® dy’
t = —sign(¢s)— .
en(® V2 ys \/y’ eV —14e (e —1)

Finally, let us convert this result from the non-dimensional variables y and ¢ into the
dimensional ones, ¢ and x:

és/ Vin dy

6/ Vi Y+ e —1+e (e —1)

x = 2 sign(s)

This completes the solution of Poisson’s equation. The integral in this solution must
be evaluated numerically. Instead of the x-dependent potential ¢ (x), we have the
coordinate x at which a given value of the electrostatic potential ¢ is realized. That
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is not a problem: all that needs to be done is to plot the independent variable ¢ on
the vertical axis and the dependent variable x(¢) on the horizontal axis.

Even though the solution obtained in this section is mathematically exact, it still
relies on Boltzmann’s approximation for the carrier concentrations. Therefore, it
cannot be applied when the magnitude of the surface potential gets too large. More
precisely, the Fermi energy must differ from the band edge energies Ec(x) = Ec —
ep(x) and Ey(x) = Ey — e¢(x) by at least a few thermal energies both inside of
the material and on the surface. Assuming this to be the case far from the surface,
we must have

Ec—eps—Erp >eVip, Eyv —eps — Ep > eVy, .

If these conditions do not hold true, one cannot use Boltzmann’s approximation for
the charge carrier concentrations.

6.5.2 Numerical Results

The field effect refers to the possibility to control the concentration and the sign
of the charge carriers near the surface of a semiconductor using an electric field.
The field effect is at the heart of metal-oxide—semiconductor field effect transistor
(MOSFET) operation, so let us discuss it in detail.

For definiteness, let us consider a p-type Si semiconductor doped with N, =
10" cm™3 acceptors at room temperature 7 = 300 K. Using the parameters from
Appendix A.3, we find for this doping level the threshold potential and the Debye

length
N, [eoeV,
br =2ViuIn —% = 0603V, ip= | _0129um.
n; eN,

Suppose that we can control the value of the electrostatic potential ¢ s on its surface,
and we wish to investigate how the potential ¢ (x) and the charge density

2
i

o9/ Vi ,
po(x)

p(x) =e(po(x) —no(x) = N;), po(x) =N, , no(x) =

change with the coordinate x. This is achieved by solving Poisson’s equation, as
discussed in Sect. 6.5.1. The behavior of the electrostatic potential (normalized
to the threshold value) and electric charge density p(x) is shown in Fig. 6.6a—
d. The upper plot of each part of this figure is the potential normalized to the
threshold value, ¢ (x)/¢7, vs. the distance measured in the units of Debye length,
x/Ap. The lower plot shows the charge density normalized to the magnitude of the
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charge density of the acceptors, p(x)/(eN,). Depending on the value of the surface
potential, the following kinds of behaviors are observed:

(a)

(b)

©

(d)

At the surface potential ¢ps = 0.01¢7 = 0.006V, electron concentration near

the surface has the value 10(0) = ;—ie‘z’s /Vin 22 1.25 - 10° cm ™3, much smaller
than acceptor concentration. The hole concentration near the surface is very
close to the acceptor concentration, po(0) = Nye ?s/Vir 2~ 7.9 . 10% cm™3.
This allows using the Debye screening approximation from Sect. 6.3.2; in fact,
the curve ¢(x) = ¢se */*P in this case is practically indistinguishable from
the numerical curve from Fig. 6.6a.

Increasing the surface potential to the value ¢s = 0.5¢7 = 0.3V results
in a formation of the space-charge region with the charge density of the
acceptor background, —eN,, and thickness of about x; ~ 0.623 um = 4.8Ap.
Inside the depletion region with constant charge density, the potential decreases
approximately quadratically. At x > x,, the potential exhibits an exponential
tail, where ¢ (x) o e */*.

At the surface potential equal to the threshold value, ¢5 = ¢, the size of the
depletion region slightly increases as compared to plot (b). More importantly,
right at the surface, a very thin layer appears, where the charge density is twice
the charge density in the rest of the depletion region. The reason for this is
clear: at this value of surface potential, electron concentration near the surface
is the same as acceptor concentration, n9(0) = N,. On the other hand, hole
concentration near the surface is equal to the electron concentration in the bulk,
po(0) = Nye ¢1/Vin = nl.z/ N,. Because the concentrations of electrons and
holes near the surface are inverted relative to their bulk values, this thin electron-
enriched layer is called the inversion layer.

At even higher surface potential ¢s5 = 1.2¢7, the potential ¢(x) inside the
inversion layer initially decreases from the initial value ¢g to the threshold
value ¢p7. This part of the plot corresponds to the electron-rich inversion layer,
marked by a very large negative charge density p(x). Near the point x where the
potential reaches the value ¢7, the inversion layer ends and the depletion region
begins. Its width and charge density are the same as at the threshold surface
potential value from panel (c). That is, after the surface potential reaches the
threshold value, the width of the depletion region saturates at the value

2€0€ #
Xqr = ,
dT N, T

as obtained by solving Poisson’s equation using the depletion approximation
and setting ¢s to ¢7. A further increase of ¢g does not affect the depletion
region width, which still remains equal x47.
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Fig. 6.6 The electric potential normalized to the threshold value ¢7 = 0.603 V and the charge
density normalized to the magnitude of the acceptor charge density p, = eN, = 1.602 -
10~* C/cm? in p-type Si doped at N, = 10'> cm=3 for different values of the surface potential:

(@) ¢s = 0.01¢7; (b) ¢s = 0.5¢7: (¢) s = ¢r; (d) ps = 1.2¢7
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6.6 Problems

6.6.1 Solved Problems

Problem 1 The surface of a p-Si sample doped at N, = 10'®cm™3 contains
trapped positive charges. Their surface concentration is 7 = 10! cm™2, i.e., the
surface charge density is en = 1.602 - 1078 C/cm?. The potential far from the
surface is zero. What is the depletion region width x4 and the value of the surface
potential? Is the depletion approximation applicable to answer this question?

Problem 2 Same as in Problem 1, but this time n = 10'2cm™2. Is the inversion
layer formed near the surface of the sample? If yes, what is its surface charge density
and the number of electrons per unit area?

Problem 3 Formulate Poisson’s equation to find the electric potential in an intrinsic
semiconductor with the boundary conditions ¢ (0) = ¢g and ¢ (co) = 0. How does
this equation simplify for |¢pg| < V;;? Find the Debye length of intrinsic silicon at
T =300K.

Problem 4 The value of the surface potential on an n-type Si sample with Ny =
107 ecm=3 is ¢ = —0.5V. At what distance x; from the surface are electron
and hole concentrations equal, po(x;) = no(x;) = n;? Hint: Use the depletion
approximation to answer this question.

6.6.2 Practice Problems

Problem 1 The surface of a p-Si sample doped at N, = 10'®cm™3 contains an

unknown number 7 of positive charges per unit area. At what concentration n of
those charges does an inversion layer start to form on the surface of the sample?
What is the electric field value in the semiconductor right at the surface at this
concentration of surface charges?

Problem 2 The potential on the surface of an n-Si sample with Ny = 5-10'° cm™3
is ¢s = —0.75 V. The temperature is 300 K. At this value of the surface potential,
an inversion layer exists at the surface. Find the voltage drop across the inversion
layer.

Problem 3 Consider an n-type Si sample with N; = 10'® cm=3. At what value of
the surface potential ¢s are the electron and hole concentrations near the surface
equal?
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Problem 4 Formulate and solve Poisson’s equation to find the electric potential
¢(x) in an intrinsic semiconductor with the boundary conditions ¢ (0) = ¢s and

¢ (c0) = 0. You may need the identity fxoo Sind% = —In (tanh(x/2)).

6.6.3 Solutions

Problem 1 The threshold value of the surface potential is

16

Ny
=2V In % =2.0.02585 - In —— = 0.7221 V..
¢r =2V In - 1859109

The maximal surface charge density of the depletion layer can be found by assuming
the surface potential to be at the threshold value:

2€0€
—eNgxqr = eNg or = —\/m

eN,

—+/2.8.854-10~14.11.7- 1.602 - 10-19 . 106 . 0.7221
= —4.896-10"%C/cm? .

Since this number exceeds in magnitude the value of en, we can conclude that the
inversion layer is not formed at the surface, and the depletion approximation is valid.

The surface charge density (i.e., charge per unit area) of the depletion region
is given by the product of the volume charge density and the depletion region
width, —eN,x4. It should perfectly compensate the surface charge density due to
the trapped charges. We thus have

eNgxg=en = xq=n/N,=10"/10" =107 cm=0.1pm.

The depletion region is maintained by the surface potential found from the formula

_ [ 2e0€ C
xa =\ 24 s, giving

Ngx2  1.602-10719.10%. 10710
bg = atd —0.0773V .
2epe 2.8.854-10~14.11.7

Problem 2 As established in the solution to the previous problem, the magnitude
of the maximal surface charge density in the depletion region is eN,xy7 = 4.896 -
10~8 C/cm?. This is below the surface charge density of the trapped charges, en =
1.602 - 10~7 C/cm?. Therefore, the depletion region alone cannot ensure the charge
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neutrality. The number —eN,x47 found above is the surface charge density of the
depletion region.

Let n; be the concentration of electrons per unit area in the inversion layer.
The surface charge density of the inversion layer, —e;, is found from the charge
neutrality

en —eNgxgr —en; =0 = —en; =eNyxqyr —en;

—en; =4.896-107% - 1.602- 1077 = —1.112- 1077 C/em ™3 .
The corresponding surface concentration of electrons is

1.112- 1077
= ————=694-10""cm™? .
T = 1602 10-19 om

Problem 3 In an intrinsic semiconductor, the charge density is
p(x) = e(po(x) + no(x)) ,
where the carrier concentrations in the presence of the potential ¢ (x) are given by
po(x) = nj e ?OVin - pg(x) = nj e Vi
Hence,
p(x) = enj(e" Vi — @0/ Viry = _2en; sinh(¢ (x)/ Vin) .
Poisson’s equation reads

d> 2en; .
% = :()_Z sinh(¢ (x)/ Vip) .

At small values of its argument |x| < 1, the hyperbolic sine can be approximated
as sinh(x) ~ x; hence, for small potential |¢(x)| < V;j, we can write

d*p(x) _ 2en; _ o)
dx2 T epeViy Px) = g’

where the Debye length

€peV;
Ap = | tth
2en;

At T = 300K in Si, n; = 8.59 - 10° cm—3, so
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=3.12-10cm=31.2pum.

8.854 - 10— 14.11.7 - 0.02585
AD =
2-1.602-10-19.8.59 . 10°

Problem 4 The value of the electric potential at this point is defined by the
condition

2
Nge? & Vin — L o=@/ Vin - — ¢ (x;) = VipIn — .
Ny Ny

On the other hand, the potential depends on the coordinate x as

2
P(x) = s (1 — x/xa)? . xg= ‘/%I%I .

At the point x = x;, we must have

¢5(1 xi>2—Vhln Mo e (11— [V
MY vy, m i _ _ Y mi )
X4 Ny l ¢s  Ng

Numerically,

=8.04-10%cm = 80.4nm ,

_ [2-8.854-10714.11.7-05
= 1.602 - 10-19 . 1017

0.02585
0.5

x; =804 - (1 - -In 107) =7.0lnm.



Chapter 7 ®
Generation—Recombination Processes Check for

7.1 Recombination Mechanisms

The electron and hole concentrations ny and po do not change in time in the state
of thermal equilibrium. Nevertheless, even in equilibrium, electrons constantly get
promoted from the valence band into the conduction band and return into the valence
band. Excitation of the electrons from the valence band into the conduction band
results in the generation of electron—hole pairs; recombination is an elementary
process, in which a conduction electron re-enters the valence band where to occupy
an empty state that we call a hole. The state of thermal equilibrium is by no
means static. It is a dynamic state, in which generation and recombination processes
perfectly balance each other.

Domination of one of these two processes would mean an increase or a decrease
of the electron and hole concentrations. Generation dominates over recombination
if the initial concentrations of the charge carriers was below the equilibrium values
ng and po. In the opposite case, recombination proceeds at a higher rate until
equilibrium is established.

During an electron-hole recombination event, energy and momentum must be
conserved. Note that the vast majority of conduction electrons occupy the states at
the bottom of the conduction bands, whereas the majority of holes “live” near the
top of the valence band. This means that the energy released in a recombination
event is slightly greater than the band gap energy E, by an amount of the order of
the thermal energy kT, see Sect. 5.3.

The momentum released in a recombination event depends on the band structure
of the semiconductor. In the direct-band gap semiconductors, the momentum at the
bottom of the conduction band is the same as at the top of the valence band, so that
the electron and hole have very close momentum values before the recombination.
This means that very little momentum is released after they recombine. In the
indirect-band gap semiconductors, where the band edges happen to be at different
momenta, the momentum released has an appreciable value.
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Both the energy E, and the momentum released in a recombination event must
be carried away by a third particle. This third particle can be a photon, a phonon,
another electron, or a hole. It should be borne in mind that the momentum of a
massless photon of energy hf = Eg, namely, ppp, = h/A = hf/c = E4/c, is much
smaller than momentum of a massive particle of the same kinetic energy, ppqrr =
V2mE,. Indeed, the ratio of the photon-to-particle momentum is ppn/ppare =

\/ E¢/(2mc?). For the lightest massive particle, an electron, the so-called rest energy

is moc? &~ 511keV, whereas the typical band gap in a semiconductor E ¢ ~ leV.
Hence, the momentum ratio is about ppper/pe ~ 1073.

An important conclusion can be drawn from this estimate. If the momentum
released in a recombination event is small, then photons are much more likely to
participate in the recombination. If the initial state of an electron in the conduction
band and its final state in the valence band differ significantly not only in energy,
but also in momentum, then the probability of a photon emission is much lower.

Recombination in semiconductors can proceed according to the four main
mechanisms:

Radiative recombination , in which an electron recombines with a hole with an
emission of a photon. This mechanism is the dominant one in the direct-band gap
semiconductors (see Fig.7.1a), such as GaAs, the extra energy is carried away by a
photon. In the indirect-band gap semiconductors, such as Si, radiative recombination
is also possible, but much less likely than in the direct-band gap semiconductors.
The reason is that it must be accompanied by a release of a phonon which would
carry away the momentum difference between the initial electron state at the bottom
of the conduction band and the final state at the top of the valence band (see
Fig.7.1b). The more particles are involved in a process, the less probable it is; hence,
radiative recombination in the indirect-band gap semiconductors plays a minor role
as compared to other mechanisms that follow.

Auger recombination is an example of a non-radiative mechanism, in which
the energy and momentum released in a recombination event are catried away by
another electron from the conduction band or by another hole from the valence
band, see Fig.7.2a and b, respectively. The charge carrier that absorbs the energy
and momentum initially has high energy. It gives up very quickly its excess energy
to the lattice.

(b)

(a)
22 C.B.
\/ photon |‘Jllunun
|MAM photon

Fig. 7.1 Radiative recombination in the (a) direct-band gap and (b) indirect-band gap semicon-
ductors. The filled circles represent electrons in the conduction band; the empty circles represent
holes in the valence band
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(a) (b)

C.B.
phonons

\-/(‘.n_
A LY
~ Ay
\\A 3
: : ; R
/\\.ii. /-\\.n. /\\\.n_ VB. /\%
Y \.

Fig. 7.2 Two types of an Auger process, in which either (a) an electron or (b) a hole absorbs the
energy and momentum released in a recombination event. This particle then quickly dissipates the
extra energy ~ E, by giving it away to the lattice
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phonons

Trap-assisted Shockley-Read-Hall (SRH) recombination is a non-radiative
recombination event assisted by the so-called deep impurities, or traps. The donors
and acceptors are shallow impurities in the sense that their energies, E4 4, are close
to the band edges. In contrast, the traps are deep impurities whose energy E; is close
to the middle of the band gap. Usually, they are metal atoms of various types, such
as Fe, Cu, Ni, Cr, Au, Pt, etc. The deep impurities can capture conduction electrons,
which then can go into the valence band, i.e., recombine with holes. The energy E,
is released in two smaller portions, first due to electron capture by a trap (energy
released = Ec — E;), and then due to the recombination of the trapped electron with
a hole (energy released = E; — Ey). During a SRH recombination event, it is the
trap atom that first absorbs the excess energy and momentum, and then dissipates it
into the crystal in the form of phonons.

Surface recombination proceeds according to the SRH mechanism just
described, but with the traps located on the surface of the semiconductor. Not
all atoms on the surface have their valence electrons paired up with those of the
neighbor atoms. Therefore, many surface atoms have unsaturated dangling bonds
that can capture conduction electrons. In addition, surfaces may have a large number
of defects and impurity atoms that can serve as traps as well.

Radiative and Auger recombination processes cannot be controlled externally by
increasing the degree of purity of the material. They are sometimes called intrinsic
recombination mechanisms. In contrast, SRH and surface recombination rates can
be reduced by increasing the purity of the material, by surface passivation, and by
heavy doping of the semiconductor near the surface. They are referred to as extrinsic
recombination mechanisms.

7.2 Charge Carrier Dynamics

7.2.1 Generation and Recombination Rates

Under the non-equilibrium conditions, the carrier concentrations, n and p, differ
from their equilibrium values, ng and pg. The deviations of the respective con-
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centrations from the equilibrium values are termed the excess electron and hole
concentrations:

An =n—ngy, Ap=p— po.
Normally, a semiconductor is electrically neutral, implying that
An = Ap.

Apart from thermal activation of electrons from the valence to the conduction
band, excess charge carriers can be produced by an external agent, e.g., by illumi-
nating the semiconductor with light. After an external generation process is switched
off, the excess concentration An will decay to zero. In this section, we would
like to describe the process of generation and equilibration of the excess carriers
mathematically. For the sake of simplicity, we will assume the semiconductor to be
uniform, i.e., the excess concentration An to be position-independent.

Let us denote the generation rate of electrons and holes as G. It is the number of
electrons and holes generated in a unit volume per unit time; hence, it is measured
in

[G] = em 37

Because electrons and holes are produced in pairs, their generation rates are the
same, and we do not need to introduce separate generation rates for electrons and
holes.

The total generation rate or electron—hole pairs, G;,s, consists of two contri-
butions: the thermal generation, G;j,, which is acting in thermal equilibrium, and
excess non-thermal generation, G, which is due to an external perturbation, such as
light:

Giot = G + G.

The thermal generation at the rate G, originates from the energy exchange between
the valence band electrons with the lattice vibrations and electromagnetic waves that
exist within the semiconductor. It cannot be switched on or off. In contrast, the non-
thermal generation is usually induced and can be controlled by an experimentalist.

In principle, the generation rate may depend on the excess concentration An, but
only if An becomes very large, e.g., comparable to the effective densities of states
in the valence and conduction band. Indeed, at the excess concentration this high,
most of the Bloch states near the top of the valence band are empty, and most states
near the bottom of the conduction band are occupied by electrons. Both of these
factors make further generation of excess electron—hole pairs more difficult.
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Here, we will focus on the usual case when An <« N¢, Ny. Then, the generation
rate Gy, is independent of the excess carrier concentration An.

We also introduce the recombination rate R as the number of recombination
events that happen in a unit volume per unit time, i.e., it is measured in

[R] =cm3s~!,

just like the generation rate. In contrast to the generation rate, the recombination rate
R does depend on the excess concentration An. The more carriers are present, the
more recombination events should take place in a unit volume per unit time. Hence,
the recombination rate R(An) increases with the excess concentration.

Assuming a uniform distribution of excess carriers in the semiconductor, the
rate of change of the excess carrier concentration is given by the difference of the
generation and the recombination rates:

dAn
dt

= Gtor — R(An) = G + G, — R(An).

In thermal equilibrium, charge carriers are generated only due to the thermal
excitation. Furthermore, there are no excess carriers. Hence, thermal equilibrium is
defined by the conditions G = 0 and An = 0. Furthermore, in thermal equilibrium,
the concentration of carriers does not change in time. Hence, the time derivative

dAn

dt | G=0,an=0

= Gy — R(0) = 0.

The thermal generation rate is exactly equal the recombination rate at zero excess
concentration:

G = R(0).

In the out-of-equilibrium case, it is convenient to combine the thermal generation
rate and the recombination rate into a single parameter, called the net recombination
rate:

U(An) = R(An) — Gy, = R(An) — R(0).

The net recombination rate is positive if the recombination processes dominate over
thermal generation at An > 0. It is negative if An < 0, in which case thermal
generation dominates. In thermal equilibrium, An = 0 and U (0) = 0.

The recombination rate is actually a sum of several contributions due to
different recombination mechanisms operative in the volume of a semiconductor.
As discussed above, these are the radiative recombination (subscript r), the Auger
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recombination (subscript A), and the Shockley-Read-Hall recombination mecha-
nism (subscript SR H). The net recombination rate for each of these recombination
channels is given by the difference

U,(An) = R.(An) — R (0), Ua(An) = Rs(An) — Ra(0),
Usru(An) = Rgrp (An) — Rsru (0).

7.2.2 Recombination Time Approximation

Consider a situation when some non-thermal generation mechanism was present
initially, but was switched off at #+ = 0. Let us find out how the non-equilibrium
excess concentration An(t) decays to zero at t > 0. Since at t > 0 we have G = 0,
the equation that governs the equilibration of charge carriers is

dAn
dt

= Gy, — R(An) = —U(An).

Let us assume that the excess concentration is so small that we can linearize the net
recombination rate near the point U (0) = 0 as

An
U(An) =U'(0)An+ ... % — for An < no+ po
T

and neglect the higher-order terms. Of course, when we say that An is small, we
should also answer the question: small compared to what? As will be shown below
in this chapter, the excess concentration should be much smaller than the majority
carrier concentration.

An=0>

The parameter
is called the recombination time, or the lifetime of the charge carriers. Within the
relaxation time approximation, the excess carrier concentration is an exponentially
decaying function of time: Within this approximation, we can write

= dAn

1 dU(An)
T = o =

dA A
T2 o An@) = An@©)e T,
dt T

Typically, several recombination channels act simultaneously in the material: the
radiative, SRH, and Auger recombination. Then, the net recombination rate is the
sum of the contributions from all recombination channels,
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U(An) = Uy (An) + Ua(An) + Usru(An),

all of which depend on An. Taking the derivatives of all three recombination rates
at An = 0, we obtain the expression for the total recombination time

1 1 1 1

9
T T TA TSRH

where 7,, T4, and Tggy are the recombination times due to each individual channel.
The net lifetime t is smaller than the smallest recombination time present.

If an external non-thermal generation mechanism is acting, e.g., due to the
illumination of the material with light, then G > 0, and the equation for the excess
concentration assumes the form

dAn An
=—-——+0G,
dt T

provided that Ar is not too big to invalidate the recombination time approximation
for U(An). Starting from some initial value An(0), the excess concentration will
then evolve according to

An(t) = An(0)e ™" + Gt (1 — 77,
until it reaches a steady state with

dAn

=0, An=Gr,
dt

after which it will not change. The electron and hole concentrations in the steady
state are given by

n=no+Gt, p=po+Gr.

7.3 Radiative Recombination

A single radiative recombination event involves an electron and a hole and does
not require a third particle to take place. Therefore, the number of radiative
recombination events that happen in a unit volume per unit time is proportional
to the electron and hole concentrations:

R, = Bnp.

The proportionality constant B is called the radiative recombination coefficient. It
is measured in
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[B] = cm3/s.

In Si (an indirect-band gap semiconductor), it has the value of Bs; =~ 4.7 -
10715 cm3/s at 300 K, whereas in GaAs (a direct-band gap semiconductor), it is
five orders of magnitude higher, Bgaas =~ 7 - 10710 cmd/s.

By writing n = no + An and p = po + An, we can express the radiative
recombination rate in terms of the excess carrier concentration An:

Ry (An) = B(ng + An)(po + An) = Bnopo + B(ng + po)An + BAn>.
The net radiative recombination rate is
U,(An) = R.(An) — R, (0) = B(ng + po)An + BAn>.

By taking its derivative with respect to An at An = 0, we find the radiative
recombination time

1 1
T UL0) ~ B(no+ po)

Tr

Observing that the net recombination rate can be written as U,(An) = % +

BAn?, we conclude that the radiative recombination time description is a good
approximation provided that the first term is much bigger than the second term,
ie.,

An <K ng + po.

In the opposite limit, An > ng + po, the net radiative recombination rate increases
as the second power of An: U, = BAn?.

7.4 Auger Recombination

When an electron and a hole recombine, the energy and momentum released can
be transferred to either another electron or to another hole. Hence, Auger recom-
bination involves three particles and may proceed via two channels, depending on
whether it is an electron or a hole that carries away the energy. Let us denote the
electron-assisted Auger recombination rate as R4, and the hole-assisted rate as
R4 1. The Auger recombination rate is

Ra=Rape+ Ran.
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The rate of an Auger process involving two electrons and a hole is proportional to
the hole concentration and to the square of electron concentration:

Rpe= anzp.

Similarly,
_ 2
Rap = Cpnp©.

The proportionality constants C, and Cj are called the Auger recombination
coefficients. They are measured in

[C.]l = [Chl = cm®/s

0730

and their typical value is of the order of 1 cm®/s in a number of semiconductors,

including Si and GaAs.
As before, we write n = ng + An and p = po + An to express the Auger
recombination rate in terms of the excess carrier concentration An:

Ra.(An) = Co(no + An)*(po + An)
= Cen(z)po + Ce(n% + 2ngpo) An + CepoAn2 + CeAn3,
R n(An) = Chpgno + Ch(pg + 2ngpo)An + ChnoAn® + C,AR>.

The net recombination rates Uj(An) are obtained by subtracting the values
R .(0) = Cen(z)po and R ,(0) = Cp, p(z)no from the respective expressions:

Ua(An) = Uy (An) + Ug p(An),
Ua.o(An) = Co(n + 2nopo) An + CepoAn® + CoAn?,

Uan(An) = Ch(pg + 2n0po) An + CrnoAn® + CpAn®.

Taking the derivative of the sum of these two expressions at An = 0, we find the
Auger recombination time to be

1 1
"M== 2 +2n 2 = -2 2 2
e(ng opo) + Cn(py + 2n0po) Ceny + Chpg + 2(Ce + Cpn;

If the material is of n-type, the electron-mediated Auger recombination process
dominates, and if it is of p-type, the hole-assisted Auger mechanism is more
efficient. Correspondingly,
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if no > n; > po,

C,_.,n(zJ
1
Chp}

TA ~

if po > n; > nyp.

The recombination time approximation is valid under the condition that the linear
term in the expression for U4 (An) is much higher than the quadratic and cubic
terms, i.e.,

Ce(ng + 2n0po) + Ch(pj + 2n0po) > (Cepo + Chno) An + (C, + Cp) An’.
The right-hand side of this strong inequality monotonically increases with An.

Hence, this inequality is fulfilled for An much smaller than the value at which the
two sides of the inequality become equal. We thus arrive at the condition

An < (Cepo + Cpnp)? Cené + Chp(z) + 2ngpo(Ce + Cp) _ Cepo+ Cing
4(C, + Cp)? C.+Cy 2(C, +Cp)

In an n-type semiconductor, we can neglect all terms in the right-hand side that
contain pg and obtain

Cn Ce(Ce + Cp)
An < ng— [ |14 q=elCeTEW
OC(+Ch</ &

M 2n0 if Co> G

260 if Cp > Ce s
1)
no if C, ~ Cy,.

For a p-type semiconductor, the condition is similar, but with nq replaced by pg
and the coefficients C, and Cj, interchanged:

~ 1 2pg if Cp > Ce
po if Co~ Cy.

C:

28 py if Ce> Ci;
An <<p0L 1+4M_1 « 3
Ce+Cy

For an intrinsic semiconductor, the recombination time approximation is justified
for An < n;, irrespective of the relation between the Auger coefficients C, and Cj,.

7.5 Shockley-Read-Hall (SRH) Recombination

7.5.1 Electron and Hole Capture and Emission by the Traps

Suppose the material contains deep impurity atoms, or traps, with the energy E;
and concentration N,. Let us denote the concentration of those traps that are filled
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Fig. 7.3 An illustration of E. Q Q
electron capture, electron ! oc : ee
emission, hole capture, and E, _é o o o—
hole emission by a trap T o N Lo
Ey ¥ |
[e] O

with an electron as N/. We focus on the case when the trap concentration is too
small to affect the charge neutrality. We furthermore assume that a trap atom can
accommodate not more than just one electron.

The four possible exchange processes may happen between a trap and the valence
and conduction bands. They are schematically shown in Fig. 7.3, in which the filled
circles represent electrons and empty circles represent holes:

Electron capture (ec) is a transition of an electron from the conduction band to
the trap level. The rate of this process is proportional to the concentration of empty
traps, N; — N/, and to the non-equilibrium electron concentration n. Denoting the
proportionality constant as c,, the rate of electron capture is

Rec = Coe(N; — Nt/)n
Electron emission (ee) is a back-transition of an electron from a trap into the
conduction band. The rate of this process is proportional to the concentration of
filled traps, N/, with the proportionality constant c:
Ree = ceeN t/ .
Hole capture (hc) is a transition of an electron from a trap into the valence
band. The rate of hole capture is proportional to the concentration of holes and
the concentration of traps filled with an electron:

Rpe = Cthz/p'

Hole emission (he) is a transition of an electron from the valence band to a trap.
Its rate is proportional to the concentration of empty traps:

Rpe = cpe(Ny — N,/)

The emission processes can be interpreted as generation and the capture pro-
cesses as recombination of charge carriers.
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7.5.2 The Principle of Detailed Balance

The rate constants of the four processes, Cec, Cees Che, and cpe, are not independent.
Rather, they are related to each other by the principle of detailed balance. The idea
behind this principle is that in thermal equilibrium, the rate of each elementary
process is equal to the rate of the reverse process. That is, electron capture rate
exactly equals electron emission rate, and hole capture and emission processes
proceed at the same rate as well.

In thermal equilibrium (subscript 0), the probability for a trap to be occupied by
an electron is given by the Fermi-Dirac distribution:

1

/
fir= 1+ eE—Ep)/kT” Ny = Ni fi.

Strictly speaking, the exponential factor should be multiplied by the trap
degeneracy factor g; = 2 due to the two possible spin orientations of the captured
electron. We absorb this factor into the definition of the trap energy, which we write
as

E;=E,+kTIng,

where E;g is the true energy of the trap.
Because in equilibrium the rates of direct and reverse processes are the same,

Reco = Reeo
with n = ng, p = po, we have:
CecNi (1 — f)nog = cee Nt fr-

Dividing both sides by f; V;, we can express the electron emission rate constant as

(Ei—Ep)/KT . (Ep—Er) /KT (Ei—Epi)/KT
; :

—1
Cee = cec(f[ — Dny = cece = Cechlj€

In the same manner, from the condition R;.o = Rp.0 we find

Che = Chcnie(EFi_Et)/kT.

Hence, instead of four rate constants, we need only two capture constants: ¢, =
Cec and ¢, = cpe, where we dropped the subscript ¢ as superfluous. The out-of-
equilibrium capture and emission rates for electrons and holes are:

Rec = ce(Ny — N[/)nv

E;—EFr;)/kT py/
Ree — anie( t Fz)/ Nt’
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Rue = cnN;p,
Rpe = cpnieFri=EKT (N, — N)).
The electron and hole capture coefficients have the dimension
[ce.n] = cm3/s.

They must be proportional to the thermal velocity of the charge carriers, see
Sect. 5.4.3,

3kT

Ve,h|th = | —% >
me,h

as the faster the charge carriers move, the more often they collide with the traps.
Hence,

Ce,h = O¢ hVe h|th-

The proportionality constants o, j are called the capture cross section of electrons
and holes. The capture cross sections depend on the probability that a collision
between a respective charge carrier and a trap will result in the carrier capture. The
capture cross section has the dimension of area and its typical value ranges from
107 to 1074 cm?.

7.5.3 The Net SRH Recombination Rate

The concentration of filled traps, N7, is related to the non-equilibrium electron and
hole concentrations, n and p. To establish this relation, we note that, due to electric
neutrality, the net electron SRH recombination rate,

Ue == Rec - Ree»
must be the same as the net hole recombination rate,

Uy = Rpe — Rpe.

Using the expressions for the rates Rec, Ree, Rpc, and Ry, from the previous section,
we have

Ce [(N, — N))n — nie(E’_E”)/kTN,’] =y [Nt’ — nje EFi=ED/KT (£ Nt')] .
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Solving this equation for N,’, we find:

—E)/kT

N =N cen + cpnje Eri
T o + nieE—ErD/KTY o) (p + npeEri—EN/KT)

Finally, substitution of this result into the net recombination rate, we find after some
simple algebra:

cecn(np —n?)
Ce(n + nie(Et_EFi)/kT) + ch (p + nie(EFi_Et)/kT) ’

Usgp = U, = Uy = N;

This formula can be written in a more compact form by introducing the
characteristic concentrations

(Et—EFi)/kT’ (EFi—E)/kT

ny = n;e pP1 =nje

It is convenient to divide the numerator and the denominator by the product N;c.cp,
and to introduce the electron and hole capture times

1 1 1 1
= = R ‘L'h = = s
N:c, NiOevthe Nicp Niopvepp

Te

where we used the expressions for the capture coefficients in terms of the capture
cross sections. It is seen that the recombination times decrease with temperature as
1/+/T. The net SRH recombination rate is

(n+n) +t(p+p1)

Usru =

Recalling that n = ng + An and p = pg + An, as well as keeping in mind the mass
action law, nopg = nl.z, the SRH recombination rate is written in an equivalent form

An(nog + po + An)
T (no +n1) + t(po + p1) + (te + ) An’

Usga =

7.5.4 SRH Recombination Time

At small excess concentrations,
An < no + po

the excess recombination rate is proportional to An:
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An

9
TSRH

Usgrn ~

and the SRH recombination time is given by

T, (no + n1) + . (po + p1)
no + po '

TSRH =

Consider what happens if one type of charge carriers, say, electrons, dominates.
Note that the parameters n| and p; are of the similar order of magnitude as the
intrinsic concentration, because E; is close to the middle of the band gap. Then, we
can neglect the small concentrations, which are defined by the inequality

no 3> ny~ pi~n; > po = ni/no.

This gives the SRH recombination time tsgy & 1. More generally,

T, ifng > n; > po

TSRH ~ . .
. if po > n; > ng
The SRH recombination time tends to the value of the capture time of the minority
carriers: holes in an n-semiconductor and electrons in an p-semiconductor. This
may seem a bit counter-intuitive, but is relatively easy to understand as follows.
Suppose, the semiconductor is of n-type, and so most traps are occupied by
electrons. A trapped electron is likely to return back to the conduction band in an
n-type semiconductor, because its valence band does not have many holes. Since
recombination means transition of an electron from a trap to the valence band (or,
equivalently, hole capture by an occupied trap), recombination time is determined
by the hole capture process. A similar argument applies if a semiconductor is of
p-type.

Another important observation is that at the excess concentration higher than all
other concentrations found in the general formula for Uggpy, we have

An
Usry ® ——— for An > no, po, ni, n1, p1.
Te+ Tn

This has the familiar form of the excess concentration to the recombination time
ratio. We see that, in contrast to the radiative and Auger mechanisms, the recombi-
nation time approximation recovers its validity in the case of SRH recombination
also at large excess concentrations, but with a different recombination time tsgg =
T, + 15. Its value is of the same order of magnitude as tsgy in the small-An
limit. It is for this reason that the SRH recombination is often described within
the relaxation time approximation, viz. Usgg & An/tsgy, both at low and high
excess concentrations, with a constant tggy independent of An.
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7.6 Surface Recombination

So far, we assumed an infinite semiconductor, whereas a real-life semiconductor
device has a surface. As a result of an abrupt termination of the material, new
electron states appear on the surface, called the surface states. They have energies
within the band gap. Hence, they act as the centers where recombination can proceed
according to the SRH mechanism. In addition, a semiconductor surface usually
contains defects and impurities, which likewise act as recombination centers.
Surface recombination proceeds via the SRH mechanism. Let us assume for
simplicity that surface traps are uniformly distributed in a thin surface layer of
thickness 6x with the concentration N;, which differs from the trap concentration
far from the surface. The number of recombination events that happen inside this

layer per unit time is
dAN
— =UAéx,
dt surf

where A is the surface area, AN is the total number of the excess charge carriers
inside the surface layer, and the net recombination rate U is given by the SRH
expression. Hence,

dAN cecp(np — nl.z)
—_— = V¢ Adx
dt )y ce(n +ny) +cn(p + p1)
with
ny = n;eEr—Erd/kT L= n;e Eri—ED/KT

as before. Denoting the surface concentration of traps as
-2
n = Ny dx, [n]=cm™,
and keeping in mind that

np —n} = (no + An)(po + An) — nopo = (no + po + An)An,

we write the rate of change of the excess carrier concentration as

dAN
—_— = AS,
dt surf

where we introduced the so-called surface recombination velocity
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_ cech(nog + po + An)
“ce(no +m) + cn(po+ p1) + (ce + c)An’

It is the same for both electrons and holes. In the limits of small and large excess
concentrations An, surface recombination velocity is

cech(no + po) CeCh

S(An — 0)=n , S(An — 00) = n——.
"ce(no +n1) + ch(po + p1) ntCe"‘Ch

The two limit values are of the same order of magnitude, allowing us to conclude
that the surface recombination velocity depends relatively weakly on the excess
concentration An near the surface. It is often an acceptable approximation in
modeling various semiconductor devices to take the surface recombination velocity
as a constant independent of the excess concentration.

An implicit assumption made in this discussion is that the surface traps are
characterized by a single energy level. In reality, this is not the case: surface trap
energies are distributed close to the middle of the band gap. Because it is difficult
to control the physico-chemical process on the surface, the surface recombination
velocity has to be measured experimentally rather than calculated theoretically.

Surface recombination is an undesirable effect in the technological applications.
Reduction of the surface recombination rate is achieved by surface passivation, i.e.,
deposition of a thin passive layer on the semiconductor surface. For example, Si
surface is usually passivated by SizN4 or SiO;. Surface passivation is an important
step in semiconductor technology, especially in the design of solar cells.

Surface passivation cannot be performed underneath the metal contacts, because
a non-conducting passivating layer would prevent the current to be collected from
the semiconductor device. In that case, an alternative method of reducing the
surface recombination can be used. The idea is that recombination requires both
electrons and holes; hence, prevention of one type of charge carriers from coming
to the surface would drastically decrease the surface recombination rate. Doping
the surface region with the same type of impurities as the bulk, but at a much larger
concentration, achieves just that: it prevents the minority carriers from coming close
to the surface and to recombine with the majority carriers.

7.7 Quasi-Fermi Energies

Suppose that the non-equilibrium conditions are created in a semiconductor by an
external perturbation, such as illumination of the material by light. The material then
strives to restore equilibrium by two main mechanisms: (1) scattering of electrons
and holes by the lattice vibrations, defects, and each other, and (2) the generation-
recombination processes.

Each of these mechanisms is characterized by its own characteristic rate. It turns
out that, usually, equilibration within the electron and hole subsystems proceeds
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much faster than equilibration between them. This is so, because the recombination
time is typically much longer than the scattering time. As a result, electron and
hole subsystems are close to equilibrium within themselves, but they are far from
equilibrium with each other.

This means that the occupation probabilities of the momentum states for elec-
trons and holes are given by the equilibrium Fermi-Dirac distributions. However,
because the concentration of particles is intimately related to their Fermi energy,
we conclude that electron and hole subsystems must be characterized by different
Fermi energies, denoted as Ef, and Epj. That is, electron and hole occupation
probabilities of some momentum state p are given by

. ! 5 !
Je(E(p)) = | + e ED)—Er)/kT f(E(p)) = 1 + eErn—E@)/kT”

where the energy E(p) belongs to the conduction band in the electron case, and
in the case of holes, it belongs to the valence band. To emphasize the fact that the
system is not in equilibrium, the individual electron and hole Fermi energies are
called quasi-Fermi energies, or imrefs.!

The electron and hole quasi-Fermi energies are related to their non-equilibrium
concentrations by the general formulae from Sect. 5.1, but with ng and pg replaced
with n and p:

Ey

n=/ dE gc(E) fe(E), P=/ dE gy(E) fn(E).

EC —00
If Boltzmann approximation is valid, then these expressions simplify to

—(Ec—EFe)/ kT (EFe*EFi)/kT’

n= Nce =n;e

(Ev—EFp)/kT (EFi_EFh)/kT’

p:NVe =n;e

where EF; is the intrinsic Fermi energy. The mass action law generalizes to

np = nl_ze(EFe_EFh)/kT_
After switching off the external perturbation, a semiconductor material will tend
towards the equilibrium state, where electron and hole imrefs are equal to each
other. In that state, the earlier obtained equilibrium version of the mass action law,
nopo = ”12 is restored.

1 Singular: imref. This word is derived from the name Fermi spelled backwards, and is sometimes
interpreted as “imaginary reference.”
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7.8 Problems

7.8.1 Solved Problems

Problem 1 Consider a pure semiconductor with no traps, so that the Shockley-
Read-Hall recombination mechanism is inoperative in this material. The excess
carrier concentration has the initial value An(0) sufficiently low for the Auger
recombination to be negligible relative to the radiative recombination. The excess
concentration An(t) is allowed to decay to zero at ¢+ > 0 as the material comes to
equilibrium. Assume the radiative recombination coefficient B and the equilibrium
concentrations ng and pg to be known. Derive the time-dependent excess concen-
tration An(t) by properly taking into account the radiative recombination. Plot the
ratio An(t)/An(0) vs. the ratio ¢/1,, where 7, is the radiative recombination time,
for several values of An(0)/(ng + po) = 0.1, 0.5, 1, 10, and compare your curves
with the exponentially decaying function ¢!/ obtained within the relaxation time
approximation.

Problem 2 Shockley-Read-Hall lifetime in a semiconductor is Tsgy = 1 ms. Its
radiative recombination coefficient is B = 10712 cm?/s, and Auger recombination
coefficients C, = C;, = 1072 cm®/s. It is doped with 10'5 cm™3 donors, and
its intrinsic concentration is 10 cm™3. The semiconductor is illuminated by light,
which generates excess charge carriers at the rate G = 10> cm™3s~!. Find the
excess carrier concentration in the steady state and 1ms after illumination was
turned off. Find the difference between the electron and hole quasi-Fermi energies
in the presence of illumination.

Problem 3 How does the difference between the electron and hole quasi-Fermi
energies depend on time as the semiconductor returns to equilibrium from some
non-equilibrium initial excess concentration An(0)? To answer this question,
assume the recombination time approximation to be valid and the recombination
time v to be known. Derive an expression for the time-dependent difference
AEp(t) = Ep.(t) — EFp(t) vs. t for

(a) an intrinsic semiconductor;
(b) an n-type semiconductor with ng > n; > po.

Plot the ratio AEr(t)/AEF(0) vs. t/t for several values of An(0)/n; in part (a)
and for several values of An(0)/po in part (b).

Problem 4 Assuming that the electron and hole capture times, t, and 7, are
known, at what trap energy E; will the SHR recombination rate maximal?

Problem 5 The excess charge carriers are uniformly distributed in a thin flat
semiconductor slab with the concentration An(t) = An(0)e!/T// that decays to
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zero with the recombination time 7.7. The recombination time depends on the
thickness W of the slab. At W = 1 pm, it is measured to be 0.2 s, whereas at
W = 10 wm, it is 0.5 pus. The effective recombination time depends on the sample
thickness due to the surface recombination. Based on this information, express the
effective recombination time 7.7 in terms of the bulk recombination time t and the
surface recombination velocity S. Find t and S from the data provided.

7.8.2 Practice Problems

Problem 1 It is possible to use the recombination time approach not only at low
but also at high excess carrier concentration An by formulating its dynamics as

dAn An

dt  t(An)

with the recombination time 7 (An) that depends on An. Write down the expressions
for 7 (An) for the cases of radiative and Auger recombination channels.

Problem 2 At 7 = 300K, the radiative recombination coefficient in Si is B =
4.7-10~1 cm?3/s, and Auger recombination coefficients are C, = 1.1-10730 cm®/s

and C;, = 0.3 - 10730 cm6/s. Its intrinsic concentration is n; = 8.59 - 10° cm™3.

(a) At what excess carrier concentration will the net Auger recombination rate be
the same as the net radiative recombination rate in intrinsic silicon?

(b) At what excess carrier concentration will the net Auger recombination rate be
the same as the net radiative recombination rate in p-Si doped at 10" cm™—3
acceptors?

Problem 3 The excess charge carriers are generated by light at a rate G in a doped
semiconductor with given values of the carrier concentrations ng and pg, a constant
SRH lifetime t5ry, and a given radiative recombination coefficient B.

(a) Neglecting Auger recombination, express the excess carrier concentration An
in the steady state in terms of these parameters.

(b) Same as in (a), but using the recombination time approximation in the radiative
recombination term.

(c) In order for the recombination time approximation to be valid, the excess
generation rate must be much smaller than a certain value. Establish this value
by comparing your results from parts (a) and (b).
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7.8.3 Solutions

Problem 1 The excess concentration changes in time according to

dAn(t)
dt

= U,(An) = —B(no + po + An(t))An(t).

To solve this equation, we first rewrite it as

dAn(t)

= —Bdt
(no + po + An(t))An(t)

and integrate the right-hand side over time from O to ¢. This corresponds to the
integration of the left-hand side from the initial excess concentration An(0) to the
value An(t):

An(t) dAn’
an© (no+ po+ An’)An
To perform the integration, we use an identity m = 3—1 ()lc - a_}_x ) , which allows

us to rewrite the integral as a sum of two simpler integrals

1 /An(t) dAn’ /An(t) dAn’
- e VY
no + po Ang An’ Ang 1o+ po—+ An’

Each of the two integrals can be evaluated using the standard formula for the
antiderivative [ dx/)x +a) = In(x + a):

1 A A
(l n©@ | no+po+ n(O)) B

n
no + po An(t) no + po + An(t)

By multiplying both sides by no + po and then exponentiating, we obtain

An© no+potAn) _ e 1
An(t) no+ po+ An(0) " B(o+po)

Solving this for the excess concentration An(t), we get:

An(t) (1 An(0) ,/T,_l)_l
An(O)_(e Tt )

The time dependence of the so-obtained excess concentration is shown in
Fig.7.4a. We see that at a finite An(0) value, the relaxation time approximation



192 7 Generation—Recombination Processes

1.0E T T | T T T T T

----_.-’mo,-'(n”+p“}=(]_l‘_ ‘ (b) 1
osl\ e 05 ] N
S =)
= 06p =
04 =
< <
02t

Fig. 7.4 The time dependence of the excess concentration in a semiconductor where only the
radiative recombination mechanism is operative with (a) linear scale and (b) logarithmic scale
chosen on the vertical axis

overestimates the values of An(¢) at + > 0. The lower the initial excess concentra-
tion An(0), the closer the curves are to the one obtained within the relaxation time
approximation. Increasing An(0) results in a faster decay of An(¢) to zero than the
single-exponential curve An(r)/An(0) = e~ '/,

Nevertheless, at large times, the logarithm of the excess concentration decreases
with time with the same slope equal to 1/7, for all initial concentration values, see
Fig.7.4b.

Problem 2 We begin by assuming that the recombination time approximation is
valid with the recombination time:

1 1 1\!
T = + —+ —
TSRH Tr TA

with the SRH recombination time tsgy = 1 ms. The radiative recombination time

1 1
BN; ~ 10—12.1015

T, = =103s = I ms.

Because ng = Ny = 10" cm™3 > po, the Auger recombination is mediated by the
electrons. The respective recombination time

1 1
- CEN(% - 10—29 . 1030

TA =0.1s = 100 ms.

The hole Auger recombination process can be neglected.
The net lifetime is, then

=(14+1+0.0D""=0.498 ms.
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To find the excess carrier concentration, we equate the generation rate to the
recombination rate, approximated as

A
2 G = An=Gr=0498-10"3-10'5 =4.98. 10" cm>.
T

This number is much smaller than the doping level of 10" cm™3, which means
that the relaxation time approximation is indeed valid. The difference between the
electron and hole quasi-Fermi energies is found from

(Ng + An)(po + An) = NyAn = n%g_(EFe—EFh)/kT’
giving

NiAn

2
n;

Ere — Epp =kTIn = 0.02585 - In(4.98 - 10%) = 0.398eV.

The excess carrier concentration at time ¢+ = 1 ms after switching off the illumina-
tion is

An(t) = An(0) e /T = 4.98 .10 ¢ 1/0498 — 6.69.10° cm™>.

Problem 3 We begin by writing the generalization of the mass action law
(no + An())(po + An(t)) = nj eAEF /KT

from which the difference of the quasi-Fermi energies is obtained:

AEFR(t) I (no + An(1))(po + An(t))
kT nl2
2
=In|1+ (o + po)An(0) pOZ)An(O)e_’/T + A © 2(0)6_2’/’ )
ni nl-

Here, we used the identity nopo = ”12 and employed the expression An(t) =
An(0)e~"/T obtained within the relaxation time approximation.
In the case (a), we have ng = po = n;, giving

AEp(t An(0 An%(0 An(0
F ) =1In <1+2_n$ )e_’/T +—n2( )€_2t/t) =2In (1+_n$ )e_’/f>.

kT n; n; n;

In the case (b), we neglect the terms proportional to py and An?(0) in the natural
logarithm, giving
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1

AE (1) ] AE (0)

Fig. 7.5 The time dependence of the ratio AEf(t)/AEr(0) for several values of the parameter
X, see main text

AE An(0 An(0
() =1In 1+—n0 n( )eft/r =1In l—l——n( )67'/r ,
kT n2 Do

1

where we used the mass action law in the second equality.
Let us denote the ratio of the initial excess carrier concentration to n; (case (a))
or to pg (case (b)) as x:

‘= An(0)/n; case (a),
| An@0)/po case (b).

Then, in both cases,

AEp(t) In(l4+xe™'/7)
AEF(0)  In(1+x)

This dependence for several values of x is shown in Fig.7.5. For x « 1, the term
xe /" « 1 for all values of ¢. Using the approximation In(1 + €) & ¢ for |¢| < 1,
we have

AEp(t) _ 1+xe /"

~ for 1.
AEF(0)  I+x <

In the opposite limit x > 1, the difference of the quasi-Fermi levels initially
decreases linearly as
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AEp(t)  In(xe '/t t
F()%n(xe )=1— for x > 1 and ¢t < tlnx,
AEF(0) Inx Tlnx

and then enters the exponential decrease.

Problem 4 The SRH recombination rate

np —n?
Uspa =
T(n+n1) + t.(p + p1)
with n; = n;eB—Er)/kT and p; = n;eEri—ED/KT jg maximal when the

denominator is minimal. The denominator can be written as

(E;—EFi)/ kT (Epi—E)/kT

Th(n+ny1) + te(p + p1) = tn + Tep + Thhie + Tenie

T . Te _ CFop
=Thn+fep+ni«/ﬁ< /T_he(Et—EFz)/kT+ /T_ee (E; EF:)/kT>
e h

E, — EF; 1 =
= 1N + Top + 2ni /7. TH cosh t—ﬂ+—ln—h .
kT 2 T

link e
In the last step, we expressed /7;/7. as e2 7% and used the definition of a
hyperbolic cosine, cosh(x) = (¢* + ¢7*)/2. The denominator is minimal when
the hyperbolic cosine has the smallest value of 1 at

kT 1
E,=Epi+ —1In—.
2 Te
Because cosh(x) increases exponentially fast when the magnitude of its argument
|x], the most active recombination centers are the ones whose energy is close to the
intrinsic Fermi level.

Problem 5 The excess carriers are lost due to the recombination in the bulk and on
the surface of the sample. Let

AN = AW An

be the total number of excess charge carriers in the sample of surface area A and
thickness W. Within the relaxation time approximation, it decreases according to

dAN(t) AN

—2SAAn,
dt "

where the factor of 2 takes care of the fact that the sample has two surfaces. So,
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An

Teff

dAn An
AW = —AW— —2SAAn = —
dt T

from which equation we express the effective recombination time in terms of the
bulk recombination time and the surface recombination velocity:

1 1 S
=— 42—,
Teff T w

From the numerical data, namely, z.;f(W = 1um) = 0.2ps and t.pp(W =
10 wm) = 0.5 ps, we obtain a system of two equations,

1 1
SpsT! =+ 2umTHS, 2psT =~ 4+ 02pmHS.

We find:

S =1.67pm/pus = 167cm/s, v = 0.6 ps.



Chapter 8 ®
Carrier Transport Qs

8.1 Flux and Electric Current Density

It is of fundamental importance in semiconductor device theory to know how much
electric charge is transferred from one part of the device to another by electrons and
holes. In the following discussion, we will adopt the particle-based rather than the
wave-based picture, i.e., we will treat electrons and holes as classical particles with
the conductivity effective masses m and m} and charges —e and e, respectively.

Consider electrons in a physically small volume AV centered at a position 7, see
Fig. 8.1. By “physically small,” we mean that its linear size is much smaller than all
other characteristic dimensions of the system, but still large enough to contain many
electrons at the local concentration n(7, t), which is practically constant inside AV .
Note that we dropped the subscript 0 in the electron and hole concentrations, as now
these systems are not in equilibrium.

Each electron inside AV has its own group velocity, v;. We can perform an
arithmetic averaging over all velocities of the electrons contained in AV and thus
obtain the average velocity:

o 1 -
)= —F—7— .
ver 1) = LAY Zj:vf

Here, summation is performed over all electrons in AV, n(r, t) AV is the number of
electrons in AV, and v; is the group velocity vector of the j th electron. In general,
electron concentration and average velocity depend on time and spatial coordinates.

We choose AV to be a small cylinder with the cross-sectional area A A and length
AL inside a semiconductor, see Fig. 8.1. We orient the axis of this cylinder along
the mean velocity 7, and define a small time interval At according to

AL = |3,|At .
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Fig. 8.1 Flow of electrons in L} LNy P o—
a semiconductor
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The cylinder contains AN = nAV = nAA|v.|Ar electrons. Each of those
electrons moves with its own individual velocity, but on average, all electrons move
toward the cylinder’s base with the velocity ¥.. Then, the number of electrons that
traverse the area AA in time At will be just AN. When divided by the product
AA - At, this gives us the electron flux density

< - - > > 1 -
Je, 1) = nF, 00, 1) = Zvej :
J

It is a vector whose magnitude is the number of electrons that traverse a unit

surface area oriented perpendicular to the particles’ flow per unit time. Its direction

coincides with the direction of the average electron flow at the point 7 at time ¢.
The hole flux density,

(1) = p(F, (. 1),
is defined in exact same manner, where p(7, t) is the local hole concentration at the
position 7 and time ¢, and v, (7, t) is the average velocity of a hole.
The product of the flux density by the charge of the respective carriers,
TG 1) = —ejo(F. 1) = —en(F, )T (F. 1) . Ty(F. 1) = eju(F. 1) = ep(F, o 1),
is the electric current density of electrons and holes. The net current density,
J=Jn+Je=e(jn—Je),
is a vector pointing in the direction of the overall electric charge transfer. Its

magnitude gives the amount of charge transferred per unit time through a unit area
oriented perpendicular to the direction of the overall charge flow.
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8.2 Diffusion Current

If electrons are distributed non-uniformly in a semiconductor material, they will
tend to move from a region of higher concentration to a region of lower con-
centration. The degree of non-uniformity of the concentration is measured by the
spatial derivatives of n(7, t), namely, dn/0x, dn/dy, and dn/dz. All three partial
derivatives can be combined into a single vector, the gradient, which was already
introduced in the discussion of Schrédinger’s equation in Sect. 1.8.1:

- n. on _ on
Vn(r) = a@x + 56‘); + Eez .
The gradient points in the direction of the largest increase of electron concentration.
Diffusion is described by the so-called Fick law. It says that the particles flow
in the direction opposite to %n, i.e., in the direction of the largest concentration
decrease. The magnitude of the diffusive flux density is proportional to the
concentration gradient. This law applies to any type of particles, including electrons
and holes in a semiconductor. Hence, the diffusion flux densities of electrons and
holes are

.;eldiff = —Dg%l’l s ]Th|diff = —Dh%p .

The proportionality constants, D, and Dy, are called the electron and hole diffusion
coefficients. The diffusion coefficient is measured in the units of

[Des] = cm?/s .
The corresponding electric current density of electrons and holes is

Jepgiff = eDeVn, Jpaiff = eDpVp .

8.3 Drift Current

Under the action of an electric ﬁe}d g , a free electron in vacuum would be moving
with the acceleration @, = —e&/m,. In an ideal defect-free crystal at absolute
zero temperature, an electron would undergo Bloch oscillations, as explained in
Sect. 4.2.4. Consider now what happens when an electric field £ acts in a real
semiconductor.
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Fig. 8.2 (a) Motion of a charge carrier with no electric field in the sample. (b) Electron and hole
drift in an electric field

An electron in a real material constantly experiences collisions with lattice
vibrations (phonons), defects, impurity atoms, and other electrons and holes. These
collisions result in sudden changes in the electron’s direction of motion, but the
average velocity of an electron is zero in the absence of an electric field, see
Fig. 8.2a. When an electric field £ is applied, the electron gets accelerated by it.
However, as a result of collisions, the electron loses the energy acquired from the
electric field. Effectively, the field is accelerating the electron only within a short
time interval between two successive collisions, see Fig. 8.2b. Same applies to holes.
We denote the average value of the collision time for the two types of charge carriers
as 7, and 7.

Due to its acceleration by the field between the collisions, a charge carrier
acquires a regular non-zero velocity component, called the drift velocity. It is
given by the product of the electron’s acceleration due to the electric field and the
characteristic time between the collisions of an electron or a hole:

N N e - -
Veldrf = QAeTe = _%572 =&, pe= ete/m: >
e
N N e - - %
Vpldrf = GnTh = ﬁ&h =—wp&, up =ety/my .
h

Note that U,|q, is oriented against the electric field because the charge of an electron
is negative. Hole drift velocity vp|qrs is oriented along the electric field.

The proportionality constants . and pp that relate the drift velocity and the
electric field are called electron and hole mobilities. Mobility is measured in the
units of

[te.n] = cm?/(V -5) .

Electron and hole drift flux densities are

Jeldrf = =€, Jnidry = pUrE ,
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and the respective electric current densities are

Jelary = epen€ , Jpjary = epn pE .

8.4 Conductivity and Resistivity

If a voltage V is applied to a semiconductor slab of length L and cross-sectional
area A = wd, see Fig. 8.3a, current / will be flowing through it. The ratio of the
applied voltage to the current is known as resistance; according to Ohm’s law, it is
a voltage-independent constant:

R=V/I.
The voltage is related to the electric field according to
V=LE.

On the other hand, the current is given by the product of the electric current density
and the cross-sectional area of the sample:

I =Aday,
where the drift current density is

Jarf = Jeparf + Jniary = e(pen + unp)€
see Sect. 8.3. Combining these expressions, we arrive at the resistance formula

L L L
:—p,

R=— — =
A(en + upp) Ao A
which clearly shows that the resistance depends on the geometry of the sample
through the ratio L/ A, and on its material properties via the parameters

1
o=e(pen+upp), p=0'=———
‘ e(1ten + i p)

known as the conductivity and resistivity of the material. If excess carriers are
not injected into the semiconductor, one can replace in these expressions the non-
equilibrium concentrations n and p with the equilibrium counterparts ng and pg.
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8.5 Current-Voltage Measurements

8.5.1 Photoconductivity

The measurements of the current—voltage curves provide a great deal of information
about the concentration and mobilities of the charge carriers. They can also be used
to measure their recombination rates.

This can be done by first injecting excess carriers into the semiconductor by, e.g.,
illumination, and then observing its return to equilibrium after switching off the
excess carrier generation process. A practical way to measure the net recombination
time is to measure the time-dependent conductivity of the semiconductor sample of
interest:

o) =em®)pe + pH)un) ,

where (., (j are the electron and hole mobilities. Since n(t) = ng + An(¢) and
p() = po + An(t), the total conductivity has the time-dependent and the time-
independent parts:

o) =00+ Ac(t),
where

00 = e(nofte + popn) , Ao (1) = eAn(0)(tte 4 pn)e /™ .

If the non-thermal generation mechanism is photogeneration, i.e., the generation of
charge carriers by light, then the parameter Ao is called photoconductivity. Taking
the natural logarithm of the ratio Ao (¢) to the initial value Ao (0) = An(0)(u. +
Un), we immediately find:

Ao (1) ot

In = .
Ao (0) T

That is, the natural logarithm of the photoconductivity as a function of time is a
straight line with the slope —1/7.

8.5.2 Hall Effect

Let us focus for the sake of simplicity on a situation when the charge carriers of
one type dominate in the sample; that is, either electron or hole contribution to
the conductivity can be neglected. Consider what happens when, in addition to the
electric field in the x-direction, £ = é,V/L, a magnetic field B = Beé, is applied
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Fig. 8.3 (a) Motion of electrons and holes due to the electric field generated by the applied
voltage. (b) Same as in (a), but in the presence of a magnetic field B applied perpendicular to
the sample, which is assumed to be a p-type semiconductor. (¢) Same as in (b), but for an n-type
semiconductor sample

perpendicular to the sample in the z-direction, see Fig. 8.3b and c. A magnetic field
creates a force that acts on a charge ¢ = e or —e moving with the drift velocity
Udrf = Ueldrf OF Uh|drf:

szqﬁderB.

If the majority charge carriers are holes, g = +e, then their flow coincides with the
direction of the electric current 7, Fig. 8.3b. If the majority carriers are electrons,
g = —e, then their flow is against the electric current, Fig. 8.3c. In either case, the
magnetic force Fy, acting on a majority carrier points in the negative y-direction. As
a result, the majority carriers get deflected toward the same side of the sample. This
side accumulates positive or negative charge if the semiconductor is of p- or n-type,
respectively, see Fig. 8.3b and c. The opposite side gets depleted of the majority
carriers and therefore also gets charged up. The charge on the opposite sign is due
to the ionized impurities—negative acceptors in a p-type and positive donors in an
n-type semiconductor.

The process of charge build-up stops when the accumulated charges generate
an electric field whose force on the majority carriers exactly balances the magnetic
force,

As a result, a potential difference develops between the two opposite sides of the
sample. It is called the Hall voltage. Its polarity immediately signals the sign of the
majority charge carriers, see Fig. 8.3b and c.

The magnitude of the Hall voltage allows finding their concentration. Indeed, the
electric field in the y-direction and the force produced by this field on a majority
carrier are

1€yl = Vul/w, |Fe|=elVhl/w.
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This force must be equal in magnitude of the magnetic force | F;, | = e|vgrr|B.

Let us assume for definiteness that the majority carriers are holes. Neglecting the
contribution of the minority electrons to the total current, the drift velocity of the
majority holes can be found from

1
wdep ’

I = wdJpary = wdevpagrfp = Vnjarf =

and thus the magnetic force is

\F| = 1B
" wdp

The condition | F},,| = |F,| gives the concentration of holes:

_IB
b= edVa |

If the sign of the Hall voltage reveals that the majority carriers are electrons, then
their concentration is given by an exact same formula

1B
n = .
ed|Vy|

8.6 Temperature and Doping Level Dependence of Mobility

Collisions are responsible for the electrons’ transitions from one momentum state to
another. Usually, several collision mechanisms are operative, namely, scattering of
electrons and holes by the lattice vibrations (phonons), scattering by the impurities,
and scattering by the lattice defects. Note that all these mechanisms result in the
deviation of the atomic arrangement in a semiconductor from a perfect periodic
order.

The frequency of phonon scattering, vpnonon, increases with the temperature.
The respective scattering time Tphonon = 1/Vphonon 15 decreasing with 7. Thus,
if only phonon scattering mechanism were present, the mobility ©t & Tpronon
would be decreasing with temperature. Experimental measurements performed on
semiconductor samples where the phonon scattering is the dominant one (i.e., the
impurity concentration is low) suggest that Tpnonon < T, where the exponent «
is close to 2; e.g., @ ~ 2.2 in silicon.

Impurity scattering frequency, Vimpuriry, increases with the concentration of the
ionized impurities,

Ny =N +N;,
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Table 8.1 Electron and hole mobility parameters of silicon as a function of temperature, measured
in Kelvins

Parameter Electrons Holes

o [em?/(V-s)] 88 (300K, T)%7 54.3 (300K, T)07

wi [em?/(V-s)] 1252 300K/ T)%33 407 (300K /T)%23

No [em™3] 1.26 - 10'7 (T /300 K)>* 2.35-10'7 (T /300 K)>*
o 0.88 (300K, T)0-146 0.88 (300K, T)0-146

and decreases with temperature. The reason for the temperature decrease is that
the higher the temperature, the higher the thermal velocity of electrons and holes
and the less time they spend interacting with the ionized impurities. Therefore,
the probability that this interaction will result in a change of the charge carrier’s
momentum decreases with 7.

When several scattering mechanisms are present, the total scattering frequency
is the sum of the contributions from each mechanism, e.g., v = Vpnonon + Vimpurity
for thermal and impurity scattering. As for the time of scattering, we have 7! =
r;hlonon + r;n;m 1y The mobility is, then, jt = 7t for electrons and
holes. It decreases both with N; and with 7.

Various empirical fitting expressions for electron and hole mobilities exist. Here,
we reproduce the one that has been suggested for silicon and describes the electron
and hole mobilities as a function of both impurity concentration and temperature:

w1

7 I . S
R T (N No

The temperature dependence of the parameters wg, 11, No, and « is indicated in
Table 8.1.

8.7 Einstein’s Relation

The diffusion coefficient is a parameter that tells us how quickly an initially non-
uniform distribution of charge carriers spreads out through the sample. Mobility,
on the other hand, relates the average velocity of a charge carrier to the applied
electric field. At a first glance, D, j, and w. ; are independent of each other because
they describe completely different processes. Yet, there is a simple relation between
them, which was originally discovered by Einstein in 1905.

As in Sect. 6.1, we place a piece of semiconductor in a non-uniform electric
potential ¢ (¥), which causes a redistribution of charge carriers inside the material.

I'N.D. Arora, J.R. Hauser, and D.J. Roulston, “Electron and hole mobilities in silicon as a function
of concentration and temperature”, IEEE Trans. Electron Dev., ED-29, 292-295 (1982).
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A non-uniform potential produces an electric field, E= —V¢ which, in turn, results
in a drift of charge carriers with the respective flux densities JEIdrf = —eno(7) g

and fh|d, f = Mh Po (@) &. On the other hand, the non-uniformity of electron and hole
concentrations results in the diffusion of these charge carriers with the flux densities
Jeldiff = —D Vno(r) and ]h|dsz = —Dtho(r) The total flux densities

Jo ) = Joldrs + Jeldiff = —te€n — DoVng = penoVeé (7) — D, Vno(F) ,
Jn() = —unpoVe (F) — DyV po(F)

must be zero in equilibrium. This is only possible if

peno(F)VG(F) = DVno(F) , —pmnpo(F)Ve(F) = DV po(F) .

Note that
S - e Tm® - . e
100~ G g = o TP G gy py ) = — 20
no(r) Vin po(r) Vin

as follows from the expressions for ng(¥) and po(¥) from Sect. 6.1. Combining the
last two equations, we obtain Einstein’s relation:

_ D, _ Dh
MHe = y Mh = Vth

Vin
While mobility is relatively easy to measure experimentally, the diffusion coefficient
is not. Einstein’s relation allows finding the diffusion coefficient from the knowledge
of mobility.
Einstein’s relation is approximate because it relies on Boltzmann’s approxima-
tion for the charge carriers concentrations. It breaks down if the Fermi energy differs
from the conduction or valence band edge by less than a few thermal energies k7T .

8.8 Continuity Equation

As electrons and holes move inside the semiconductor under the action of an electric
field £(r), they get generated and recombine. Hence, the respective concentrations
n(r,t) and p(r,t) change both in time and in space. Continuity equation is the
balance equation that relates the rate of change of the concentration to the flow of
particles, as well as their generation and recombination.

Here, we will focus, for the sake of simplicity, on the one-dimensional flow of
electrons in the x-direction. We assume that generation and recombination rates
depend on the x-coordinate only and are constant in the yz-plane at a given x. The
derivation for holes is completely analogous. Consider a small cylinder of length
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Fig. 8.4 Electron flow in a Jx)  J(x+Ax)
semiconductor ’@ 2 i
¥ x+Ax

Ax and the base area A, see Fig. 8.4. The cylinder is oriented in the x-direction,
which is the direction of the average particle flow. Its volume is AV = AAx, and
it contains AN = nAYV electrons. We assume that Ax is sufficiently small for the
concentration n(x) to be practically constant inside the cylinder.

The number of electrons inside this cylinder changes in time for two reasons: (i)
electrons flow into and out of the cylinder through its two bases, and their inflow
and the outflow do not necessarily balance each other; (iii) electrons get generated
and recombine inside the cylinder with the generation and recombination rates not
necessarily equal each other. Mathematically, the balance of these factors can be
expressed as

dAN, _ (dANe) (dANe> n (dANe> (dANe)
dt dt in dt out dt gen dt rec .

The generation and recombination contributions are

dAN, dAN,
=GAAx, =RAAx.
dt gen dt rec

As for the in- and outflow of the electrons, it is related to the respective current

densities:
dAN, . dAN, .
= je(X)A, = je(x + Ax)A.
in out

dt dt

Note that, in contrast to the concentration, we cannot assume that electron current
density is constant inside the cylinder. Had we set j.(x) = j.(x 4+ Ax), then the in-
and outflow contributions would have mutually canceled.

Collecting all terms, we rewrite the balance equation as

on(x,t)

AAXx = jo (X)A — jo(x + Ax)A + G(x)AAx — R(x)AAx .

Dividing both sides by AAx and recalling that j"(”AA)C)z*jE(x) = ng(x ) in the limit
Ax — 0, we arrive at the continuity equation for electron concentration; the hole

counterpart is obtained analogously:
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on je ap aJjn
—=—+G—-—R, —=—"—+G—R.
ot 3x+ Jat 8x+

Note that the current density consists of drift and diffusion contributions:

Jeoh = Jenidrf + Jenldiff »
Jelarf = —men& , jujary = pnpE
0

. on . p
Jeldiff = _Dea s Jhldiff = —Dha .

8.9 Problems

8.9.1 Solved Problems

Problem 1 An n-type silicon sample at 7 = 300 K has the conductivity of 16 (2 -
cm)~ L

(a) Determine the donor concentration and the electron mobility using the empirical
expressions for mobility from Sect. 8.6.
(b) What is the diffusion coefficient of electrons and holes in this sample?

Problem 2 Consider a semiconductor with donor doping concentration
Ny(x) = (1014 cm*3) o*/ (1 pm)

that increases with x. Find the electric field and electrostatic potential distribution
inside this semiconductor.

Problem 3 When a Si sample is illuminated by a lamp, its conductivity is measured
as 66.6 Q2 ! cm™!. After illumination is switched off, the conductivity becomes
33.3Q 'em™! after 0.1 ws and 9.1 Q! cm™! after 2 ys. Determine the following
parameters: the net recombination time in the sample.

8.9.2 Practice Problems

Problem 1 A Si sample is doped with donors at N; = 10'7 cm™3 and acceptors
at N, = 108 cm™3. The temperature is 300 K. Using the mobility vs. impurity
concentration formula from Sect. 8.6, determine the conductivity and the resistivity
of this sample.
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Problem 2 A silicon sample is acceptor-doped at N, = 10'7cm™3. The pho-
toconductivity of this sample is found to decay as o (r) o e */©1m9) Find its
Shockley—Read—Hall recombination time.

Problem 3 The geometric parameters of a semiconductor sample at T = 300K
are: d = 20 um, w = 300 wm, and L = 1 mm. When the voltage of 0.1 V is applied,
the current of 0.3 mA flows through the sample. A magnetic field of B = 0.1T is
applied in the z-direction, and the measured Hall voltage is Vg = 20mV such
that the resulting Hall electric field points in the positive-y-direction. Determine
the conductivity type, the majority carrier concentration, and the majority carrier
mobility in this sample.

8.9.3 Solutions

Problem 1

(a) Since it is an n-type semiconductor, it is reasonable to assume that
no~ Ng>n; > po,

and hence, the dominant contribution to the conductivity comes from the
electrons. Hence, we approximate

o = e(feno + hpo) = eieNg .

Using the expression from Sect. 8.6,

n "1 N o 16
RO Ny /N2 ) T ¢ T 16-10-19

We solve this equation iteratively. First, we rewrite it as

v o/e 1020
d= 41 = 1252 :
Ho + 14+(Ng/No)¥ 88 + 1+(N4/1.26-1017)0-88

Then, starting with some initial value of Ny, say, Ny = 107 cm =3, we use

the right-hand side expression to calculate an improved estimate, which is again
plugged in into the right-hand side. This procedure is repeated until convergence
is reached. The final result turns out to be N; = 1.5 - 107 cm—3. Electron
mobility is then found to be p, = 666 cm?/(V - s).



210 8 Carrier Transport

(b) Electron diffusion coefficient is found using Einstein’s relation:
D, = j1e Vi = 666 - 0.02585 = 17.2cm?/s .
Hole mobility at N; = 1.5 - 107 cm™3 is

407
14 (1.5-1017/2.35.1017)0:88

wn = 54.3 + =297.5cm?/(V - s) .

Hole diffusion coefficient is, then,

Dy = pup Vi, =297.5-0.02585 = 7.69 cmz/s .

Problem 2 Since Ny(x) > n; at x > 0, the electron concentration

no(x) = Ng(x)

increases with x. This means that the electrons should diffuse in the negative-x-
direction with the diffusion particle current density

dno(x) _
dx

dN,
D, d(x) _
dx

Jeldiff = —De
But a small displacement of the negative electrons relative to the positive donor ions
results in an onset of an electric field in the negative-x-direction. This field pulls

the electrons to the right, so that there is no electron flow in the material. The drift
current produced by this field,

Jelarf = —Epeno(x) = —EpeNy(x),

perfectly compensates the diffusion current:

. . dNg(x)
Jeldrf + Jeldiff = —EmeNa(x) — De i 0
From this, we find the electric field:
D, 1 dNy dln Ny
g = = — th 9
e Ng dx dx

where we used Einstein’s relation, D, = .V, and the fact that dIn Ny /dx =
Nd_1 dNy/dx. Since dIn Ng/dx = 1 pm~! = 10* cm™!, the electric field is

£ =-0.02585-10*V/em = —259 V/cm .
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Since the electric field is related to the potential as

)

&= ,
dx

we can conclude that the potential increases with x as

\Y% v
P(x) = <0.02585 —) Sx = <258.5 —) X
pm

cm

Problem 3 In order to find Ny and 7, we thus need to fit the experimental o (¢)
curve with an exponential function:

o(t) =00+ Ac(0)e™", 00 =epcNa, Ac(0) = e(ue + pur)An(0)

where og is the conductivity in equilibrium (no radiation), and Ao (0) is the
photoconductivity.

From the experiment, we know that o (f) decreases by a factor of 2 in the
first 0.1 ps. This implies that t is of the order of 0.1 us as well. After 2 s, the

exponential factor e~*/7 should be negligibly small (note that e=2/01 = ¢=20 =
2-1077), so we can set to a good accuracy

o(2us) =09 =09.1 Q lem™!.
From the experimental data, we find that at 1 = 0, 0(0) = o,y + Aoy =

66.6 Q"' cm~!, from which we find the photoconductivity
Ao (0) =0 (0) — 0o = 66.6 —9.1 =57.5Q ' em™" .
We finally find t by using the conductivity at # = 0.1 ps:

~ f_ o1
U T 000y | 2391 0.1155 ps .
In === 575
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Chapter 9 ®
Metal-Semiconductor Contact Chock or

9.1 Reasons to Study

Metal-semiconductor contact is worth studying for several reasons. First, to collect
a signal from a semiconductor device, one needs to attach a metal wire to it; in this
case, one is interested in having a good ohmic contact with low contact resistance
for both bias directions. Second, as we shall see later, metal-semiconductor contact
can also act as a diode, i.e., let the current flow in only one direction. Such
diodes, called Schottky diodes, can be preferred for some applications over the
semiconductor pn junction diodes discussed later on in this book. The third reason
is that understanding the physics of a metal-semiconductor contact, especially the
energy band diagrams, will prepare us to analyze a more complicated system, the
metal-oxide—semiconductor field effect transistor.

9.2 [Energy Band Diagram

The minimal energy necessary to remove an electron from a piece of metal is called
the metal work function. It is the difference between the energy of an electron at
rest just outside the metal—the so-called vacuum level—and the Fermi energy of a
metal. We will denote the work function as ey, , a product of the elementary charge
e and the parameter v, that is measured in Volts:

eWm = Eyac — EF .

Its typical value is about 4-6 eV, depending on the material. We define the work
function in a semiconductor in the same manner, i.e., as the difference between the
vacuum and the Fermi energy,
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(@) metal (b) semiconductor (c)
— K E R e W T
\[ o ;I‘-.... .
X ey,
) ey, ey
K. ey

Fig. 9.1 The energy band diagram of (a) a metal, (b) a semiconductor, and (¢) a metal-
semiconductor contact

ey = Eyge — EF

see Fig. 9.1a and b showing the energy band diagrams of a metal and a semiconduc-
tor that are not in contact with each other.

In addition, we define the electron affinity ey as the energy difference between
the vacuum level and the conduction band edge,

ex = Eyc — Ec .

Electron affinity ranges between 3 and 4.5 eV, depending on the material.

A metal and a semiconductor in contact will exchange their electrons so as to
bring their Fermi energies to a common level. The Fermi level in a metal lies inside
its conduction band, and therefore, the number of free electrons in a metal is in many
orders of magnitude higher than the number of conduction electrons and holes in a
semiconductor. For this reason, the change of the Fermi level in the metal will be
negligibly small as compared to the change of the Fermi level in the semiconductor.
In other words, semiconductor Fermi level will line up with the metal Fermi level,
whereas the metal Fermi energy will practically remain the same.

The vacuum level of the metal and the semiconductor must be the same at
the point of contact. At the same time, electron affinity and the band gap of the
semiconductor must be the same both in the bulk and near the semiconductor—
metal interface. Indeed, these parameters depend on the band structure of the
semiconductor and do not depend on band filling.

These three observations—common Fermi level, the same vacuum level at the
contact, and the constant values of the semiconductor electron affinity and band
gap—necessarily imply that semiconductor bands are bent near the interface with
the metal, see Fig. 9.1c showing band bending for ¢y < ¥,,. Generally speaking,
bands can bend both up and down, depending on the mutual relation between metal
work function and semiconductor work function in the bulk. If semiconductor work
function is higher than the metal work function, semiconductor bands bend down;
otherwise, they bend up.
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While the electron affinity and band gap are the same in the semiconductor
bulk and near the interface, the semiconductor work function is position-dependent
due to band bending. So is the energy difference between the Fermi level and the
band edges of the semiconductor. This leads to a change of the majority carrier
concentration in the semiconductor bulk and near the interface.

Even the type of the majority carriers may differ in the bulk and near the contact
plane. For instance, in the case shown in Fig. 9.1c, the semiconductor is of the n-
type in the bulk, but the concentration of holes exceeds the electron concentrations
near the surface. This can be understood as follows. Because the semiconductor
work function is smaller than the metal work function, it is easier for electrons
to move over from the semiconductor into the metal than from the metal into the
semiconductor. The semiconductor near the metal will then be depleted of the
conduction electrons, resulting in the appearance of a space-charge region created
by the positively charged donor ions near the contact.

The electrons that entered the metal from the semiconductor side, in turn, will
create excess negative charge in the metal. This access charge exists as a surface
charge at the metal-semiconductor interface. Strictly speaking, it also results in band
bending in the metal, but the size of this bending is negligibly small as compared
to the semiconductor counterpart. Band bending in the semiconductor results in an
onset of the built-in voltage, which we define as the magnitude of the difference of
work functions of the two materials:

Vi = |1/fm —%I .

Assuming the bulk of the semiconductor to be grounded, the value of the electric
potential on the semiconductor surface is ¢s = —Vp; if ¥y, > ¥, see Fig. 9.1c.

An electron on the metal side with the energy equal to Er will “see” a sharp
potential barrier that prevents it from entering the semiconductor conduction band.
This barrier is called the Schottky barrier. By inspecting the diagram in Fig. 9.1c,
we see immediately that its height is given by

epp = ey, —ex .

This expression is sometimes called the Schottky—Mott rule.

The metal work function 1, and the semiconductor electron affinity y are bulk
properties of the materials, whereas ¢p is the property of the metal-semiconductor
interface. In real life, Schottky barrier height is given by the Schottky—Mott rule only
approximately. It is also affected by other surface properties of the two materials
in contact, in particular, by surface chemistry and the presence of surface defects.
Therefore, in practice, Schottky barrier has to be measured experimentally.
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9.3 SCR Capacitance

The potential distribution in the semiconductor is described by Poisson’s equation,
see Sect. 6.2:

d*¢(x)

dx?

=~ (po(x) — no(x) + Ng) .
€Q€

We solve it using the depletion approximation explained in Sect. 6.3.3. That is, we
approximate the charge density as zero outside the depletion region of width x; and
as eNy inside the depletion region 0 < x < x4. The solution of Poisson equation
reads

$(x) = —;é\lo‘i(x—)cd)2 for0 < x < x4,
0 forx > x4.
Employing the boundary condition, ¢(0) = —V};, we immediately find the

depletion region width

2e0€ Vi
Xy = | ———.
eNy

If an external bias V is applied to the metal relative to the semiconductor, we have
to replace Vj; with Vj; — V in this expression:

2¢0e(Vpi — V)
Xy = ] —mMm= .
eNy

A change of the voltage V by an amount d V results in a change of the SCR width
by

d
drg = gy = coe

— " _av.
dv 2eNy(Vpi — V)

This results in a change of the SCR charge by

40 Ny Ad cocelNa_ 4y
= —elNg Xd = —_—— .
2(Vpi = V)

The capacitance per unit area is
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Fig. 9.2 The inverse square 1/c?
of the capacitance per unit

area of a SCR formed in an

n-type semiconductor in

contact with a metal with slope = — - ]
Y > ¥y as a function of the eg,g N,
applied voltage

€o€
=

This expression can also be obtained from a formal definition of a parallel-plate
capacitance of thickness x,, namely, C = EOGA

This result offers a practical method to determme the built-in voltage Vj;
experimentally. Indeed, we note that the inverse capacitance squared,

1

2
— = —Vp = V),
Ccr €6()6Nd( bi )

depends linearly on the applied voltage V. The slope of this straight line is — ﬁ.
The built-in voltage can be found as the intercept of this straight line with the
horizontal axis, see Fig. 9.2.

9.4 Ohmic Contact

For signal collection from a semiconductor device, it is desirable that the contact
between the semiconductor and the metal wire had a small resistance for both
directions of bias. Such contacts are called ohmic. There are two ways to produce an
ohmic contact: (1) using metal-semiconductor combination that would have little or
no Schottky barrier and (2) employing the tunneling effect.

Option 1 If the semiconductor is of n-type, then one can use a metal with the
work function smaller than the semiconductors, ¥, < . This will cause the
semiconductor bands to bend down. When no voltage is applied, the energy band
diagram looks like the one in Fig. 9.3a. The band bending occurs because some
electrons leave the metal into the semiconductor, creating a surface layer of an
increased conduction electron concentration on the semiconductor side. Application
of a positive voltage to the semiconductor will make it easier for even more electrons
to be transferred from the metal into the semiconductor. Application of a positive
voltage to the metal will pull electrons from the semiconductor into the metal
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Fig. 9.3 An ohmic contact (a)
between a metal and (a) an
n-type and (b) a p-type E,.:
semiconductor

E

(a)

N M

Fig. 9.4 (a) Tunneling of a wave packet through a potential barrier of finite width and height.
(b) Realization of a tunneling barrier by heavy donor doping of an n-type semiconductor near the
interface with a metal

because there is no potential barrier at the metal-semiconductor interface. Thus,
current will flow with little resistance for both bias polarities.

If the semiconductor is of p-type, then one can use a metal whose work function is
higher than that of the semiconductor, ¥, > V. This will cause the semiconductor
bands to bend up, creating a thin hole-enriched layer near the interface with the
metal, see Fig. 9.3b. Application of a positive bias to the semiconductor will cause
the majority holes to move toward the metal, and, at the same time, it will cause
the electrons from the metal to flow into the semiconductor. After entering the
semiconductor, those electrons will recombine with the holes, with the overall effect
of electric current flowing from the semiconductor to the metal with little resistance.
Application of a positive bias to the metal, on the other hand, will attract electrons
from the semiconductor valence band into the metal; this is equivalent to the flow of
holes away from the metal.

Option 2 When a massive classical object of some kinetic energy E hits a potential
barrier of height Vp > FE, it bounces back. In quantum mechanics, however,
this is not necessarily the case. At the most fundamental level, all objects are
waves described by their wave function. When such a wave meets an obstacle, the
wave function cannot instantaneously become zero at the position of the barrier.
It smoothly decays to zero inside the barrier but remains finite even on the other
side of the barrier. This is so even when the barrier height exceeds the particle’s
kinetic energy. This means that a particle, such as an electron, has a small, but finite
probability to tunnel through the barrier to the other side, see Fig. 9.4a. Tunneling
probability is the larger the thinner the barrier and the smaller its height.
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Now, a strong doping of a thin layer of an n-type semiconductor with donors
will create additional band bending near the surface. The width of the SCR is
inversely proportional to the square root of the doping concentration and can be
made, therefore, very small. This makes it possible for electrons to tunnel from
metal to semiconductor and back, see Fig. 9.4b. That is, electrons will be able to
move both ways between the metal and the semiconductor via tunneling mechanism.

9.5 Rectification in a Metal-Semiconductor Contact

9.5.1 Metal/n-Type Semiconductor Junction
Qualitative Considerations

Let us derive the current—voltage relation of a junction formed by an n-type
semiconductor with a metal of a higher work function, v, > ¥, see Fig. 9.1c. This
contact is rectifying, as the following reasoning shows. Application of a positive bias
to the metal attracts the majority electrons from the semiconductor into the metal,
which results in a large current in the forward direction. On the hand, application of a
negative bias to the metal prevents the majority electrons to enter the metal from the
semiconductor. Furthermore, the electrons of the metal likewise are not able to enter
the semiconductor because of the high and sharp Schottky barrier they encounter at
the metal-semiconductor boundary. Hence, the current in the reverse direction is
small. It is not exactly zero because a small fraction of the metal electrons do have
energy exceeding e¢p.

Assume zero bias. Electrons attempting to go from the metal into the semicon-
ductor meet a high and sharp Schottky barrier e¢ g, whereas the conduction electrons
attempting to go in the opposite direction have to overcome a much shallower barrier
eVp; due to the built-in voltage, see Fig. 9.1c. Electron fluxes from the metal into
the semiconductor and from the semiconductor into the metal must perfectly balance
each other in equilibrium at zero applied voltage:

Jm—s(0) + js—m(0) =0.

The reason why the two fluxes balance each other in spite of the big difference
between the sizes of the two barriers, e¢p and eVjp;, is because the concentration
of electrons in the metal greatly exceeds the majority electron concentration in the
semiconductor.

Our goal is to find the total electron flux and the electric current density

JV)=jmss(V) + jsom(V), J(V) = —ej(V)
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when a voltage V is applied to the metal side, whereas the semiconductor is
grounded.

Qualitatively, the rectification effect of the metal-semiconductor contact results
from the different dependence on the applied voltage V of the potential barrier that
electrons need to overcome to enter the semiconductor from the metal side and vice
versa. Namely, the external voltage V has practically no effect on the height of
Schottky barrier e¢p. This, in turn, implies that the electron flux density from the
metal into the semiconductor is practically independent of V':

jmﬁs(v) ~ J'm%s 0) = _js%m(o) = jS .

Here we denoted the so-called saturation flux density as js = — js—5, (0).

As for the semiconductor side, application of a positive bias to the metal lowers
the barrier by eV, see Fig. 9.5a, thereby exponentially increasing the number of
electrons that can enter the metal from the semiconductor per unit time. This
concentration gets enhanced by a factor ¢¥/ V. We therefore expect that the electron
flux into the metal should be

Jsom (V) = jsom(@)e" Vi = — jse¥/Vin .
The current—voltage (or J — V) curve is thus expected to have the form
J(V) = ~€jsom(V) = ejmos(V) = ejse”/ V" —ejs = Js(e¥/Vh —1) |
where Jg = ejs is the reverse saturation current density, calculated below. The graph

of this function is shown in Fig. 9.5b. A patssivel element, in which the current to
flow for one polarity of bias with very little current for the reverse polarity, is called

(a) . . (b) (c)
E_ . le,, 1) ’

R ¥--- X J(V) /

T\_— E,
E, sesmm

Fig. 9.5 (a) The energy band diagram of a metal contact with an n-type semiconductor when
a positive voltage is applied to the metal. (b) Qualitative behavior of the current—voltage curve
of a rectifying contact between a metal and an n-type semiconductor. (¢) Electronic symbol of a
Schottky diode

! A passive element is the one that does not require an external power source.
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a diode. Specifically, a diode based on a metal-semiconductor contact is called the
Schottky diode. Its electronic symbol is depicted in Fig. 9.5c.

9.5.2 Reverse Saturation Current Density of a Schottky Diode

To obtain the reverse saturation current density, we need to estimate the number of
electrons that enter the metal from the semiconductor side per unit area per unit
time when a voltage V is applied. Let us first consider a simpler case of a classical
gas in a solid container. The gas has density n, atomic mass m, and temperature 7,
corresponding to thermal energy k7. The number of particles j incident on the wall
of the container per unit surface area per unit time should be expressible in terms of
m, kT, and n. We can figure out this expression by analyzing the dimensions of the
parameters involved, which are

[nl=L"3; kT]=M-L*/T?>; [m]=M.

Here, L, T, and M stand for the dimensions of length, time, and mass, respectively.
We need to combine the parameters n, k7', and m so as to get the right dimension of
J, namely,

[jl=1/L*-T).

[kT
j=bn,/—,
m

where the non-dimensional prefactor b cannot be established by dimensional
analysis. The kinetic theory of gases gives the value

b 1 o | kT
= — =Ny — .
N2 I 2nm

We can use this result to obtain the semiconductor-to-metal particle current
density by replacing the particle mass m with electron conductivity effective mass
m’ and particle concentration n with the concentration n* of those electrons that are
capable of overcoming the energy barrier e(Vp; — V) that stands on their way into
the metal. In order to be able to get out of the semiconductor, a conduction electron
must have the energy not less than

The only such combination is

Ep=FEc+e(Vpi—V)=(Ec+eVp) —eV =Er+epp —eV .

We used the fact that
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Ec +eVy = Ep +epp,

as follows from the energy band diagram at zero bias.
The concentration of conduction electrons with the energy above Ep is then

o
n* :/ dE g(E) f(E) ~ Nee—(e®s=eVIKT _ N o=@5=V)/Vir
Ep

where g(E) and f(E) are electron density of states and Fermi—Dirac distribution;
we used Boltzmann approximation to evaluate the integral. As obtained earlier (see
Sect. 5.2), the effective density of states in the conduction band is

_ 2QmrmikT)3?

Nc¢ W3

Modifying our expression for the particle flux density, j, we obtain the electron
flux density from the semiconductor to the metal as

kT | kT
i N V = * — N - (¢B_V)/Vth .
Jsom (V) =n 2mwm¥ ¢ 2wm ¢

The saturation electron flux density is therefore

drmik*T?

: e~ P8/ Vin
h

Jjs =

As for electric current density, J(V) = Jg(e VIVih — 1), we get the reverse saturation
current density

Jg = AT2e= 98/ Vi i

where
drmik? .
= M (1202A-em 2. K2). M
h3 Mme

is the so-called Richardson constant.” In semiconductors, the typical value of
Richardson’s constant A is about 100 A/(K?-cm?). With the typical Schottky barrier
height of ca. 0.7 eV, we find that at room temperature, the reverse saturation current
density Js is of the order of 107> A/cm?.

21t is named after Owen Richardson, who developed this theory to describe thermionic emission
of electrons from metals into vacuum in the early 1900s (Nobel Prize 1928).
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Fig. 9.6 A junction formed by a metal and a p-type semiconductor of the larger work function,
eys > ey, (a) at zero applied voltage and (b) when a negative bias is applied to the metal. (c)
The J — V curve of this junction

9.5.3 Metal/p-Type Semiconductor Junction

The energy band diagram of a junction formed by a metal and a p-type semiconduc-
tor with a higher work function at zero applied voltage is shown in Fig. 9.6a. Due to
the work function difference,

Ym < Vs,

the semiconductor bands are bent down near the interface. The built-in voltage is

Vbi:ws_Wm-

The Schottky barrier is now measured from the metal Fermi level to the valence
band edge in the junction plane. For an ideal diode, it is given by

epp=ex + Eg—eym ,

as can be verified by inspecting the energy band diagram.

Application of a negative bias to the metal, Fig. 9.6b, pushes the electrons
from the metal into the semiconductor and pulls the holes from the semiconductor
into the metal; the two types of charge carriers meet and recombine at the
metal-semiconductor boundary. This results in an appreciable current through the
structure in the negative-x direction. This current should increase in magnitude with
increasing the negative voltage.

On the other hand, application of a positive bias to the metal side prevents
electrons from leaving the metal into the semiconductor and prevents the majority
holes from coming to the metal from the semiconductor. The current, however, is
not exactly zero, even when the positive voltage applied to the metal is large. A large
positive voltage pulls the electrons from the metal-semiconductor interface into the
volume of the metal, simultaneously generating holes on the semiconductor side
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immediately near the junction plane. Those holes then move into the semiconductor
bulk, resulting in a small positive current. This process can be described as injection
of holes from the metal into the semiconductor.

The current—voltage curve of this diode looks qualitatively like the one in
Fig. 9.6c. The analytical form of the current—voltage relation is similar to the
one obtained earlier for a rectifying junction formed by a metal and an n-type
semiconductor, except for the signs in front of the current and the voltage:

J(V) = Jg(1 — e V/Vihy

The expression for the saturation current is similar to the one obtained earlier, but
with the electron conductivity effective mass replaced by the hole counterpart:

*

— (1202A -cm™2.K2). 2 |
h3 me

*7,2
Js = AT2e~08/Vin | A — dmwmpk-e

9.6 Non-ideality Effects

The J — V relation obtained in Sect. 9.5.2 describes an ideal Schottky diode and
does not account for some important effects that take place in the real metal—
semiconductor contacts. One such effect overlooked by this theory is that the barrier
height “seen” by electrons impinging on the metal from the semiconductor side is
actually lower than the value used in the calculations. To understand this, let us
consider the junction formed by a metal and an n-type semiconductor, see Fig. 9.5a,
under a forward bias.

Consider a conduction electron inside the space-charge region near the metal—
semiconductor interface. The ionized donors produce the electric potential in the
space-charge region (see Sect. 6.3.3):

2 PR
¢sc1e(x>=<vb,~—V><1—i> , Xdz\/@.
Xd eNy

In addition, the electron also interacts with the electrons of the metal. This
interaction can be effectively described by the method of image charges. Namely,
the force produced on the electron by the metal is the same as the force between this
electron of charge —e and its image charge +e¢ located at a distance x on the other
side of the metal-semiconductor interface, see Fig. 9.7a:

1 2 _ 2
drepe 2x)2 16megex?

Fim(x) =
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(a) (b) ¢ (x)
(\¢|_

Fig. 9.7 (a) An electron (charge —e) at a distance x from a metal surface interacts with the metal
so as if there were an image charge e at a distance x on the other side of the semiconductor—metal
interface. (b) The total electric potential is a sum of the SCR-generated contribution, ¢scr (x), and
the image charge potential ¢, (x)

The image-charge force can be expressed as the negative derivative of the image-
charge electric potential multiplied by the electron charge, —e:

dim (x) e

im(x) =e dx s Gim(x) 167coex

The total potential in which the electron finds itself is, thus,

Grot (X) = Ppscr(X) + Pim (x) ,

see Fig. 9.7b. It is seen that it has a maximum, whose height is smaller than the value
Vi — V obtained without taking the image charge into account. The barrier height
reduction A¢ can be obtained by approximating ¢scr(x) &~ (Vp; — V)1 —2x/x4);
this approximation is valid provided that the maximum of the total potential ¢, (x)
is not too far from the surface. The result of this calculation is

1/4
AN (Vi — V)"
872 (epe)?

Ap(V) = (

We see that the barrier height decrease depends on the applied voltage. The result is
that the reverse saturation current density is increased relative to its ideal-junction
value by a factor e2¢(V)/ Vi

Jg = AT2e 5/ VingAp(V)/ Vi

Actually, this value of the saturation current density is also not quite accurate for
several reasons:
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(i) A further effect neglected by the theory is that electrons with the energy greater
than the barrier height are incident onto the interface with the metal from the
semiconductor side does not necessarily make it into the metal. In fact, they can
be reflected back into the semiconductor, even though their energy is higher
than the barrier that prevents them from entering the metal. This is a purely
quantum effect that has to do with the wave nature of electrons; it cannot be
explained within the classical framework.

(i) What is even more important, the electrons with the energy lower than the
barrier height can still make it through the barrier due to the quantum tunneling
effect.

(iii) The theory developed above neglects the recombination of electrons and
holes in the space-charge region and also the surface recombination on the
semiconductor boundary.

(iv) There is a thin dielectric layer that separates the metal and the semiconductor.
While the electrons can tunnel through this layer, there is also a finite potential
difference across this layer, which affects the value of the Schottky barrier
height.

All these non-ideality effects result in a deviation of the experimental current—
voltage curve from the ideal one obtained here. The ideal J — V curve describes the
real-life devices only qualitatively correctly. In order to fit the experimental J — V
curves of a real Schottky diode, the ideal-diode relation is modified by introducing
the so-called ideality factor n:

J(V) = Jg(e"/ V) — 1y,

The ideality factor # is usually of the order of 1 — 2, but it can also be outside of this
range.

9.7 Problems

9.7.1 Solved Problems

Problem 1 Consider a junction formed by p-Si doped at N, = 10> cm™3 and
some metal at 7 = 300 K. The semiconductor is grounded. Silicon parameters can
be found in Appendix A.3. What should the metal work function be in order for
the voltage applied to the metal electrode to be the same as the surface potential on
the semiconductor? Draw the energy band diagram at zero voltage V, V > 0, and
V <.

Problem 2 A junction is formed by silicon and a golden electrode with the
work function ey, = 5.1eV. Determine the type (donors or acceptors) and the
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(a) (b)
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Fig. 9.8 Two Schottky diodes connected (a) in parallel and (b) in series

minimal concentration of the dopants in order for an inversion layer to form in the
semiconductor near the surface.

Problem 3 Two identical ideal Schottky diodes are connected in parallel, with one
in forward and the other in reverse direction, see Fig. 9.8a. Assume the reverse
saturation current /g of each diode to be known. Derive and sketch the current—
voltage relation, I (V) /Ig vs. V/Vyy,, of this circuit.

9.7.2 Practice Problems

Problem 1 Derive the value of the barrier lowering A¢ from Sect. 9.5.2.

Problem 2 When a positive bias of 0.5V is applied to the metal side of a metal—
silicon junction, the junction has the capacitance of 0.25 pF. A bias of 1.5V results
in a capacitance of 0.05 pF. The junction area A = 107> cm?, and the temperature
T =300K.

(a) Is the semiconductor of p- or n-type? What is the smallest value of the applied
voltage at which the space-charge region in the semiconductor starts to appear?
Is the metal work function higher or lower than the semiconductors?

(b) What is the doping level of the semiconductor?

(c) What is the value of the metal work function?

Problem 3 When a positive forward bias of 0.1V is applied to an ideal Schottky
diode at T = 350K, a current density J = 5.32 - IO’IOA/cm2 is measured. The
bias of 0.5 V results in the current density of 3.18 - 10™* A /cm?.

(a) What is the reverse saturation current density of this junction?
(b) Determine the height of Schottky barrier.

Problem 4 Two identical ideal Schottky diodes are connected in series, one in the
forward and the other in the reverse direction, see Fig. 9.8b. Assume the reverse
saturation current, /g, of each diode to be known. Derive the current—voltage curve
1(V) of this circuit. Plot the ratio //Ig vs. the ratio V// V;j,.
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9.7.3 Solutions

Problem 1 In order for the surface potential to be exactly equal to the voltage
applied to the metal, band bending must be absent in the semiconductor. The size of
band bending, which is the built-in voltage, is zero only if the metal work function
is the same as the semiconductor work function. Therefore, we must have

ey =eYs = Eyge — Efp = Eyge —Ec + Ec — Ep =ex + Ec — EF.

The energy difference Ec — Er can be found from the electron concentration:

n? (Ec—Ep)/kT
= L = Npe \FCTEF ,
1o N, ce
giving
E E kT 1 NaNc 0.02585 1 1072 -3.2. 1075 =0.871eV
— = n = U. n————————k— = U. € .
¢ F n? (8.59 - 109)2

l

The metal work function must be
ey, =4.054+0.871 =4.92eV .

The energy band diagrams of this contact for V. = 0, V > 0, and V < 0 are
shown in Fig. 9.9.

Problem 2 Let us assume that the majority carriers in the semiconductor are

electrons. Referring to Fig. 9.1c, we can express the difference Ey4em — EF in
two ways:

e fl‘;-_,,,--l

T !:J' jl—f".a:’_ T_ /_ I"‘J': . g | I, |T
V=0 V=0 V<0

Fig. 9.9 The energy band diagram of a contact formed by a p-type silicon and a metal with v, =
¥ at zero, positive, and negative voltage applied to the metal
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Ec — Ef
Vi = Vi + X + ——— .

The inversion layer starts forming when the concentration of holes near the surface
equals the concentration of electrons far from the surface. Hole concentration near
the surface is related to its value in the bulk via

n?
Voi/Vin — L oVbi/ Vin

PO,surf = pPoé
no

From the condition pg s,f = no, we obtain (see also Sect. 6.3.4)

no
Vi =2VipIn — .
ni

Next, the difference between the conduction band energy and the Fermi energy is
related to the electron concentration by (see Sect. 5.2)

Ec—E N
- _y,m==.
e no

Substitution of the expressions for Vj; and (Ec — EF)/e gives

noN¢

n N
Y =2V In = 4 + Vi In—= = y + Vi In =5 .
n; no n

i

From this, we find the electron concentration:

n2
1o = —L o Wm=2/ Vit
Nc¢

Taking the parameters from Appendix A.3, we find its numerical value

9y2
no = (839 10°)7 (51-4.05/0.02585 _ | 01 . 10'8 e .
3.2-101

We see that ng >> n;, which is consistent with our assumption that the semiconduc-
tor is of n-type.

If we assumed that it were of p-type, then we would have had to use the energy
band diagram from Fig. 9.6a; a similar reasoning would have brought us to a
conclusion that ng >> n;, which is inconsistent with the assumption about the
conductivity type of the semiconductor.

Hence, the semiconductor must be doped with donors at N; = 1.01 - 1018 cm—3.

Problem 3 The total current / is the sum of currents through the upper, /1, and the
lower, 1>, diodes,
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Fig. 9.10 The Tl
current—voltage curve of a

circuit, in which two diodes

are connected in parallel, see .
Fig. 9.8a Kl

I=5L+1.

Since the diodes are in parallel, the same voltage V is applied to both of them. The
upper diode is in the forward direction; hence,

L(V) = Ig"/Vin — 1y,

The lower diode is reverse-biased: if V is large and positive, the current through the
lower diode is Ig, and if V is large and negative, I» o« —Ige™"/Vih More generally,

L(V)=—Ig(e”"/Vin — 1) .

Adding the two currents together,

1% I(V 14
I(V) = Ige"/Vh — e V/Vity = 2gsinh — = ) _ 2sinh — .
Vin Is Vin

This relation is plotted in Fig. 9.10.



Chapter 10 ®
Metal-Oxide-Semiconductor Field Effect <o
Transistor (MOSFET)

10.1 MOSFET Schematics and Operation Principle

A MOSFET is a workhorse of integrated electronics and is at the heart of every
digital circuit. It is a building block of a charge coupled device (CCD). To name
but a few of its other applications, it is used to store information and perform
logical operations in digital electronics, to amplify and generate ac-signals in analog
circuits, and to convert analog signals into digital ones.

A schematics of an enhancement-mode MOSFET with an n-channel, or n-
MOSFET, is shown in Fig. 10.1a. It is based on a p-type substrate, with the terminal
attached to it called the body (B). The body is usually grounded. In the upper part of
the substrate, there are two heavily doped n™ -regions, with the source (S) and drain
(D) terminals. They are separated by an insulating oxide layer, on top of which
there is a metal electrode, called the gate (G). In Si-based circuits, the insulating
layer is usually formed by SiO (silicon dioxide), hence the name of the device.
The electrodes can be made of a metal, but also they can be made of heavily doped
semiconductor.

The idea of an n-MOSFET operation is that by applying a positive voltage
to the gate, one affects the value of the electric potential on the semiconductor
surface underneath the oxide layer. Once the gate voltage reaches a certain threshold
value, V7, the electric potential on the semiconductor surface becomes equal to the
threshold potential 7 = (EFr; — EF)/(2e), at which an electron-rich inversion layer
is formed, as discussed in the end of Sect. 6.3.4. The inversion layer connects the
source and the drain, allowing electric current to flow between these two electrodes.

Likewise, one may use an n-type substrate with the p™-type source and drain
regions. Then, application of a sufficiently large negative voltage to the gate will
result in a formation of a hole-enriched inversion layer. This kind of a MOSFET
is called the p-MOSFET in the enhancement mode. The electronic symbols of an
enhancement-mode n- and p-MOSFETS are shown in Fig. 10.1a.
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(a) gate (G) n-MOSFET p-MOSFET
source (S) drain (D) . ‘
. g S

oxide }J =
T M G 4{ f——B8 G ){ ———3B
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l body (B) D D

(b) gate (G) n-MOSFET o-MOSFET
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Fig. 10.1 (a) The structure of an enhancement-mode n-MOSFET and its electronic symbol; in
a p-MOSFET, whose electronic symbol is shown to the right, the substrate is of n-type, and the
heavily doped regions under the source and drain electrodes are of the p*-type. (b) The sketch of
a depletion-mode n-MOSFET and its electronic symbol. The depletion-mode p-MOSFET has the
same structure, but with the n-type substrate, the p*-type source and drain regions, and a hole-
enriched inversion layer underneath the oxide

The action of a MOSFET is thus reminiscent of a faucet, where a small variation
in the turning angle of the valve has a large effect on the water flow. Note that
the oxide layer is absolutely necessary for MOSFET operation. Indeed, if one had
a metal gate electrode deposited directly on the semiconductor surface, it would
have been impossible to control surface conductivity by the gate voltage simply
because the surface would already have been connecting the source and the drain at
all voltages.

A great advantage of MOSFET technology is its flexibility. It is possible to have
the parameters of the device such that the inversion layer is present even at zero
gate voltage; then, one would need to apply a certain threshold voltage to the gate in
order to switch the inversion layer off. A MOSFET with the pre-existing electron-
rich inversion layer at zero gate voltage is termed an n-MOSFET in the depletion
mode, see Fig. 10.1b. One can also build a depletion-mode p-MOSFET if one uses
an n-type body and two pT-type source and drain electrodes. The electronic symbols
of depletion-mode n- and p-MOSFETs are shown in the same figure.
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Fig. 10.2 (a) The current-voltage curves of an enhancement-mode n-MOSFET, connected as
shown in panel (b), for different values of the gate voltages. The dotted curve separates the region
where Ip increases with Vp from the region where /p is constant

10.2 Qualitative Description of MOSFET I — V Curve

Consider an enhancement-mode n-MOSFET with the body and the source elec-
trodes grounded, a voltage Vp applied to the drain and a current /p measured. Its
I — V curve for different values of the gate voltage V¢ is shown in Fig. 10.2.

At a fixed gate voltage exceeding the threshold value, Vg > Vr, the drain
current /p initially increases linearly with the drain voltage. The initial slope (the
conductance) dIp/dVp of the Ip vs. Vp curve increases as the gate voltage Vi
is increased. The reason for this is clear: the higher the gate voltage, the thicker
the inversion layer, and hence the lower its resistance. Interestingly, when the drain
voltage attains a certain value Vg“’ , the drain current reaches saturation. It remains
constant upon further increase of the drain voltage above V}*'-value. The saturation
drain voltage increases with the gate voltage.

Let us try and understand the current saturation. In order for an inversion layer
to form, it is necessary for the potential difference AV between the semiconductor
surface underneath the oxide layer and the gate to be greater than some threshold
voltage V7. But when a voltage Vp is applied to the drain, the value of the local
potential at a given point underneath the oxide will depend on the distance x from
the source. It will change from V(0) =0atx = 0to V(L) = Vp atx = L, where
L is the drain-to-source distance, see Fig. 10.3.

The potential difference between the gate and a point x in the inversion channel
is then given by

AV(x) = Vg — V(x).
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If the inversion channel connects the drain and the source, then AV changes from
the highest value Vg at x = 0 to the lowest value Vg — Vp atx = L.

Increasing the drain voltage Vp results in a decrease of AV (L) = Vg — Vp. As
long as AV (L) is above the threshold level, the inversion channel is still connecting
the drain and the source, and the current is still increasing upon further increase of
the drain voltage, albeit not as sharply as in the beginning of the / — V curve. But
at some point, the drain voltage reaches the value

Vi = Ve - Vr,

at which the local potential difference at x = L equals AV (L) = Vr. Then, the
existence of the inversion channel cannot be supported near the drain anymore,
although it still can exist at some distance away from it. This causes the phenomenon
called the pinch-off, see Fig. 10.3.

At pinch-off, the inversion channel ends at some distance AL from the drain.
The distance AL increases with Vp starting from the value AL =0 at Vp = Vl“)‘” .

It might come as a surprise that the drain current does not go to zero after
the pinch-off, even though the inversion channel is not in contact with the drain
anymore. Rather, the current saturates and does not change upon further increase
of the drain voltage. This is so, because, after the pinch-off, the potential difference
between one end of the inversion layer at x = 0 and the otherend atx = L — AL
remains constant and equals V}}*’. For Vp greater than the saturation value V"' by
not too much, the distance AL should be much smaller than L, which implies that
the inversion channel resistance R is approximately independent of V. Hence, also
the current in the inversion layer should be equal to I}y = V}'/R independent
of Vp. The current Ip = I} at Vp > Vls)‘” is carried by the electrons that move
from the rightmost edge of the inversion layer to the drain through the space-charge
region around the drain.

Our next task is to find the threshold gate voltage Vr at which the inversion layer
develops and to derive an analytic expression for the I — V curve of a MOSFET.

Fig. 10.3 Inversion layer at Vp > V"
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Let us consider the situation when a thin inversion channel is formed, i.e., the gate
voltage exceeds the threshold value, Vg > V7, and the drain voltage is below
the pinch-off value, Vp < V3. As we go along the inversion channel in the x-
direction, the potential difference V (x) between a point x in the channel and the
source at the origin increases from V(x = 0) = 0to V(x = L) = Vp. The local
electric field in the inversion layer,

dV (x)

E(x) =— T

acts in the negative-x-direction. It pulls the electrons from the source to the drain.
On average, the electrons in the inversion layer move with the drift velocity, which
depends on x:

dv(x)
dx

Veldrf (X) = —eE(X) = phe

where 1L, is the electron mobility in the inversion channel. Note that it is appreciably
smaller than electron mobility far away from the surface because the scattering of
the electrons by the surface is an additional mechanism that slows them down. This
mechanism is not operative in the semiconductor bulk.

Let n;(x) be the surface concentration of the electrons in the inversion layer. It
depends on the distance x from the source, being maximal at x = 0 and gradually
decreasing to n; (L) as the inversion layer gets thinner. The corresponding surface-
charge density is —en; (x). It is supported by the local potential difference across
the oxide layer above the threshold voltage V7,

AV(x)—=Vr =Vg—=V(x)— V7.

The threshold voltage must be subtracted from AV (x) because there is no inversion
layer at AV (x) < V7; the inversion layer only starts to be formed at AV (x) = Vr.
The surface-charge density —en; (x) is given by

—eni(x) = —C, (Vg — Vr — V(x)),

where

€0E
/ ox
Cox -

t())C

is the unit area capacitance of the insulating oxide layer between the gate electrode
and the MOSFET body. The thickness of this oxide layer is f,,, and its relative
dielectric constant is €,y.
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The value of the electric current at a position x is given by

dv , dv
I(x) = —eWni(x) vejary = Weni(x) pe—— = WC,,, (Vg — V7 — V(X)) e ——
dx dx
Indeed, dg = —eWn;(x)dx is the total electron charge contained between x and
x + dx. This charge is moving with the average velocity vej4,f = dx/dt, resulting
in the current / (x) = dq/dt above. Note that for a positive drain voltage Vp, the
electrons are drifting in the positive x-direction, so that the current 7 (x) is negative.
Now, due to charge conservation, the current must be constant at all values of x.
Its value is equal to the drain current, Ip = —1(x) for all x. We choose the minus
sign so as to make the drain current have the same sign as the drain voltage. Thus,

, dv
Ip =WC,, (Vg — Vr — V(x))MEE'

We multiply both sides of this equation by dx and integrate its left-hand side over x
from x = 0tox = L, giving IpL. Its right-hand side is integrated over the voltage
from the value V(x = 0) =0to V(x = L) = Vp, giving WC(’)X((VG - Vr)Vp —
Vlz) /2). We thus obtain the current—voltage curve before saturation is reached:

Ip(Vp) = K, (Z(VG —V)Vp — v,%) for Vp < Vi,
where the combination

K, = WMEC(/)X
2L
is called the conduction parameter of an n-MOSFET.

Note that Ip = 0 at Vp = 0, as one would expect. This Ip(Vp) curve represents
a parabola with a maximum at Vp = VIS)‘” = Vg — Vr, as can be verified by
differentiation.

If Vp > Vls)‘”, this relation would predict a decrease of Ip with Vp. But the
analytical considerations presented above are invalid if Vp exceeds the saturation
value V}}*' because we are now in the pinch-off regime, in which the inversion layer
does not connect the source and the drain anymore. Rather than starting to decrease,
the current saturates at the value

I3 = Ip(Vih) = K (Vg — Vr)? for Vp > Vi,

The current—voltage curve of a p-MOSFET is the same as of an n-MOSFET, with
the only difference being that the conduction parameter K, has to be replaced with

Wu,C’
6 - e

’

where u, is the hole mobility near the surface.
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10.4 Determination of the Threshold Voltage

10.4.1 Energy Band Diagram of a MOS Structure at Zero Gate
Voltage

The inversion layer in the p-semiconductor is formed when the potential on its
surface underneath the oxide reaches the threshold value
Epi — EF

Na
¢r =2VipIn — =2———\,
n; e

at which electron concentration near the surface becomes equal to hole concentra-
tion in the bulk. Semiconductor surface potential is controlled by the voltage on
the gate electrode separated from the semiconductor by a thin dielectric (e.g., SiO»)
layer. We need to figure out the threshold gate voltage V7, at which the surface
potential attains the value ¢7. Solving this problem requires a careful analysis of
the energy band diagram of the metal-oxide—semiconductor system when a voltage
Vi is applied to the gate, while the source, the drain, and the body are grounded.

Let us forget about the source and the drain for the moment and consider the
energy bands in the p-type substrate when zero voltage is applied to the gate, see
Fig. 10.4, showing the metal-oxide—semiconductor (MOS) structure in panel (a)
and its energy band diagram at zero bias in panel (b). Drawing the energy band
diagram of a MOS structure is based on the same principles as in the simpler metal—
semiconductor case.

In particular, metal and semiconductor in equilibrium must have the same Fermi
energy. This is so because maintaining zero voltage between the gate and the body
of a MOS structure requires connecting the two objects by a wire through which the
gate and the body can exchange electrons. This electron exchange renders the Fermi
energies in the gate and the substrate to be the same.

(a) . #|

) i
Saia bS T [-__ _ v, §

| ':d[L. ; . / T
oxide B
p-substrate P E,
e E

R B, - - - Ep,

el P

Fig. 10.4 (a) A metal-oxide—semiconductor (MOS) capacitor with zero voltage between the
substrate and the gate and (b) the energy band diagram of this structure
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Next, the vacuum energy level must be continuous throughout the MOS structure.
Just as in the case of a metal-semiconductor contact, this implies band bending in
the semiconductor and oxide layers. More precisely, because there are no free charge
carriers in the oxide, a potential difference V,, develops across it due to the band
bending in the semiconductor and also due to the surface charges that are trapped on
the oxide surface (we will discuss them later). Band bending in the semiconductor
results in the onset of a surface potential ¢g.

The energy difference between the vacuum level and Fermi energy in the metal
is the metal work function, ev,,. Electron affinity in the semiconductor bulk—that
is, the energy difference between the semiconductor conduction band edge and the
vacuum energy—is denoted as e . The work function in the semiconductor is then

ey = Evac,s — Epy =ex + Ec — EF.

10.4.2 Energy Band Diagram of a MOS Structure for
Non-zero Gate Voltage

Consider now what happens when a positive bias Vi is applied to the gate. This
leads to a shift of all energy levels in the gate down by the amount eV, e.g., the
new Fermi level in the metal is now Ef,, = Eprg; — eVg. At the same time, the
energy differences between the metal Fermi level Er,, and the vacuum level, ey,
remain the same as in the zero-bias case.

Because the semiconductor is grounded, all the bulk energy levels and energy
differences (Efrs, EFi, Ec, Ev, Eyac,s, and ex) remain the same as in the zero-bias
case. But at the semiconductor—oxide interface, the size of the band bending will be
affected by the voltage Vi applied to the gate. The size of the semiconductor band
bending near the surface is quantified by the surface potential e¢s, which equals the
difference between the characteristic energies (such as E,,c s or EF;) in the bulk
and near the surface, see Fig. 10.5b. When the gate voltage reaches the threshold
value, Vg = V7, the surface potential becomes

¢s =¢r = 2M,
e
and an inversion layer starts to form.
A useful relation between all these characteristic energies can be established by
considering the difference between the vacuum energy and the semiconductor Fermi
level in the bulk. On the one hand, it is just the semiconductor work function

eys =Ec—Er+ey,
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(a) (b)
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Fig. 10.5 (a) A metal-oxide—semiconductor (MOS) capacitor with a non-zero voltage between
the substrate and the gate and (b) the energy band diagram of this structure

see the right part of Fig. 10.5b. The same energy difference can be expressed in terms
of the metal properties, the potential drop across the oxide, and the band bending
parameter, namely,

evs = ey, —eVg + eV + eds,
see the left part of Fig. 10.5b. Equating the two expressions, we have
ey —eVg +eVox +edps = Ec — Ep ey,

or

Ec — EF
Ve =VYm+ Vox +ps — x — —.

This relation can be written in several equivalent forms. For instance, previously, we
have obtained an expression for the intrinsic Fermi energy

Ec+E kT
_Ect+By kT

Ny Ec+ Ey E,
Eri = —

h—Y~—T"V _p._ =%
2 2 Nc 2 2

Given that the effective densities of states Ny and N¢ are of the same order of
magnitude, the ratio Ny /Nc is of the order of unity, and thus the logarithmic term
can be neglected. Then

Er—Eri E

VG:wm_XS‘i‘Vox“f‘d’g“i‘ 2
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10.4.3 Oxide Voltage

An oxide layer of thickness 7,y has the capacitance per unit area

€€
/7 _ ox
Cox - ’

tO)C

where €, is the relative dielectric constant of the oxide. A voltage V,, across the
oxide layer is associated with the surface charges on its opposite sides. The gate
(metal) acquires a charge per unit area Q),, which has the same sign as the oxide
voltage polarity. The charge developed in the semiconductor underneath the oxide
layer has the surface density

It equals in magnitude to the surface-charge density on the metal side because the
whole structure must be electrically neutral. Thus, by the definition of capacitance,
the voltage across the oxide is given by

_ Q;n _ Qi _ Z‘())C /
Cox

V())C

—=% = .
Cox €0€ox

The semiconductor surface-charge density consists of three contributions:

1. The negative charge of the ionized acceptors is in the depletion region underneath
the oxide. The surface-charge density of the depletion region is

2€0€
eN,

¢s.

!/
Oy =—eNgxq, xq =

Here, x4 is the width of the depletion region, as derived earlier (see Sect. 6.3.3).

2. The negative charge is due to the electrons in the inversion layer. We denote the
respective surface-charge density as Q!.

3. During the semiconductor surface oxidation process, additional positive charge
is formed at the Si/SiO, interface due to the charge carriers trapped by the surface
states, trapped ions of various types, charged defects, etc. The magnitude of the
respective surface-charge density Q' (the subscript ss stands for “semiconduc-
tor surface”) depends on the technological conditions and is fixed.

Thus, in general, the voltage drop across the oxide layer is

_ Qig _ eNgxq + Q; - sz
Cow Cox '

Vox =
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Fig. 10.6 The energy band J
diagram of an i
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10.4.4 Flat-Band Voltage

The general relation between the gate obtained in the end of Sect. 10.4.2 involves
the surface potential ¢g, which determines the magnitude of band bending and,
accordingly, the width of the depletion region. The flat-band voltage is defined as
that value of the gate voltage VG = Vpp for which the band bending is zero, i.e.,
¢s = 0, see Fig. 10.6. Then, there is no depletion region under the oxide layer, i.e.,
xg = 0 under the flat-band conditions. Recalling that the inversion layer is formed
after the depletion region reaches its maximal size, we immediately realize that also
Q. =0.

lThen, the oxide voltage under the flat-band conditions is determined just by the
trapped surface-charge density,

055
VoxFB = — CZ; y
and the flat-band value of the gate voltage is
EF,' — Ef Eg ! "
V = — A R L = — ¢ — S8 .
FB=VYm— X e 20 Cl Ym — ¥ .

This is just the difference between the metal and semiconductor work functions
minus the oxide voltage due to the trapped surface charges. For an n-channel MOS-
FET, the flat-band voltage is negative because the semiconductor work function,

Eg
ey =ex + Epi — Ep + >

exceeds the metal counterpart, and because the charge Q) on the semiconductor—
oxide interface is positive.
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When an arbitrary voltage is applied to the gate, it can be expressed as

eNgxq + Q.

cr + 5.

Ve = Vrp +

10.4.5 Threshold Voltage

When the gate voltage Vi increases to the threshold value V7, the electrostatic
potential at the semiconductor—oxide interface becomes ¢s = ¢r = 2%. At
this value of the surface potential, the space-charge region underneath the oxide
reaches its maximal width

€€ 2 [epe
= /2 =—- |—(Efr;i — EF).
Xdr \/eNa¢T e\/Na( Fi F)

A further increase of Vi above Vr results in an increase of the inversion-layer
surface-charge density, but not in an increase of the depletion region.

At the threshold voltage Vg = Vr, the inversion layer just starts to be formed
but is not quite there yet. Therefore, we can set at the threshold Q = 0. The oxide
voltage is then

We thus have an expression for the threshold gate voltage

N, Epi — E
VTZVFB‘|'€ a/xdT +2 Fi F.
Cl. e

This expression can be written in other equivalent forms. For example, using the
formula for the flat-band voltage, we have

eNyxqr — O Eri— E E
Vi g+ N = Qs | Eri = Er By
Cl. e 2e

We have considered the case of an n-MOSFET here. Derivation of these relations
for a p-channel MOSFET, and also for the case when, instead of a metal, a heavily
doped p- or n-type semiconductor is used as a gate electrode, can be performed in a
similar manner.
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10.5 Capacitance—Voltage Measurements

A great deal about the MOS structure can be learned from the capacitance—voltage
measurements, in which the capacitance between the body and the gate electrodes
is measured as a function of the gate voltage. Such measurements are performed
by biasing the gate with a dc-voltage Vi and measuring the current produced by a
weak ac-voltage v(t) = vg sin(wt); this current equals

. dgo dv
i(t) = T CZ = Cvow cos(wt),
where
_dQ/dt dQ
o dv/dt dv

is the MOS capacitance and Q is the charge on the metal electrode. To exclude
the influence of the MOS geometry, we will evaluate the capacitance per unit area,
C’' =C/A, where A = WL, see Fig. 10.3.

As before, we focus on the n-MOSFET, i.e., the body is of p-type. Let us assume
for now that the frequency w of the ac-voltage is sufficiently small for the charge
carriers in the semiconductor to be able to react to the time-dependent electric field.
Three regimes can be distinguished.

Accumulation regime, in which the gate voltage is below the flat-band value:

Ve < Vrp.

At the typical doping levels N, > 10'* cm™3, the semiconductor body behaves as a
poor conductor, and therefore, it remains under zero potential. Application of a gate
voltage below the flat-band value results in an accumulation of holes in a very thin
surface layer underneath the oxide, see Fig. 10.7a. The thickness of this layer is of
the order of Debye screening length, see Sect. 6.3.2. Since the voltage drop occurs

(a) V, <V, (b) ; Vo<l (c) V>V

- .
oxide & l oxide A opxide

inv. layer
LI A SCR e

T _ |SCR
p - type p - type p-type

i i [ i

Fig. 10.7 The MOS structure in the (a) accumulation, (b) depletion, and (c¢) inversion regime



246 10 Metal-Oxide—Semiconductor Field Effect Transistor (MOSFET)

mostly across the oxide, the capacitance of the structure equals to that of the oxide
layer:

€Q€E
C'(V)y=C,, = p

ox

Depletion regime, in which the gate voltage is high enough for the depletion
region to form near the surface, but insufficient for the formation of the inversion
layer, see Fig. 10.7b:

Vip < Vg < V7.

The depletion region width and capacitance per unit area depend on V as

2€0e(V — VEp) , €p€ eN,epe
.xd == — Cd = — = e —
eN, X4 2(V — Vpp)

The net capacitance now consists of the oxide and the depletion region capacitances
connected in series:

IR N R o/

c -, C TG+ Cy

Since C [’1 decreases with V, so does the total capacitance at Vg > Vpp. The
depletion regime ends when the gate voltage reaches the threshold value, at which
an inversion layer forms near the surface. The minimal capacitance per unit area is

then
b C,.Chr o €€ _ eN,epe
min Céx + CéT ’ dT -xd 2¢T *

Inversion regime, in which the gate voltage exceeds the threshold value,
Vo > Vr,

resulting in a formation of the inversion layer. Because the whole structure must be
electrically neutral, the charge per unit area on the metal electrode, Q' = Q/A, is
a sum of the magnitudes of inversion-layer charge, Q! = Q;/A, and the charge of
the depletion region, Q&T = —exgr Ny. Thus,

Q' = exyr Na + Q.
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(b)

Fig. 10.8 The capacitance—voltage curve of a MOS structure at (a) low-frequency driving, (b)
high-frequency driving, and (c) intermediate-frequency driving

The depletion region has the maximal width x;7 = ,/220% corresponding
to the threshold value of the surface potential. Therefore, it does not increase
with increasing V. On the other hand, the charge of the inversion layer grows
exponentially strongly with the gate voltage, so that at Vs exceeding Vr by a small
amount, the inversion-layer contribution starts to dominate over the depletion region
contribution: Q" ~ |Q}|. Correspondingly, the voltage drop across the depletion
region can be neglected, i.e., the main voltage drop occurs across the oxide layer,
and the measured capacitance is C'(V) = C,, as in the accumulation regime:

!~ / I my
0'~|0;)l = C=C,.

The capacitance—voltage curve for slow driving is sketched in Fig. 10.8a.

So far, we assumed that the frequency w is sufficiently low for the semiconductor
charge carriers to react to the time-dependent voltage v(¢). The slowest component
of the semiconductor charge is the inversion layer, which is formed due to the
generation—-recombination processes. If the frequency w is much higher than the
inverse recombination time, then the charge density in the inversion layer is unable
to follow the temporal variations of the gate voltage. As a result, the inversion
layer becomes a thin static charged sheet. Even though it may have an appreciable
surface-charge density Q7, it practically does not change in time, making very little
contribution to the capacitance

,_dQj/di . dQ),/dt
dv/dt ' dvjdt

As a result, the measured capacitance saturates at the value C,,, . see Fig. 10.8b at
high frequencies.

At the intermediate frequencies, the capacitance at V > Vr saturates at some
value between C,/m.n and C (/)x, which increases as the frequency is decreased, see
Fig. 10.8c.
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10.6 Problems

10.6.1 Solved Problems

Problem 1 Determine the flat-band and the threshold voltage of a Si-based n-
MOSFET with the base doping level N, = 10'> cm™3, SiO; insulator of thickness
100nm and the dielectric constant 3.9. The trapped surface-charge density is
10" cm™2. The temperature is 300 K. As the gate electrode polycrystalline n*-Si
is used with the Fermi level higher than the conduction band energy by 0.05eV,
you may assume that the electron affinity of the gate electron is the same as of the
MOSFET body.

Problem 2 Same as in Problem 1, but this time it is a p-MOSFET, i.e., the body is
n-type with the same doping concentration Ny = 103 cm™3, and the gate is made
of the heavily doped p*-Si with the Fermi level 0.05 eV below the valence band
edge.

Problem 3 The experimental capacitance—voltage curve of a Si-based MOSFET is
sketched in Fig. 10.9a. Its oxide layer is SiO, with the dielectric constant €,, = 3.9.
The gate metal work function is ey, = 4eV. The temperature is 300 K. Based on
this information, determine the following:

(a) Is this a p-MOSFET or an n-MOSFET?

(b) What is the oxide layer thickness?

(c) What is the semiconductor doping level?

(d) What is the surface concentration of trapped charges in the semiconductor—
oxide interface?

Problem 4 For an enhancement-mode n-MOSFET biasing shown in Fig. 10.9b,
sketch the current—voltage curve, Ip vs. Vpg, for Vgp = 0,0.5 Vr, Vr,and 2 Vr.

(a) (b)

! -r:'.".J
( " | | I D
!.n’}

L11.5nF/cm’ G

T < ;‘ D
= " e |

-5V -05V V.

Fig. 10.9 (a) The capacitance—voltage curve of some MOS structure in Problem 3. (b) The biasing
of an n-MOSFET in Problem 4
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10.6.2 Practice Problems

Problem 1 A MOS capacitor is formed by an n*-Si/SiO,/n-Si structure at T =
300 K. The substrate is grounded. The n™-Si, used as a gate electrode, is doped so
heavily that its Fermi energy is above the conduction band edge by AE = 0.05eV.
The n-type silicon body is doped at Ny = 10'7 cm™3. The SiO» layer has thickness
to,x = 200 nm and a relative dielectric constant of €,, = 3.9. On the interface with
n-Si, it carries the trapped charges of surface density Q}, = 6 - 1072 C/cm?. The
properties of Si are given in Appendix A.3. Draw the energy band diagram of the
structure when a positive voltage Vi is applied to the gate. Use this diagram to
express the applied gate voltage V in terms of the characteristic energies, E,, AE,
ErEF;, eps, and eV,,. Find the flat-band voltage and the threshold voltage of the
device.

Problem 2 A p-MOSFET for which W/L = 7, where W is the device width, and
L is the source-to-drain distance; the oxide thickness and dielectric constant are ¢,
=50nm and ¢,, = 3.9, and the hole mobility near the surface u, = 70 cm? J(V -s.
The device is to be used as a controlled resistor.

(a) Calculate the surface-charge density in the inversion channel that is required for
the MOSFET resistance between the source and the drain to be 10k$2 at low
values of Vp « Vl()‘mt). Note that at small drain voltage, the inversion-layer
surface-charge density Q! is independent on the coordinate x.

(b) What gate voltage in excess of the threshold voltage, AV = Vg — Vr, is
necessary to maintain the inversion surface-charge density found in part (a)?

10.6.3 Solutions

Problem 1 We consider a MOS structure, whose energy band diagrams at zero and
positive gate voltage V are shown in Figs. 10.4b and 10.5b, respectively. The work
function of the “metal” n™-Si

ey =ex —AE, AE =0.05eV.

We can directly apply the results obtained in Sects. 10.4.4 and 10.4.5. Namely, the
flat-band voltage is given by

Eri — Er E !
VFBZTPm—X—'T—z—j—C—/SS

ox
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AE  Epi—Er Eg 4

e S - S 1
=
e e 2e Cl.

The second term in the right-hand side of this expression can be evaluated as

po =Ny = nl.e(EFi_EF)/kT

Eri — EF N, 101

o SRR _yome 0025851 —0.3015V.
P s 1859100

The oxide layer capacitance per unit area is

o/ _ €0or _ 8.854-1071.39

— -8 2
or = = =3.453-10"°F/cm~.

The voltage drop across the oxide is then

Q' 1.602 - 10719 - 10!
B = 3.453.10°%
The flat-band voltage is
1.12

Vrp = —0.05 — 0.3015 — - - 0.4639 = —1.375V.

‘We now go on to the threshold voltage

eNyx Eri — E
VT:VFB+ a/dT_i_2 Fi F'
Cl, e

At threshold, the potential on the semiconductor surface has the threshold value

Epi—E
¢r =2-—"F —2.03015=0.603 V.

e

The voltage drop across the oxide layer is now due to not only trapped charges, but
also due to the charges of ionized acceptors in the depletion region. The depletion
region width has the maximal value

€0€ 8.854-10-14.11.7
_ — [2. £0.603 = 0.8831 pum.
tar N, T \/ 1.602-10-19- 1015 wm

The contribution of the SCR to the voltage drop across the oxide is
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(a)

-
Svac, m

Fig. 10.10 The energy-band diagram of a p-MOSFET at (a) Vg = 0 and (b) Vg <0

eNgxgr  1.602-1071 10" .0.8831-10~*

- = 0.4097 V.
Cl. 3.453.10-8

Collecting everything together, we find the threshold voltage to be

Vr = —1.375+0.4097 4+ 0.603 = —0.362 V.

Problem 2 The energy band diagram of the structure at zero and at a negative gate
voltage is shown in Fig. 10.10. Because the Fermi level of the gate p™-Si electrode
is below the valence band edge by the amount AE = 0.05 eV, its work function,

ey =ex + Eg + AE=405+1.12+0.05=5.22¢V,

exceeds the work function of the n-type body,

E, N4
EI/IS=€X+Ec—EF=€X+Ec—EFi+EF,‘—EF=€X+7—/<T1I17
1
1015
=4.05+0.56 — 0.025851In ———— = 4.308eV.
8.59 - 10°

Consider the energy difference between the metal vacuum and the semiconductor
Fermi levels. On the one hand,

Evaen — Eps = ey, — eV,
and on the other hand,
Evac,m — Epy = —eVox — egps + ey

Note that Vg, V,,, and ¢; are all negative. From these two equations, we express
the applied voltage in terms of everything else:
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VG:wm_l/fs+Vux+¢S-

The same relation was obtained for a n-MOSFET in Sect. 10.4.2. In the flat-band
situation, ¢s Fp = 0 and V,x rp = —Q%,/C,, = —0.4639V, as established in the
previous problem. Hence,

Vep =5.22 —4.308 — 0.4639 = 0.4481 V.

To get the threshold voltage, we need to replace the surface potential with the
threshold value

N,
¢r = —2VyyIn =% = —0.6031 V.

1

The depletion region width at threshold is

2 /
rar = 29Tl gean i,
eNy

and the voltage drop across the oxide layer is

—eN| — eNgxqr
VoxT = C—,
ox
191011 41015 . 0.8832 - 10~

=—1.602-10"
3.453-10°8

= —0.8739V,

where the numerical value of C),, was found in the previous problem.
We can find finally the threshold voltage:

Vr Zwm _1/fs+V0xT+¢T
=5.22 —4.308 — 0.8739 — 0.6031 = —0.565 V.

Problem 3

(a) The measured capacitance—voltage curve shows that the capacitance at V >
—0.5V is higher than the capacitance at V < —5V. This means that a large
negative voltage V < —5V must be applied to the gate to create an inversion
layer. We conclude that the majority carriers in the MOSFET body are electrons,
i.e., this is a p-MOSFET with the flat-band and the threshold voltage values of

Vep =—-05V, Vr =-5V.

(b) The capacitance of the oxide layer is C,, = 11.5 nF/cm?. From this value, we
can find the oxide thickness as
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€0€ox €0€ox  8.854-1071%.3.9
Cox = = lox = = = 0.3pm.
T o > 115109 wm

(c) The minimal capacitance C,, = 8.4nF/cm~ is formed by the oxide layer,

and the depletion region at its maximal width xy7 = /2€p€|p7|/(eNs), where
¢ = 2V, In(Ng/n;) is the threshold surface potential. We have

1 1 1 C! C. 11.5-84
—— ==t = Cyr =0 = = 31.16 nF/cm’.
Cmin Cux CdT Cox - Cmin 11.5—-8.4

The SCR capacitance per unit area at the threshold surface potential is

o €0€ €peeNy
T xar {4V In(Ng/ni)’

To find the donor concentration from this equation, we rearrange the terms as

_ WVanCir Vi

Ny

€pee n;

An iterative solution of this equation starts with a reasonable initial value of Ny,
say, Ny = 10'8 cm™3. Its substitution into the right-hand side gives a new value
Ny = 1.12-10'"® cm™3, which is then substituted again into the right-hand side
to further improve the accuracy of the result. This procedure is repeated until
convergence is reached, giving the value

Ny =8.34-10" cm™>.
(d) The flat-band voltage is given by

/
Q S8

Vi = VYm — ¥s — ,
" Cox

where the metal work function is known, and the semiconductor work function
is

Ec— Ep E, Ep—Ep;
Us=x+t————=x+t————
e 2e e
8.34. 1013
=4.05+0.56 — 0.02585 - In ————— = 4.254 V.
8.59 - 109

We obtain

0. =C -(Ym—Vs—Vrp) = 11.5:107° (4—4.25440.5) = 2.83-10° C/cm?.
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This corresponds to the concentration of charges of

Q. /e =176-10"cm™2

Problem 4 If V; and Vp were independent parameters, the current—voltage curve
of a MOSFET would depend on the relation between these voltages (see Lecture
Notes for details):

0 for VG < VT,
Ip(Vp) = { K, (2(Vg — V1)Vp — V}) for Vp < Vg — Vr,
Kn(Vg = Vr)* for Vp = Vg — Vr.

That is, the current is zero in the sub-threshold regime; it increases with Vp in the
sub-saturation region; and it is constant / i)‘” = K, (Vg — VT)2 in the saturation
regime.

For the connection in Fig.10.9b, the gate and the drain voltages are not
independent. Rather, they differ by a fixed amount set by the battery:

Ve = Vp + Vpg.

The minimal gate voltage required for the current to flow is Vr; otherwise, there is
no inversion layer. The current is guaranteed to be zero for Vg = Vp + Vpg < V7,
or VD < VT — VDg.

At Vp > Vr — Vpg, the current will be increasing with Vp according to whether
the gain-to-drain voltage is below or above the threshold voltage.

If Vop = Vg — Vp < Vr, we are in the saturation regime, in which

Ip(Vp) = Kn (VG — Vr)* = Ku(Vp + Vop — V1)*.
In particular,

0 for Vp < Vr

fOI'VGDZO . ID(VD): ,
K,(Vp — VT)2 for Vp > Vr

0 for Vp < 0.5Vr

for VGD =0.5 VT . ID(VD) = s
K,(Vp —0.5Vy)? for Vp > 0.5Vy

and
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Fig. 10.11 The current—voltage curves of an n-MOSFET from Fig. 10.9b for different values of
the gate-to-drain voltage, as indicated near each curve

0 for Vp <0

for Vgp=Vr : Ip(Vp) = )
K,v; for Vp > 0.

If Vgp = Vg — Vp > Vr, we are in the sub-saturation regime, in which
Ip(Vp) = K (20 = V)b = V3 ) = Ku (20V0 + Vap = V)Vp = V3)
= K. (Vi +2Vp(Vop — Vr)).

In particular,

0 for V, -V
for Vp =2V Ip(Vp) = oF Vb =T
K,Vp(Vp +2Vy) for Vp > —Vr

The Ip(Vp) curves for all these cases are shown in Fig. 10.11 with the V5 p voltage
indicated at each curve.



Chapter 11 ®
PN Junction Diode Chock or

11.1 The Structure of a pn Junction

A pn junction diode is fabricated by letting the doping impurities, say, acceptors,
diffuse into a, say, donor-doped substrate. After that, good ohmic contact electrodes
must be deposited onto the resulting n- and p-regions, see Fig. 11.1a. For the ease
of the discussion, a pn diode is usually schematically represented as an elongated
structure, see Fig. 11.1b. Its electronic symbol is shown in Fig. 11.1c.

It is immediately obvious that the current—voltage curve of this device should
be non-linear. Indeed, if a positive bias is applied to the p-region relative to the
n-region, then the majority holes will be pushed from the p-side into the n-side,
the majority electrons from the n-side will easily flow into the p-side, and we will
have a large current through the structure. If the polarity of bias is reversed—minus
to the p-side and plus to the n-side—then it will be the minority electrons in the
p-side that will be pushed into the n-side, and minority holes in the n-side that
will go to the p-side, meaning that the current will be small. The asymmetry of the
current—voltage curve opens the possibility to use a pn junction, e.g., to convert an
ac-voltage into a dc-voltage. Other uses of pn diodes are numerous; we will discuss
their optoelectronic applications later on.

Apart from electrons and holes that are free to move, there are also stationary
positively charged donor ions in the n-region and negatively charged acceptor ions
in the n-region. They create the charged background that balances the respective
charge densities of electrons and holes inside the quasi-neutral p- and n-regions
(p-QNR and n-QNR, see Fig. 11.1b). At the interface between the n- and p-type
semiconductors, electrons from the n-side and holes from the p-side recombine
with each other, and therefore, the interface region contains only a negligibly small
concentration of electrons and holes. But it has positively charged donor ions on
the n-side and negatively charged acceptor ions on the p-side, forming a kind of
capacitor. In other words, the interface region becomes the space-charge region
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(a) (b) (c)

=] e >

p-QNR SCR n-QJNR

Fig. 11.1 (a) The structure of a “real-life” pn junction diode, (b) its schematic representation
showing the two quasi-neutral regions (QNRs) separated by the space-charge region (SCR), and
(c) the electronic symbol of a pn diode

(SCR) or depletion region. The total charges of the two sides of SCR are equal
in magnitude but opposite in sign, so that its total charge is zero.

When analyzing the pn junction diode, we will make the following assumptions.
We will consider a step homojunction, in which the host lattice in the p- and n-sides
is the same and the doping profile is sharp, i.e., the concentration of donors is Ny
on the n-side and zero on the p-side, and the concentration of acceptors is N, on the
p-side and zero on the n-side. We will assume complete ionization of the impurities
with n; < Ny and N,. Finally, we will use the depletion approximation to describe
the SCR.

11.2 The Energy Band Diagram of a pn Junction at Zero
Bias

Consider the case of zero bias. In thermal equilibrium, the Fermi energy must be
uniform throughout the pn structure. But on the p-side, EF is closer to the valence
band edge, and on the n-side, it is closer to the conduction band edge. This implies
that the energy bands must bend in the SCR to maintain the uniformity of Fermi
energy, see figure showing the energy band structure of a pn junction at zero bias.

Physically, the bands are bent because the electrons from the n-part of the diode
diffuse into the p-part, where they recombine with the holes. Vice versa, the holes
from the p-side diffuse into the n-side and recombine with the electrons there. As a
result, only the positively charged donor ions and negatively charged acceptor ions
remain on the two sides of the junction in the SCR. Hence, the SCR represents a
charged capacitor with a built-in voltage, V;, developed across it.

The magnitude of Vp; can be established from the following considerations. In
the presence of a non-uniform electric potential in a semiconductor, the electron
concentration is given by

no(x) = no,e? Vi ng, = Ny,
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where ng, = Ny is the electron concentration in the n-part, assumed to be grounded.
From this, we conclude that electron concentrations in the p-region are given by

nop = Nde—vh[/vzh.

On the other hand, by the mass action law,

n?

nop = —, Pop = Ng,
Pop

where po, = N, is the majority hole concentration in the p-region far away from
the SCR boundary. Combining these two expressions for ng,, we find

2
| n? NuN,
Nge VoV = —L = Vi = Vi In =452
n

a i

If the two sides of the junction are connected by a conducting wire, the built-
in voltage will not cause an electric current to flow through it. The existence of
such a current would contradict the law of energy conservation. The physical reason
why the built-in voltage cannot produce an current is that there would be additional
semiconductor band bending in the metal-semiconductor contact regions on the p-
and n-sides, see Fig. 11.2a. These two contact regions will be characterized by their
own values of the built-in voltage, so that the three built-in voltages, which add up
to zero with the built-in voltage in the pn junction region.

(a) (b) SCR

=2V =V ) (x, +x.)

Fig. 11.2 (a) A pn diode at zero bias (top) and its energy band diagram (bottom). (b) A pn diode
under a non-zero bias (top), together with the electric potential and electric field distribution within
the structure (bottom)
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For the same reason, touching the two ends of a pn diode with two terminals of
a voltmeter will show zero voltage, not Vp;. The built-in voltage can be found by
measuring the voltage-dependent capacitance, similar to the metal-semiconductor
case.

11.3 PN Junction Under an External Bias

Consider what happens when a bias V is applied to the p-side of a pn diode, see
Fig. 11.2b. A forward bias, V > 0, reduces the potential barrier that prevents the
majority carriers from entering the opposite side of the junction, whereas a reverse
bias, V < 0, increases this barrier. We will focus on the practically interesting case
when the applied bias is smaller than the built-in voltage,

V < Vi,

meaning that the SCR exists in the pn structure. In the less interesting opposite case,
V > Vp;, the diode will behave more or less according to Ohm’s law.

Because the QNRs have a considerable number of mobile charge carriers, the
voltage drop across them is negligible. But this is not so in the SCR, which is
depleted of the free charge carriers. Hence, the voltage drop V occurs practically
completely across the SCR.

To find out how the potential changes in the diode, we adopt the depletion
approximation, see Sect.6.3.3. Namely, we assume that there are no free charge
carriers in the SCR, which has abrupt boundaries at x = —x, and x = x,, see
Fig. 11.2b. Outside of the SCR (i.e., at x < —x, and x > x,), the charge density
p(x) is zero, and inside the SCR, it is approximated by

—eN, at —x, <x <0
p(x) = .
eNy at 0 <x < x,

Within the depletion approximation, we must impose the boundary conditions for
the SCR boundaries:

d d
O(—xp) =V = Vpi, ¢(xy) =0, f(x =—xp) = ﬁ(x =x,) =0.

With these boundary conditions, the solution of Poisson’s equation reads

EN“(x+x,,)2+V—Vb,' at —x, <x <0

¢(x) = isz,vd

T 2¢p¢

(x—xn)2 at 0 <x < xy,
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The first derivative of the electric potential is related to the electric field:

Na
£) = _do(x) _ _Nioe (x+xp) at —xp, <x< 0.
dx e_d(x_xn) at 0 <x < x,

€o€

It remains to determine the SCR boundaries, x,, and x ,. First, we note that electric
field must be continuous at x = 0, i.e., £(x = 0) must have the same value if one
uses the upper and lower expressions for £(x). This immediately gives

Naxp = Ngx,.

This equality expresses the fact that the net charge of the negatively ionized
acceptors in the left part of the SCR must be compensated by the positive charge
of ionized donors in its right part, so that the SCR is electrically neutral.

In addition, the potential must be continuous at x = 0, i.e., ¢ (x = 0) must have
the same value if one uses either expression for ¢ (x). This gives

eNa 2 eNd 2
S A S VA VA 3
ZEoexp + bi 2€0€ *n

Solving the two equations for two x, and x,, we obtain

€0e€(Vpi — V) Ny eoe(Vpi — V) N,
xp= 2060 = PN €€ b = V) Na
e(Ng + Ng) N, e(Ng + Ng) Ny

The total width of the SCR is, then,

’

€0€(Vpi — V) Ny + Ny €0€(Vpi — V)
w=xp,+x,=,/2 =, /2—=
e NgN, eN

where

111 NaN,

= = N=——.
N Ny N, Ng + Ng

The maximal (in magnitude) built-in electric field is realized at x = 0. It is given by
several equivalent expressions:

N, N, [2eN Vi —V
gmang(o)z_e cal Z_e dn = - g_(Vbi_V)Z—z bi .
€0€ €Q€ €Q€ w
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11.4 SCR Capacitance

The insulating SCR is sandwiched between the two conducting QNRs. It can be
modeled as a parallel-plane capacitor of thickness w. Its capacitance per unit area is

C - €€ _ ecpeN
w 2(Vpi = V)’

where we used the expression for w obtained in the previous section.
Note that the inverse capacitance squared

L2
C? ~ eepeN bi

depends linearly on the applied voltage, see Fig. 11.3. It becomes zero at V = Vj,.
The slope of this straight line is

2 2Nd+Na

ecoe N~ “€peeNyN, '

Thus, the measurements of C’ vs. V allow one to determine the product NyN,
(present in Vj;) and the sum Ny + N, (present in the slope of 1/C* vs. V).
If one knows which side is doped more heavily, one can determine the doping
concentrations N,, Ng.

A one-sided junction is a highly non-symmetrically doped pn junction, where
either N, > Ny or N; > N,. In the former case, it is denoted as p™n junction, and
in the latter case as pn™ junction. It follows from the neutrality condition x, N, =
xn Ng that the depletion layer penetrates primarily into that side that is doped more
lightly. Indeed, if, e.g., N, > Ny, then x,, = x,,%—z > xp. If Ng > Ng, we can
approximate N with Ny to a good accuracy. For a p™n junction, the expressions for
SCR width and capacitance simplify to

Fig. 11.3 The inverse square 1fC*?
of the capacitance per unit
area of the SCR in a pn
junction diode as a function
of the applied voltage

slope = — —

eg,e NN, \
%
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W x — 2606(Vb,- -V) C— ecpe Ny
" eNg 2(Vpi — V)

These expressions are identical to the ones obtained in the discussion of a junction

formed by metal and an n-type semiconductor, see Sect. 9.3. In the opposite case of

apn’ junction, the respective expressions are the same, but with N, replaced by N,.
pn’j P p p y

11.5 Current—Voltage Relation of a pn Junction Diode

11.5.1 Charge Carrier Concentrations Near the Boundaries of
the SCR

When an external voltage V is applied to a pn junction diode, an electric current will
flow through it. Even though the system as a whole is out of equilibrium, its electron
and hole subsystems find themselves in local thermodynamic equilibria separately.
This is so because equilibration of electrons belonging to the same band proceeds
much faster than equilibration between different bands. The former involves
intraband scattering processes, where electrons exchange energy in small portions,
and the latter requires the much slower generation-recombination processes, in
which electrons exchange large amounts of energy of the order of the band gap
energy E,. With this in mind, we can use the language of the electron and hole
quasi-Fermi energies (see Sect.7.7), Er, and EFp, in the p- and n-sides of the pn
junctions.

Consider the p-side. Far away from the SCR boundary, x < —x, the minority
electrons exchange energy only with the majority holes, and therefore both electrons
and holes have a common Fermi energy Efp, which is different from the n-side
counterpart, Er,. But near the SCR boundary, the minority electrons on the p-side
“communicate” with the majority electrons from the n-side much more efficiently
than with the majority holes. This is so because the SCR is so thin that electron
transport through it occurs very swiftly. From this, we can conclude that the minority
electrons near the SCR boundary at x = —x, must have the same quasi-Fermi
energy Ef, as the electrons on the n-side of the junction. As we move deeper into
the p-QNR, the electron quasi-Fermi energy aligns itself with the hole counterpart,
see Fig. 11.4. The same reasoning applies to the minority holes on the n-side.

Hence, far away from the SCR boundaries, the minority carrier concentrations
are

n n

Fa’ Pn= -

n =
p
N4

Note that we dropped the subscript 0 because the system is not in equilibrium.
Near the SCR edges, the minority concentrations differ from these values. Namely,
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Fig. 11.4 The energy band P

diagram of a biased pn E, |

junction diode, showing the —Jl\-ll—
electron and hole quasi-Fermi . Il

energies ‘ \l’_\:_:"'l

because the potential difference across the SCR is Vj; — V, and because the carriers
of the same type on the two sides of the SCR have the same quasi-Fermi energy, we
can relate the electron and hole concentrations on the two sides of the SCR to each
other by

2
~Whi=V)/Vir = o= Vo=V Vi = L vV

n(—x =n(x,)e

(=xp) = n(xy) N,
n?

~i=V)/Vin = N o= Vi~V Vn = B VI Vi

p(xn) = p(—xpe N,

In the last step of both lines, we used the expression for Vj; obtained in Sect. 11.2.
These formulas are called Shockley boundary conditions. We will use them to derive
the current—voltage relation of a pn junction diode.

It follows from the Shockley boundary conditions that the product

n(=xp)p(=xp) =n(—x,)Ny = nizev/vfh.

On the other hand, it is given by

n(—=xp)p(=xp) = n(—xp)Ny = nize(EFe*EF")/kT.

It then follows that the difference of quasi-Fermi energies is just the applied voltage
multiplied by the elementary charge:

EFe — Eph =eV.

11.5.2 Current=Voltage Relation of an Ideal pn Junction Diode

To figure out the J — V curve of a pn junction diode, we will need a relation
between the charge carriers’ concentration and the current density. It is convenient
to introduce the excess concentrations of electrons and holes as
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An =n —ng, Ap = p — po.

In terms of the excess concentrations, Shockley boundary conditions read

2 2
_ B viva _ o viva
An(—xp) = V(e -1, Ap(x,) = N—d(e — 1.
a

Let us focus on the QNR on the n-side of the junction, where the excess minority
hole concentration is described by the continuity equation (see Sect. 8.8):

dAp 3?Ap  Ap .
—_— = —— — —at x > Xx,.
ot "X T "

There is no drift current because the electric field in the QNRs is zero. Dy, is
the hole diffusion coefficient, and 3, is the hole recombination time in the quasi-
neutral n-region. The derivative d Ap/dt equals zero because we are interested in
the steady-state situation when the excess concentrations and current densities are
time-independent. Thus, we have

2Ap  Ap
hn — — =0at x > x,.
9x2
X Thn

Since the steady-state continuity equation is a second-order differential equation, it
must be supplemented by two boundary conditions. One is provided by the Shockley
boundary condition for Ap(x,) written above. The other one says that far away
from the junction boundary in the quasi-neutral n-region, the hole concentration
must approach its equilibrium value, meaning that the excess hole concentration
approaches zero:

Ap(x — 00) = 0.

The solution of hole continuity equation that respects both boundary conditions is
n?
Ap(x) — Ap(xn)e_(x_x")/L”” — N_’ (ev/ Vin _ l)e_(x_xn)/Lhn at x > x,.
d

Here,

Ly, = vV Dpythn

is the so-called hole diffusion length in the n-region.
We treat excess minority electrons in the p-region in the same manner. The
respective diffusion equation in the steady state reads
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2An  An 0 at
—— =0at x < —xp,
Paxr 1, P

where D, and 7, are the diffusion coefficient and lifetime of electrons in the
p-region. In addition to the Shockley boundary condition for An(—x,), we also
require that

An(x — —o0) = 0.

With these boundary conditions, the solution of the continuity equation is

2
An(x) = An(—xp)e(x"’xp)/LfP = n—i(ev/‘/’” — De¥ T/ Lep gt x < —Xp,
a

where the electron diffusion length in the p-region is defined as

Lep = /DepTep.

Once we know the excess concentrations, we can determine the respective
diffusive flux densities:

2
8Ap — n_i(ev/vth 1) Dhn e_(x_xn)/Lhn

ihn(x) = —Dpy—— — for x > x,,

.]hn( ) hn ax Ny Lim n
dAn n? D

jop(X) = —Dpp—— = —— (Vi — 1) ZL 6D/ Lep for x < —x,).

]ep( ) Ty N, ( ) Lep p

Setting x to x, in the first expression gives the number of holes that pass through
the SCR per unit area per unit time. Likewise, setting x to —x, in the expression
for jep(x), we obtain the number of electrons that pass through the SCR per unit
area per unit time. Multiplication of the hole flux density expression by e and the
respective electron flux density by —e gives the hole and electron contributions to
the current density through the SCR:

2
n; Dpy
Jn = ejnn(xn) = e—= (¥ Vin — 1),
h Jin (Xn) NdLhn( )

2
n: D,
I = —ei (— — e—L 2P VIV _ 1y,

e ejep( xp) eNa Lep (e )

The total electric current through the pn diode structure must be uniform, i.e.,
independent of x. Hence, the total electric current density through any part of the
structure is the same as through the SCR,

J=Jn+ Je,
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Fig. 11.5 (a) The J — V curve of an ideal pn junction diode. (b) The electron and hole
contributions to the net electric current density as functions of the position x in the diode

giving the ideal pn junction J — V curve:
J(V) = JsE"/ Y 1),

see Fig. 11.5a. The reverse saturation current is

JS:enz(ﬂJr&) o2 (L [P L [Dep)
"\ NaLpn NgLep "\ Na\ thn Na\ Tep

At large reverse bias, the current density attains the value —Jg, and at forward bias
0 < V <V, it increases exponentially with V, see Fig. 11.5a.

The current—voltage relation of an ideal pn junction diode is the same as that of
an ideal Schottky diode, see Sect. 9.5. However, the saturation current density of the
pn diode is several orders of magnitude lower than that of a Schottky diode. The
reason is that the current is formed by the minority carriers in the pn diode and by
the majority carriers in the Schottky diode.

11.5.3 Current Densities in a pn Diode

Coming back to our general expressions for the minority particle current densities
and multiplying them by the respective charges, we obtain the x-dependent electric
current densities of minority electrons in the p-region and minority holes in the n-
region as exponentially decaying functions of distance from the SCR edges:

”12 vV, Dhn _(x—x)/L
Jin(x) =e— (""" —1)—e W& for x > xy,
Ny Lpn

n; V)V, Dep (v
Jep(x) = eN—’(e IV — 1) =2 o6txp)/ Lep for x < —Xp.

a ep
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The total current through the structure, J, must be constant. This is only possible if
there are additional contributions to the current density due to the majority charge
carriers. For majority electrons in the n-region and majority holes in the p-region,
we have

D D
Jon(x) = J — Jpp(x) = en? |: i (1 — e_(x_x”)/L’“’> + —F

] (gV/Vrh — 1
NaLpy, ep

D D,
Inp(x) =J = Jop(x) = eni2 |:—N Zp (1 — e(x+xp)/L€p) 4 —NdZ’; :| (ev/v”’ —1).
alep n

Physically, the onset of the majority currents can be understood as follows. Consider
the n-side of the junction, x = x,,. At the edge of the SCR, the excess minority holes
are injected from the p-region, where they are the majority carriers. Starting from
X = Xy, the minority holes diffuse into the bulk of the n-region, recombining with
the majority electrons on the way. To compensate for this loss of the electrons,
electrons have to diffuse from the bulk of the n-region toward the SCR boundary,
creating an additional current density J.,. Similar reasoning applies, of course, to
the majority hole current density on the p-side, see Fig. 11.5b.

11.5.4 SCR Recombination Current

So far, we considered an ideal pn junction diode. Let us consider the deviation from
the ideal behavior due to the generation—recombination processes in the SCR.

The average electron and hole concentrations in the SCR are related by the mass
action law,

2 (Ep.—E kT 2 V]V,
nSCRPSCRZnie( Fe—EFrn)/ = n?e / ih

see the end of Sect. 11.5.1. Because recombination requires both electrons and holes,
it is reasonable to assume that the largest recombination rate in the SCR occurs at
that position where their concentrations are equal:

V@V,
nscr = pscr = nje’/ GV,

With the charge carrier lifetime in the SCR, t5cg, we can write the total recombi-
nation rate as

nlev/(zvth)

Rscr(V) = —

Generation of carriers is a voltage-independent process that proceeds at a constant
rate, Gscg. When V = 0, it must exactly balance the recombination rate. Thus, the
generation rate is
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.
Gscr = Rscr(V =0) = —

TSCR
The net SCR recombination rate is

T V1@V .
TSCR

Uscr = Gscr — Rscr =

The rate of change of electron and hole concentrations due to the generation—
recombination in the SCR is

d d '
Aw (—n) = Aw (_P) = AwUscr = Aw—nl (eV/(ZV,,,) — 1) .
dt J scr dt Jscr ISCR

In the steady state, (0n/dt)scr = (dp/dt)scr = 0; this must be compensated by
additional electron and hole currents that flow from the n- and p-sides into the SCR.
These additional currents produce the recombination current density

n

Jscr(V) = J§ (eV/@Vm) - 1) Jy=ew—

The total current density is the sum of the two contributions,
J(V) = JS(EV/Vrh — 1)+ Jé(eV/(2V,h) —.

At large bias, V, the second term can be neglected, and the J — V curve resembles
the one of an ideal pn junction. But at small voltage, the SCR-related second term
becomes important.

The current—voltage curve of a real diode is often described phenomenologically
by introducing the ideality factor, n, as

J(V) = Js(e"/ Vi) 1),

The value n = 1 corresponds to an ideal diode; the typical value of the ideality
factor is somewhere between 1 and 2.

11.6 Problems

11.6.1 Solved Problems

Problem 1 The capacitance per unit area of a silicon pn junction at V = 0 is
C' =0.394nF/cm?; at V = —0.5V, itis C' = 0.283nF/cm?. The n-side is doped
more heavily than the p-side. Find the doping levels N, and N.
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Problem 2 A silicon pn junction has the donor and acceptor concentrations of
Ny =2-108cm™3 and N, = 8- 103 cm™ on the two opposite sides of the
junction. Determine the minority carrier concentrations at the edges of the space-
charge region for V.= 0.5V and —0.5V.

Problem 3 Consider an ideal Si-based pn junction diode at 300 K. The doping
levels on the two sides are Ny = 102cm™3, N, = 107 cm™3, and the
minority carriers mobilities in the respective regions are (., = 760 cm?/(V - s),
Unn = 500 cmz/(V - s). The current density for a forward bias V. = 0.2V is
2.3-107* A/cm?. Determine the minority hole lifetime in the quasi-neutral n-region.

11.6.2 Practice Problems

Problem 1 A pn junction diode is made of an unknown semiconductor. Its
capacitance—voltage measurements performed at two different temperatures, 71 =
290K and 7; = 310K, revealed the values of the built-in voltages Vp,; (T1) = 2.38 V
and Vp,; (T5) = 2.44 V, respectively. Find the band gap of this semiconductor material.

Problem 2 In the discussion of an ideal pn junction diode, we assumed the
resistance of the QNRs to be zero. In reality, it is small, but finite. It can be modeled
as a series resistance connected to an ideal diode as shown in Fig. 11.6. Express the
voltage V applied to the diode as a function of the current / through it. What is the
slope dV /dI of the V(I) curve at zero current? What is the value of the current
when a large voltage V is applied in the reverse direction? What is the slope of the
V (I) curve when the voltage V in the forward direction is large?

Problem 3 The doping concentrations in a silicon pn junction diode are Ny =
10°cm=3 and N, = 107 cm™3. At a forward bias V, the minority carrier
concentration on one side of the SCR is one-tenth of the majority concentration
and exceeds the minority concentration on the opposite side. Find V.

Problem 4 Consider a non-ideal Si pn junction diode, as described in Sect. 11.5.4.
Assume the following parameter values Ny = N, = 10'5cm—3, Tep = Thn =
1073, TSCR = 1077 s, D,y = Dy, = 10 cmz/s, T = 300K. The total J — V curve

contains the ideal-diode part and the recombination current in the SCR,

JV) = Jiag(V) + Jscr(V),

v R
— N a1
[// ‘ V\ V'\’ |

Fig. 11.6 The effect of a finite resistance of the QNRs modeled as a resistance R connected in
series to the diode
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as explained in Sects. 11.5.2 and 11.5.4, respectively. How are the conductances
due to these two mechanisms related? In other words, find the ratio % at

V=0

11.6.3 Solutions

Problem 1 The inverse capacitance squared as a function of voltage is

1 2 Ny+ Ny NoNg
=———— Vpi = V), Vpi=Vy In .
C7 = ecoe NuNy Voi = V), Vei = Vi 2

It is convenient to denote
S=N,+ Ng, P=Ny;Ngy.
The graph of 1/C’? vs. V is a straight line with the slope given by (2/eege)S/P.
Its intercept with the x-axis is V; = V;p, In(P/ nl.z), from which P can be found as
P = n%ebe/Vzh.
Since we have just two data points, the straight line fit is particularly easy.
Namely, at V = 0, we have 1/C? = 6.442 - 108 cm*/F?, and at V = —0.5V,

we have 1/C"? = 12.49 - 10'® cm*/F2. The straight line fit can be found based on
this information:

oa = kV+b k=121 1018%, b=6442-10" %4
From this, we obtain the built-in voltage
Vi = % =0.5326V
and the product of the doping concentrations:
P =n?ilVin = (8.59 . 107)2 ¢0-3326/002585 — 6 546.. 1078 cm~©.

From the slope k of the 1/C’? vs. V dependence, we find the sum of the doping
concentrations as

1 16 .. -3
S = EeeoePk =6.572-10" cm™".
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It remains to solve two equations:
NyNg=P, No+Ng=S

with N; > N,. We express N, in terms of Ny using the first equation and plug in
the result into the second equation:

v P
a — Nd’
P+N—S:>N2 SNyg+P=0 = Ny= S+ s P
Ny, 4T d aT = =73 4 :
Numerically,
6.572 - 10'6 % -3
a="—"— V/(3.286 - 1016)2 — 6.546 - 1028 = 6.57 - 10'%cm 3,
6.546 - 1028
Ny=—— =996-10" cm™3.
“= 65721016 o

Problem 2 The Shockley boundary conditions (see Sect. 11.5.1) give

n?
no(—xp) = eV
a

n} vV,
, Xp) = —Le’ Vi,
Po(xn) N,

A positive applied voltage exponentially enhances the minority carriers’ concentra-
tion relative to their equilibrium values. Plugging in the numbers, we obtain

2 912 2 9\2
n: 8.59-10 n: 8.59-10
—l:¥:9223cm_3, _l:;
N, 8.1015 Ny 2.1015

eV/Vth — 60.5/0.02585 =2514. 108’ e*V/V,h — 670.5/0.02585 —=13.979. 1079’

=36894cm 3,

andthusat V =0.5V

no(—xp) =9223-2.514-10% = 2.32- 10" ecm ™3,
po(xn) = 36894-2.514-108 =9.28 - 10> cm ™.

AtV = —0.5V, no(—xp) = po(x,) = 0 for all practical purposes.

Problem 3 Assuming the ideal current—voltage relation, J (V) = Jg(eV/ Vi — 1),
we find the reverse saturation current density (with V = 0.2 V):
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J(V) 2.3.1074
T ViV _ 1 T 202/0.02585 _ |

Js =1.004- 1077 A/cm?.

From the theory of the pn junction diodes, the reverse saturation current density is

given by the formula
2 2
Js=e| i [Per 7 [Din)
Na\ Tep Na\ Tin

and because Ny < N, (by 100000 times), i.e., 1/Ng > 1/N,, we expect that the
second term in the brackets produces a much higher contribution to Jg than the first
term. We thus can approximate

JS :e—’ s
Na\ tha

n? Dy,

from which the minority hole lifetime is found as

2\ 2 2\2

n; Dy, n; Vihtin
T = |e— = e 5

Ny JS N4 ‘]S

where we used Einstein’s relation D = uVj in the second equality. Numerically,

=3.29-1077s=0.179 us.

1o (8.59-10%)2)” 0.02585 - 500
1012 1.008 - 1014

Thn = <1.602- 10~
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Optoelectronic Devices Qs

12.1 Solar Cells (SCs)

12.1.1 SC Operation

The simplest solar cell (SC) is based on a pn junction diode, see Fig. 12.1. The
principle of its operation can be readily understood if we recall a few basic facts
about the diode. It consists of two quasi-neutral regions (QNRs) separated by a
space-charge region (SCR) with the built-in electric field directed from the n- to
the p-part of the diode. The top QNR is referred to as emitter, and the bottom one
as base. The incident light generates excess electron—hole pairs in the diode. The
excess electrons and holes diffuse toward the SCR, where they get separated by the
built-in electric field. The excess electrons produced in the p-QNR are transferred
into the n-QNR, and the excess holes generated in the n-QNR are transferred into the
p-QNR. As a result, the two parts of the diode become oppositely charged, allowing
one to produce electric power.

If we connect the two sides of the SC with a wire with zero electric resistance,
the so-called short-circuit current, /g¢, will flow from the p-side to the n-side as the
system will try to restore the thermal equilibrium perturbed by the irradiation.

If the emitter and the base are disconnected, the two sides of the diode will be
charging up. This process cannot continue indefinitely for two reasons. First, the
transfer of the photogenerated holes into the p-side and electrons into the n-side of
the SC results in the generation of an additional electric field from the p- to the n-
side of the diode; this additional electric field counteracts the built-in electric field.
Second, the photogenerated electron—hole pairs recombine with each other at a finite
rate. As a result, the charging-op of the two sides of the SC eventually stops, and a
voltage develops across the SC. This voltage is called the open-circuit voltage, Vo,
with the p-side being positive and the n-side negative.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 275
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Fig. 12.1 The structure of a solar cell

12.1.2 Spectral Irradiance (Spectral Intensity)

A photon of frequency f and wavelength A = ¢/f carries the energy

he 1.24eV-pm
A A ‘

The short-wavelength photons interact primarily with the valence electrons by
promoting them to the conduction band, provided that the photon energy exceeds the
band gap energy. The visible light spectrum covers the range of A from about 450 nm
(violet) to about 700 nm (red), which corresponds to the energies from about 1.5eV
to about 3 eV, which is similar to the typical semiconductor band gap energies. The
longer-wavelength (and hence smaller-energy) photons interact primarily with the
lattice vibration quanta, the phonons. Because this interaction is relatively weak,
semiconductors are for the most part transparent to the long-wavelength photons
with hf < E,.

Light is quantified by a parameter called spectral irradiance, also called spectral
intensity, F(f). It is related to the power d P(f) carried by photons of frequency
between f and f + df through a unit surface area:

aP(f)
Sdf

In other words, it is the energy flux density per unit frequency interval. It is measured
in

F(f) =

[F()]=W/m?-s7") =J/m?
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in the SI units. The total intensity, i.e., the power incident per unit surface area, is
obtained by integrating the spectral intensity with respect to frequency:

F=/oodfF(f), [F]=W/m’.
0

The photon flux density ®(f) is defined though the number d N (f) of photons of
frequency between f and f + df passing per unit time through a unit surface area:

dN(f) _ F(f)
df — hf

The light spectral intensity can also be defined as a function of the wavelength:
namely, F (1) is the energy flux (i.e., the energy transferred per unit time through a
unit surface area) per unit wavelength interval. That is, if d P () is the energy flux
carried by the photons with the wavelength between A and A 4 dA, then

e(f) =

dP (A

It is measured in
[F()] = W/m?®

in the SI units. However, since it is more convenient to measure the wavelength in
pm or nm, F(A) is often measured in W/(m - pm) or W/(m - nm).

Note that the two quantities, F'(f) and F (1), are not related to each other by a
simple replacement of f with c¢/A. Their relation can be obtained by noting that the
energy contained in a frequency interval df is

dP = F(f)ldf] = F()ldAl .

The reason why the magnitude of the frequency and wavelength intervals is used
rather than df and dA themselves is that it follows from the relation f = c/A that
df = —A%d)». The minus sign indicates that an increase of frequency by df means
a decrease of the wavelength by d. In order to have both F(f) and F()) positive,
the minus sign is omitted. Then, the relation between the two kinds of the spectral
irradiance is found from

52
F(Hldf] = F(f)%ld?»l =FWldr = F(f)= FO)—.

Likewise,

2
F(X)=F(f)f7.
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Fig. 12.2 The solar spectrum just outside of the Earth’s atmosphere (AMO spectrum, gray curve)
and on the Earth’s surface when the Sun is 48° above the horizon (AM1.5G spectrum, black curve)

The power transmitted by the photons of frequencies between f,i, and fiax
through a unit surface area per unit time is

min

Fmax Amax
AP:[ dfF(f):f drFQ) ,
fmin A

where Amin = ¢/ finax and Apax = ¢/ finin-

The solar spectral intensity in the outer space just above the Earth’s atmosphere
is shown as a gray curve in Fig. 12.2. This spectrum is denoted as AMO spectrum,
where AM stands for “air mass.” The solar spectrum on the Earth depends on
the time of the day and the geographic location. The current standard spectrum
adopted to test the solar cells is the AM1.5G spectrum, which is obtained when the
path length traveled by light through the atmosphere is 1.5 times as long as at the
normal incidence; the G stands for “global.” Note that the AM1.5G peak intensity is
somewhat lower than the AMO peak intensity, and the AM1.5G spectrum contains
a number of minima that are not found in the AMO counterpart. This is due to the
light scattering and absorption by the atmosphere. The total irradiance received by
the Earth under the AM1.5G conditions is 1000.4 W/m?.

12.1.3 Light Absorption

When monochromatic light is passing through a semiconductor, it gets absorbed by
it. Hence, light intensity should decrease with the distance x from the front surface
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of the material. This is quantified by the light absorption coefficient o(1), defined
as the fraction of photons of a given wavelength A that are absorbed per unit length.
It is measured in the units of inverse length,
la] = cm ™!
If the light spectral irradiance at a particular wavelength A at the distance x from

the surface was F(x), then at a slightly larger distance x + dx is smaller by the
amount

dF(x) =F(x+dx)— F(x) = —a(A)F(x)dx

dF(x)
=—aMNF(x).
dx

The solution of this differential equation is the so-called Bouguer—-Lambert—Beer
law (Bouguer, early 1700s; Lambert, 1730; Beer, 1852),

F(x) = Foe *®~

where Fy = F(x = 0) is the intensity of the incident light. After passing through
a slab of thickness L, the transmitted light intensity will be Fope %, and the energy
absorbed per unit time by a unit surface area of the material will be Fo(1 — e~ oLy,

Absorption coefficient depends strongly on the wavelength and the material type,
see Fig. 12.3 showing the «(1) curve of silicon. Note that it goes sharply to zero at
the photon energy near the band gap energy.

o [cm"]

Fig. 12.3 Absorption coefficient of Si at 7 = 300 K
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The dominant absorption mechanism of photons whose energy exceeds the band
gap energy is electron—hole pair generation. Assuming that one such photon creates
just one electron—hole pair, the respective generation function can be estimated as

© a(HF()
G = df ————
() /E A

where F(f, x) is the spectral intensity of light at the frequency f and distance x
from the front surface. Strictly speaking, the integral has to be multiplied by the so-
called efficiency factor (less than 1) to take care of the fact that a photon can also be
absorbed without the electron—hole pair production. For example, a photon can be
absorbed by a free charge carrier. We will neglect the effect of such forms of photon
absorption.

The light spectral intensity F(f, x) at a distance x from the front surface is
related to the spectral intensity Fo(f) of the incident light. In order to maximize the
generation function G (x), both the front and rear surfaces of the SC are often made
corrugated. This means that a photon that reaches the rear surface gets reflected at
some angle to the normal. If it then reaches the front surface without absorption,
it again has a good chance of being reflected at a different angle. Photons whose
energy is only slightly higher than the band gap energy are absorbed very weakly
by the material, see Fig. 12.3. They perform many back-and-forth trips between the
front and rear surfaces before they produce an electron-hole pair. The result is that
the light intensity F (f, x) differs from the simple exponential function.

12.1.4 SC Current-Voltage Relation

The current—voltage (I — V) curve of a SC can be obtained from the diode I — V
relation in the absence of radiation, the so-called dark I — V curve. Assuming the
SC to be a non-ideal diode with the ideality factor n, its dark current is

Liark(V) = =I5 (") —1)

where Ig is the reverse saturation current. Note that here we adopt a different sign
convention than the one used in the discussion of the diodes, see Sect. 11.5.2.
Because the photogenerated current flows in the reverse direction, it is convenient
to treat the reverse current direction as positive; therefore, we have changed the sign
of the dark current.

When the SC is illuminated, light generates an additional current, I;. The
simplest connection of a SC to an external load is shown in the right part of Fig. 12.4.
The current through the resistance R depends on R, and the voltage across the SC is

V=IR.
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%

R

Fig. 12.4 Connection of a SC to a load R (left) and the current—voltage and power—voltage curves
(right)

The current—voltage relation in the presence of illumination becomes
1(V) = I — Is(e"/ "V —1) |
see the right part of Fig. 12.4.
As the load R varies from 0 to oo, the current changes from the short-circuit

current

Isc =1 at R=0
to

I=0a R=o00.
At the same time, the voltage will change from

V=0a R=0

to the open-circuit voltage
I
V=Voc=nVylIn I—+1 at R=o00.
s

The open-circuit voltage is found from the condition / (Vpc) = 0, as no current is
flowing if R = co.
The power delivered to the load is given by the product

P=VI(V)=V{, — Is"/"Vm _1)).
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It is a non-monotonic function of voltage, see Fig. 12.4. The maximal power
delivered to the load can be found by taking derivative:

dP 1% \%
2 I — TV Vi) 1y 1 VIiaVa) — vy —1 V/imVin)
v L —Is(e ) SnV,he V) SnV,he

Setting this derivative to zero, we obtain an equation for voltage at maximal power,
Vin:

I +1= Vin +1)eYV/mVin)
IS thh

which can be solved iteratively. Once V), is found, the current in the maximal-power
regime can be determined by a substitution of V,, into the expression for current,
Iy = I (V).

The fill factor of the / — V curve is defined as the ratio

FF—M

= -100% .
Isc Voc

It measures the deviation of the I — V curve from a rectangular shape. Typically,
FF has the value between 70% and 80%.

Finally, the photoconversion efficiency is defined as the ratio of the maximal
power produced by the SC to the power incident onto the cell in the form of light:

A
Pin

7 100 % .

Depending on the SC type, photoconversion efficiency ranges from a few percent to
about 25% or even 40%.

Because solar intensity on the Earth surface is about 1000 W/m?, a solar panel of
1 m? area and 10% efficiency can produce the power of 100 W, which is comparable
to the power consumption by a TV set. On average, a typical North American
household consumes about 900 kWh per month, i.e., the average power consumed
is about 1250 W. In order to provide this power, about 12 m? area must be covered
with SCs. This is two or three times smaller than the area of a typical roof of a
private household. The price to install solar panels on a roof of a building is about
$15K, but it pays off in saving on the electricity bills after about 5 years. Of course,
these estimates may turn out too optimistic in the areas that get little direct sunlight.



12.2  Light-Emitting Diodes (LEDs) 283

12.2 Light-Emitting Diodes (LEDs)

12.2.1 LED Operation

The light-emitting diodes (LEDs) have numerous applications in everyday life, such
as displays of various sorts (calculators, watches, street signs, etc.), lamps, and
light sources in the optical-fiber communication systems. The structure of a LED is
shown in Fig. 12.5. It is a forward-biased diode, whose front surface is used for the
collection of light, and the rear surface is covered with a highly reflective coating.

When a p-n junction is forward-biased, the majority carriers from its two QNRs
are injected into the opposite QNRs, where they become excess minority carriers. In
the direct-band gap semiconductors, the injected excess carriers recombine with the
majority carriers primarily radiatively, i.e., with the emission of light. The region
where most of the recombination events occur is called the active region. The rear
surface is covered with a reflective coating. The photons that reach the rear surface
get reflected from it and have a chance to contribute to the overall light intensity
emitted by the device. The effect of light emission by a forward-biased diode bears
the name of electroluminescence.

The intensity of the emitted light is proportional to the current, which depends
on the applied voltage as ¢V/"Vin) — | a2 ¢V/®Vin) where n is the ideality factor of
the diode.

The radiative recombination rates of the minority electrons in the p-QNR and of
the minority holes in the n-QNR are, in general, different. It makes sense to collect
light from that side of the diode whose radiative recombination rate is the higher;
in Fig. 12.5, it is assumed that the radiative recombination rate is the larger in the
p-side.

12.2.2 LED Spectrum

LEDs employ a radiative recombination of charge carriers, which is most efficient
in the direct-band gap semiconductors. Because conduction band energy levels are
populated with the probability proportional to e~£/¥T | and because the density
of states in the conduction band depends on the energy as «/E — Ec, the most
probable electron energy value can be found by setting the derivative of the product

Fig. 12.5 The principle of é
=5

operation of an LED § %
ey Sﬁ? ", | =
4

reflective coating [
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d[VE — Ece_E/kT]/dE to zero. The result turns out to be E¢ + kT /2. Similarly,
the most probable energy of a hole in the valence band is Ey — kT /2. Then, the
most probable energy of a photon emitted as a result of a radiative recombination
event is

hf =Eq +kT =~ E, ,
and the respective wavelength

c hce

~ —

A= .
/o Eg

The width of the LED spectrum can be estimated to be

Af = kT
=
or, in terms of the wavelength,
AL = |AC/)] = S Af = hesk
= C = — =NnNcC—-= .
I 2

It is seen that the ratio % = ];z_T is quite small (about 0.02-0.03), i.e., a single LED
emits a rather narrow spectral léi{ne.

In order to emit in the visible range of A from about 0.4 to 0.75um, the
band gap must be between 1.65 and 3.1eV. GaAs with £, = 1.42eV cannot
be used for illumination but can be employed in other application, such as
telecommunication. The materials that are used in the visible LEDs are ternary and
quaternary compounds, such as Al,Gaj_, As (red part of the spectrum), GaAs,P_,
(red), In;_, (Al Ga;_,)P (yellow/orange light), In,Ga;_N (blue/green light), etc.
The band gap of those compounds can be adjusted by changing the relative
concentrations x, y of the components.

To produce white light, one can combine several LEDs of different colors,
typically red, green, and blue. A less expensive method that produces the output
spectrum comfortable to the eye is to cover a single LED with a photoluminescent
material that absorbs the original LED photons and emits light of other, usually
lower, frequencies in a broad spectrum similar to the day light.

12.2.3 LED Efficiency

The intensity of light emitted by an LED—that is, the power emitted by a unit area
of an LED—is directly proportional to the number of recombination events in the
active region. This number, in turn, is directly proportional to the number of charge
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carriers injected into the active region per unit area per unit time; it is just the electric
current density divided by the elementary charge. Since the energy of a photon
produced in a radiative recombination event is Eg, the intensity is proportional to

J
Igp = Eg;'? ,

where the proportionality constant n < 1 is the LED efficiency.
The LED efficiency depends on the efficiency of several processes involved in
photoemission:

Injection Efficiency The net current in the diode consists of three contributions:
the minority electron current in the p-QNR, the minority hole current in the n-QNR,
and the recombination current in the SCR:

J=Jo+ I+ Jscr
with

2 2
n: D n: D
Jo=eL 2R VIVir 1y | J, = et M (V/Vin _ 1y
Ny Lep Ng Lpn

ni
Jscr = ew——("/@Vm — 1),
TSCR

as derived in Sect. 11.5.2. Here, D, and Dy, are the diffusion coefficients of the
minority electrons in the p-region and minority holes in the n-region, L., and Ly,
are the respective diffusion lengths, w is the SCR width, and tscr is the carrier
lifetime in the SCR. Assuming that the light-emitting part of the diode is the p-QNR,
it is the current J, that corresponds to electron injection from the n-QNR into the
p-QNR and is therefore responsible for the light emission. The SCR recombination,
corresponding to the contribution Jscg, usually proceeds not radiatively, but via
the trap-assisted Shockley—Read—Hall mechanism. On the other hand, the photons
emitted due to hole recombination in the n-region get partly reabsorbed by the
material as they travel toward the front surface, and therefore they produce relatively
small contribution to the output light intensity. Correspondingly, the emitted light
intensity should be proportional to the relative contribution of the electron injection
current to the total current. This is parametrized by the so-called injection efficiency

Je

Ninj = —Jg T In + Jscr .

In order to make this number close to unity, the n-side of the junction should be
doped more heavily than the p-side, so that J, > Jj. Also, the junction must be
under a sufficiently large forward bias V in order to ensure that J, > Jscg.
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Recombination Efficiency Not all electrons injected into the p-region recombine
radiatively. The net recombination rate consists of the radiative and non-radiative
contributions, U = U, + Uy, proportional to the respective inverse radiative
and non-radiative recombination times 7, and 7,,. The recombination efficiency is
defined as the relative number of radiative recombination events:

U, N !

r

Ur + Upr 'L’r_1 + ‘L',;l .

Nrec =

In order to increase 1., one needs a high-purity sample with the well-passivated
surfaces, so as to reduce the Shockley—Read—Hall and surface recombination rates.
At the same time, in order to increase the role of radiative recombination, the p-side
of the diode must be heavily doped.

Internal Quantum Efficiency Internal quantum efficiency is the product of injec-
tion and recombination efficiencies,

Ni = NinjNrec -

Note that 7;,; decreases with the p-side doping concentration N,, whereas 7;c
increases with N,. Thus, there must be an optimal doping concentration N, that
maximizes the internal efficiency.

External Quantum Efficiency External quantum efficiency is the fraction of
photons produced inside the diode that actually leave the diode. In reality, over
95% of the photons produced in radiative recombination events are lost due to the
following reasons:

(i) The typical photon energy actually exceeds E, by about kT, as explained
above. The majority of those photons will be reabsorbed by the material.

(i) The photons that reach the front surface of the diode may be reflected back into
the semiconductor and be reabsorbed. The probability of reflection depends
on the angle of incidence and photon polarization. For normal incidence,
reflection probability is polarization-independent and is given by the Fresnel
formula

ngc—l

2
I'r =
nsc-i-l‘

where ngc is the semiconductor refractive index. Typically, ngc &~ 3 — 4, and
hence, I'p ~25-35%.

(iii) Depending on the angle of incidence, 6;, the angle of refraction at which a
photon exits the material is given by Snell’s law,

ngcsinb; =sinh, = 6, =sin"'(ngcsin6;) .
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Fig. 12.6 Left: Photon refraction as it exits the semiconductor at the incident angle 6; below the
critical value .. Right: Photon total internal reflection at the angle of incidence greater than the
critical angle

This expression only makes sense when the argument of the inverse sine is
below 1. If the argument exceeds 1, light will not exit the material but will
undergo total internal reflection back into the semiconductor. This happens
when the angle of incidence exceeds the critical angle given by

. 1
6, =sin" " — .
nsc
Assuming the typical value ngc = 3.5, the critical angle turns out to be about
17°. One can conclude that the light is emitted practically perpendicular to the
LED surface (Fig. 12.6).

Now, a solid angle corresponding to the angle of incidence 6; is given by Q(6;) =
27 (1 — cos6;). The directions of the photons produced in radiative recombination
are distributed isotropically, i.e., all directions are equally probable; this corresponds
to the solid angle of 4. Then, the fraction of photons that hit the surface at an angle
below the critical angle is

Q@) 1—cosh. 6
ar 2 4

for small 6, <« 1. Assuming 6, = 17° = n/10, this ratio is about 0.1, i.e., only
10% of the photons have a chance of leaving the material. This has to be multiplied
by the transmission coefficient, 1 — I'g, which is about 0.65 for normal incidence.
Thus, we get the external quantum efficiency to be 1, ~ 6.5 %.

This estimate is actually too optimistic because we did not take into account the
decrease of (1 — I'g) with the angle of incidence and optical losses due to photon
re-absorption. The actual external efficiency is about 1% to 2%, i.e., about 98% of
the photogenerated photons do not leave the diode.

All in all, the number of photons that are emitted by the diode per unit area per
unit time is
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J(V)
Ppp = 7’]:‘% ,

and the electroluminescence intensity is given by

J(V)
Igp = Engine .

Assuming E, = 2eV, J = 1 Alem?, niyj = 50%, nyec = 100%, and n, = 1%,
the intensity of the emitted light according to this expression is 0.01 W/cm?, which
is ca. 100 times smaller than the intensity of the light coming from the Sun. This is
way too small for practical applications.

12.2.4 Increasing the LED Efficiency

The main problem of the homojunction-based LEDs discussed above is the re-
absorption of the photons generated in radiative recombination. Because the energy
of those photons exceeds the band gap energy by ca. kT, some of them may cause
an electron transition from the valence to the conduction band and not contribute to
the output light.

In a homojunction-based LED, the light-emitting part of the junction must be
relatively thin in order to let the photons escape without being reabsorbed by
the material. Unfortunately, this implies high probability of the injected minority
carriers’ diffusion to the surface and their non-radiative recombination there.

Hence, in order to increase the intensity of the emitted light, we need to (i)
increase the rate of the radiative recombination in the active region, and (ii) reduce
re-absorption of the photons outside of the active region.

Both problems are solved with the use of double heterojunction structures. The
idea is to produce the diode’s p- and n-sides from broad-band gap semiconductors,
and to sandwich the active region in between, see Fig. 12.7a. Usually, the narrow-
band gap light-emitting region is made of an intrinsic semiconductor. The photons
produced in the active region have energy less than the band gap in the adjacent

(a) . (b)

E

-4 . .
reflective coating —

=1
e

|
1

Fig. 12.7 (a) A heterojunction LED and (b) its energy band diagram
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p- and n-regions. Therefore, those photons are not absorbed by the structure and
eventually contribute to the output light intensity.

The second advantage of the double heterojunction arrangement is the fact that
the conduction band edge in the active i-region is below the conduction band edge
in the n-region, see the energy band diagram in Fig. 12.7b. This implies that the
concentration of electrons in the active region is higher than that in the n-region.
For the same reason, the valence band edge in the active i-region is higher than that
in the p-region, implying higher concentration of holes. In turn, this means high
recombination rate and high-output light intensity of the LED.

12.3 Semiconductor Lasers

12.3.1 Stimulated Emission and Einstein’s Coefficients

Semiconductor LEDs generate light by spontaneous emission of photons in radiative
recombination of electron-hole pairs. Semiconductor laser diodes also generate
light by transitions of electrons from the conduction to the valence band. But, in
contrast to LEDs, those transitions are stimulated by light quanta (photons) already
present in the device. The stimulated emission effect was predicted by Albert
Einstein in 1916, more than half a century before the first laser was made. The very
name “laser” is an abbreviation for “Light Amplification by Stimulated Emission of
Radiation.”

Before discussing semiconductor lasers, let us focus on a more intuitive situation
of lasing in a gas of atoms that do not form a solid. The atoms find themselves
in a cavity of volume V. For simplicity, let us assume that each atom can exist in
only two states: the ground state of energy E; and the excited state of energy E».
Denoting the concentrations of atoms in the ground and in the excited state as n
and n, the total concentration is given by

n=ny+ny.

Because the concentration of atoms is constant, the rates of change of ny and n, are
equal in magnitude and opposite in sign:

dn _ dn n dny _0 dni _ dn,
dt  dt dt dt dt

Apart from the atoms, the cavity is filled with photons. The photons interact with
the atoms via the following elementary processes, see Fig. 12.8:

(i) Absorption, in which a photon of frequency f gives its energy Af to promote
an atom from the ground to the excited state. In order for this to happen, the
photon frequency must exactly match the excitation energy divided by Planck’s
constant:
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Fig. 12.8 Elementary interactions of a photon with an atom: (i) absorption, (ii) spontaneous
emission, and (iii) stimulated emission

f=AE/h=(Ey—E/h.

A photon of frequency below this value cannot excite an atom due to the energy
conservation. It is not as obvious why a photon of frequency higher than AE/ h
cannot give part of its energy to an atom. This has to do with the particle nature
of photons. As a particle, a photon cannot be partly absorbed; it can only be
either completely absorbed or not absorbed at all.

(ii) Spontaneous emission, in which an excited atom returns to the ground state
with the emission of a photon of energy hf = AE. The emitted photon
propagates in a random direction.

At a first glance, absorption and spontaneous emission exhaust all possible kinds
of matter—light interaction. Let us now describe them mathematically.

We denote the concentration of photons of frequency f as np;(f). The rate
of change of the atomic concentrations n; and n; due to absorption must be
proportional to the concentration of atoms in the ground state and to the total number
of photons of frequency f in the volume V:

dny
- =—b \% .
( dr >abs absT1 nph(f)

The parameter b,p; > 0 is the probability of photon absorption by an atom per
unit time. It has the dimension of [b,ps] = s7h It depends on the atom—photon
interaction properties only and does not depend on the concentration of atoms ny,
n2 and on the concentration of photons n 5 ( f). The minus sign indicates that photon
absorption results in a decrease of n1.

The rate at which the concentrations n; and n, change due to the spontaneous
emission is proportional to the concentration of the excited atoms:
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dn1
— =b .
( dt )spon sponlt2

The coefficient by, is the probability per unit time for an excited atom to return to
its ground state with the emission of a photon. In other words, it is the inverse of the
average time that an atom spends in the excited state.

If only absorption and spontaneous emission were operative, then the total rate
of change of the concentration of the atoms in the ground state would be

) (4 bapst1 Vi (f) + b
—_— —_— = — n n ny.
dt b dt spon absT ph spontl2

Now, let us consider our system in the state of thermal equilibrium. Three statements
can be made about the equilibrium state:
First, the concentrations of atoms in the ground state and in the excited state are

stationary:
dni) o _ (42}
dt ) ., dt ] o ’

Second, they are related to each other by a Boltzmann factor e ~2£/4T

—AE/KT —hf/kT

n) =ne =nie

Third, the concentration of photons is given by the so-called Planck distribution

8(f)
”ph(f) = W ,

where g(f) is the density of photon states; the derivation of this result is performed
in Appendix A.5.
Hence, in equilibrium,

dn1> <dn1) g(f) —hf/kT
- + | — = —bapsn1V ——77— + bsponnt1e AT
( dt abs,eq dt spon.eq Ehf/kT -1

This should be zero at any temperature. But because the two terms in the right-hand
side depend on temperature differently, they cannot cancel each other. This is the
problem because it implies that thermal equilibrium state is impossible.

To fix this problem, we must, following Einstein, postulate the existence of a
third elementary process, namely:
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(ii1) Stimulated emission This is a process, in which a photon incident on an atom
in its excited state induces a de-excitation of this atom into a ground state
accompanied by an emission of another photon of the same wave vector as the
incident photon, see the lowest diagram in Fig. 12.8.

The rate at which the concentration of the atoms in the ground state changes due
to this process is proportional to the concentration of atoms in the excited state and
the total number of photons in the volume V':

dny
- = bgim V .
( dr >“im stim nph(f)nZ

The physical meaning of the parameter bg;;;, is the probability for the emission to
be stimulated by a single photon per unit time. In thermal equilibrium,

dni g(f) _hf/kT
1 = b, VL fIKT
( dt >stim,eq ST GhITKT — 1’116

Combining all three contributions to the time derivative dnj/dt in equilibrium
together, we obtain in the equilibrium state:

dny dny dn dn
dt eq dt abs,eq dt spon,eq dt stim,eq
g(f) —hf/kT .

g(f) -
1 + bsponnle hf/kT + bstimV ———n1€

= —bypsn\V —7——
absTt 1 ehf/kT _ ehf/kT —1

This expression can be equal to zero provided that the coefficients byps, bspon, and
bssim are related to one another in a special way. Indeed, dividing the second line by

nle_hf /KT and setting the result to zero, we obtain
g(f)eh Ikt g(f)
_b’l}”vehf/k—T_l + bspon + bstim Vehf/k—T—I =0.

The sum of the first and third terms is temperature-independent only if the
coefficients of absorption and stimulated emission are the same:

baps = bstim = b,
and that the spontaneous emission coefficient is
bspon =bg(fHV.
These relations are remarkable. In principle, there is no a priori reason to expect

that the coefficients that describe the completely different physical processes can
be expressible in terms of each other in such a simple manner. In particular, the last
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formula tells us that the probability of spontaneous emission per unit time equals the
probability of photon absorption b multiplied by the total number of states g(f)V
available to an emitted photon of frequency f. The relations between the emission
and absorption coefficients follow from purely statistical considerations and are
indeed confirmed by the rigorous and rather complicated quantum-mechanical
calculations.

In the literature, it is customary to work not with the photon concentration
npn(f), but with the photon spectral energy density

u(f) = hfnpn(f)

and to express the rates of absorption, spontaneous emission, and stimulated
emission as

dn1> dn1
— = —Bupnu(f), <—> = Any, (—) = Banau(f) .
< dt abs dt spon dt stim

The parameters A and B are called Einstein’s coefficients; they are related to the
respective probabilities of the elementary processes to occur per unit time by

\% \%4
B12 = babs_ 5 A= bspan s B21 = bstim_

hf hf

and to each other by

Bio =By =B, A=Bhfg(f).

12.3.2 Generation of Light

Consider a beam of monochromatic light of frequency f = AE/h propagating in
a gas of two-state atoms. As this beam propagates in the x-direction, it interacts
with the medium, as described in the previous section. As a result, the concentration
of photons in the beam, n,;(f, x), depends not only on frequency, but also on the
position x. For the sake of brevity, the frequency dependence will be implied, but
not written explicitly.

We assume the photon concentration to be so high that stimulated emission
dominates over spontaneous emission. The photon concentration changes with the
coordinate x due to absorption and stimulated emission according to

dnpp(x) dn,,h(x)ﬁ _ l dn pp (x) 3 dn,,h(x)>
dx — dt dx ¢ at ) im dt ) s
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bVn,,(x)
= —n) =ynu).

Due to the interaction with light, the level populations n| and n; will also change.
Let us assume that some external agent is operative that maintains them constant;
this process is called pumping. In that case, the parameter

bV
Yy = (n2 - nl) s
c

called the gain factor, will be constant. Then, the concentration of photons in the
beam, n,;,(x) oc e¥*, will either decrease or increase exponentially, depending on
the sign of the gain factor, so will the light intensity, i.e., the energy transmitted by
the photons per unit time through a unit surface area, F(x) = chfnp;(x).

The lasing effect means that the intensity of the beam increases. In order for it to
be possible, i.e., for the gain factor y to be positive, population inversion

ny > nj

is a necessary condition. The concentration of atoms in the excited state must exceed
the concentration of atoms in the ground state. The physical reason of lasing is quite
simple: the more photons are present in the beam, the more stimulated emission
events are produced, and the higher the rate of increase of the photon number.

12.3.3 Semiconductor Laser Operation
The Structure of a Semiconductor Laser

In a semiconductor, one deals not with two discrete energy levels, but with two
bands. In order for the diode to lase, it should be in the population inversion state.
That is, the electron concentration near the bottom of the conduction band must be
higher than the concentration of electrons near the top of the valence band.

Clearly, this is impossible in thermal equilibrium, as the following calculation
shows. Consider two electron states: state 1 in the valence band and state 2 in the
conduction band, with

E2>Ec, E1<Ev.

The probability for each of these states to be occupied by an electron is given by the
Fermi—Dirac formula

1
Sz =1 T eE12—ER)/T *
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Population inversion means higher probability for an electron to be in the state 2
than in the state 1, which is only possible if

fa>fi.
But this implies that
E2-ER/KT _ p(E\=ER/KT  y p_p _E— Ep

which contradicts the obvious inequality E2 > Ec > Ey > E|.

Now consider what happens when the semiconductor consists of two differently
doped regions forming a diode. In thermal equilibrium, lasing is not possible also
in a diode. Hence, we must bring it out of equilibrium by applying a bias V. In
that case, electrons in the n-region and holes in the p-region are characterized by
their own quasi-Fermi energies, Er. and Ery,, respectively. Inside the space-charge
region of the diode, these two quasi-Fermi energies coexist, whereas outside the
SCR, the quasi-Fermi energies belonging to the minority carriers quickly align
themselves with the majority carriers’ quasi-Fermi energies.

Inside the SCR, the probabilities for the states 1 and 2 to be occupied are modified
to

1 1
f2= 1 + e(E2—EFre)/KT ° fr= 1+ eEv—Ern)/kT °

and the population inversion condition, f> > fi, implies that we should have E; —
Er. > E| — EFy, or, equivalently,

Epe— Epp > E2 — Ey=hf > Eg,

where Af is the energy of the emitted photons, and the last inequality follows from
the fact that E; > Ec, E1 < Ey, and Ec — Ey = E,. We conclude that in order
for lasing to be possible, one or both sides of the p-n junction must be degenerately
doped.

A semiconductor laser structure is based on a double heterojunction, where the
active region (usually, intrinsic) is sandwiched between the degenerately doped n-
and p-layers, called the cladding layers, see Fig. 12.9a. Note that a similar structure
is used in the LEDs. To increase the optical path length of laser light in the active
region, one side of the diode is covered with a highly reflecting coating and the
opposite side with a partially reflective coating. This means that lasing effect is
possible only for the photons that travel between the reflective sides, and a small
fraction of those photons can exit the device through the partially reflective side.

As in the LEDs, it is advantageous to make the cladding n- and p-layers of a
semiconductor with a slightly larger band gap than in the active region,

Ege > Ega
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Fig. 12.9 (a) Schematic diagram of a semiconductor laser; (b) its energy band diagram; (c)
variation of the refractive index along the coordinate z perpendicular to the diode plane

where the subscripts ¢ and a stand for “cladding” and “active,” respectively; see
Fig. 12.9b. This band gap difference guarantees strong population inversion. A
further improvement is to use the cladding material with the refractive index slightly
lower than the refractive index of the active region,

ne < ng ,

see Fig. 12.9¢c. Then, the generated photons will remain trapped inside the active
region as a result of the total internal reflection from the boundaries with the
cladding layers.

Threshold Current

The salient feature of the double heterojunction laser is that its active i-region is
very thin. The small size of the central active region implies that the excess carrier
concentration there is practically constant. Hence, the physical picture behind the
current—voltage curve is quite simple. Namely, the excess electrons are injected into
the i-region from the n™-region, with AJ /e electrons coming in per unit time, where
A is the cross-sectional area of the laser. On the other side of the i-region, the excess
holes are injected from the p™-region, with AJ /e holes coming in per unit time.
Inside the active region, electrons and holes recombine at a rate U (An)Ad, where
d is the width of the active region. Because the number of excess carriers that come
in per unit time must be the same as the number of charge carriers that recombine
per unit time, the current density is given by

J =eU(An)d .

To find the current—voltage curve, we note that the excess carrier concentration
An depends on the difference between the quasi-Fermi energies of electrons and
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holes. This difference is nothing else by the applied voltage multiplied by the
elementary charge:

Epe — Epp=¢€V ,
and hence, the excess concentration depends on the applied voltage:
An = An(V).

In a non-degenerate semiconductor, the relationship between An and V would
follow immediately from the generalization of the mass—action law, (ng+ An)(po+
An) = nize(EFe_EFh)/kT = nizeV/th. However, since we are considering the case
when the quasi-Fermi energies are located inside the bands, we cannot use this
relationship and must resort to the qualitative rather than quantitative arguments.

When we discussed lasing in a gas of two-level atoms, the gain factor y turned
out to be proportional to the difference between the populations of the two levels.
Hence, the light intensity along the beam was increasing according to

dF
—=yFx), yxny—nj.
dx

In a semiconductor laser, the difference np — n; must be replaced by the excess
carrier concentration, and thus the gain factor is proportional to y o An.
Furthermore, when light propagates in a semiconductor, it gets absorbed with the

absorption coefficient «. Hence, the expression for the rate of change of light
intensity with distance in a laser becomes

dF
— =y —-—a)Fx), vy xAn.
dx

After traveling the distance 2L between the two mirrors, light intensity changes
by a factor 2LV~ Light also gets reflected from the two mirrors. Each reflection
results in a change of light intensity by a factor equal to the mirror reflection
coefficient, I'; and I'; for mirrors 1 and 2, respectively. The net effect of absorption
and reflection is a change of light intensity by the product I'|T2e?L =% In order
for lasing to be possible, this product must be bigger than 1.

In turn, it implies that the gain factor must exceed a threshold value, yr, such
that

1 1
MDe? T~ =1 = yr=a+-—1In :
11e YT a+2L I,

The gain factor is proportional to the excess carrier concentration. Hence, for
lasing to be possible, excess concentration must exceed some threshold value,
Ant o« yr. On the other hand, according to the theory of the current—voltage
curve in a p+-i-n+ structure outlined earlier in this section, the excess concentration
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enters into the current—voltage relation as an argument of the net recombination rate.
Hence, in order to maintain the excess concentration at the level above threshold,
the injection current must exceed the threshold value

JT = eU(AI’lT)d .

We can make a rough approximation by assuming that the net recombination
rate is proportional to the excess carrier concentration, U (An) o« An. With this
approximation, we conclude that the threshold current must be proportional to
Jr o« Ant  yr.Denoting the proportionality constant as 8, we can write

At J < Jr, very weak light intensity is generated, whereas at J = Jr, lasing
begins, see Fig. 12.10. The threshold current is thus quite easy to measure. A linear
relation between Jr and o + ﬁ In ﬁ is indeed experimentally confirmed with
B being of the order of 100 A/cm. This implies that the threshold current may be
of the order of thousands (or even tens of thousands) A/cm?, quite a large value.
Reduction of the threshold current is one of the main problems in the semiconductor
laser technology.

Laser Spectrum

The active region of a laser is a resonator, where only photons of certain wavelength
can exist. Those photons must satisfy the standing wave condition

L=mr,/2,

where L is the distance between the reflecting sides, m is an integer, and Al/n is the
photon wavelength inside the active region. Hence, the laser produces not a single
wavelength, but many spectral lines of the wavelength

Fig. 12.10 Schematic F
illustration of the laser
intensity vs. current density
relation

lasing

LED regime regime
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Ay =2L/m .

Each such spectral line is called the mode.

The frequency of the photons that leave the active laser is the same as the
frequency of the photons inside the active region. On the other hand, the velocity of
light in the semiconductor is

' =c/ng,

where n, is the refractive index of the active region. Therefore, the wavelength of
the photons emitted by the laser is

m=c/f =cng/f =ngh, =2Lng/m,
and their frequencies are quantized as

Sm =c/Am =cm/(2Lng) .

The separation between two spectral lines is

m m+1

Ak:km—km+1=2Lna<— _m(m—|—]):m—|-]

For large m >> 1, the separation between two modes can be approximated as

A A2
AL = — = .
m 2n,L

The frequency and energy separations are

Af = f o = c hAf = he  1.24eV-pm
= JmHl " 2Ln,’ T 2Ln, 2Ln,

The energies of those photons range from E, to eV = Ep, — Ep, > E,. Hence,

the number of lines in the spectrum of a laser is %. Assuming L to be of the
order of 100 um and 7, of the order of 4, we have the energy separation of the order
of 1 meV. For eV — E, = 1eV, this means that the number of spectral lines is of the
order of a thousand.

At a first glance, the higher the bias V, the broader the spectrum of the emitted
light should be and the more spectral lines it should contain. In reality, quite the
opposite happens: increasing the bias results in a decrease of the number of the
spectral lines present in the laser light. In fact, for a large enough bias, the number
of spectral lines amounts not to a few thousands, but to just a few.

The reason for this paradoxical phenomenon is mode competition. The number
of the radiative recombination events that may happen per unit time in the active
region is limited by the injection current J; hence, the growth of the laser intensity
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is not infinite but must saturate at some limit intensity value Fr. Now, suppose that
for some reason, one of the modes contains slightly more photons than others. This
means that this mode intensity growth rate due to the stimulated emission exceeds
that of other modes. Hence, the more photons a particular mode has, the sooner it
should reach the limit intensity. Once a particular mode reaches F7, all other modes
cannot be supported because all of the pumping is “consumed” by a particular mode
that initially had slightly more energy than the others. As a result, the winner mode
gets it all, and a single narrow spectral line is emitted.

12.4 Problems

12.4.1 Solved Problems

Problem 1 The irradiance spectrum of the Sun just outside of the Earth’s atmo-
sphere can be modeled as that of a black body with the temperature Ts,, = 5778 K.
Assume that each photon of energy hf > E is absorbed by a SC and produces just
one electron-hole pair, which then contributes the energy E, to the output power.
Based on this information, write down an expression for the limit SC efficiency as a
function of the band gap, plot the efficiency vs. the ratio E¢/kTsyy, and find the E,
value at which it is maximal. Which semiconductor has this band gap value? When
solving this problem, you may need to integrate a certain function numerically (use

Mable, Mathematica, WolframAlpha, or a similar software). You may also need an
identity [ dx 227 = .

Problem 2 Consider a p-i-n structure of a heterojunction LED from Fig. 12.7b. It
has the following parameter values at 7 = 300K: the band gap E, = 2.5¢€V; the
width of the i-region d = 0.1 um; intrinsic concentration n; = 107 cm—3; radiative
recombination coefficient B = 10~8cm3/s; Auger recombination coefficients
C,=Cp=103%cm® /s; external efficiency n, = 2 %. The relationship between
the excess concentration An in the i-region and the applied voltage V follows

immediately from the generalization of the mass—action law, (no+ An)(po+An) =
n2eEre—Ern)/kT — ,2,V/Vin
1 1

(a) Assuming the i-region to be non-degenerate, find An(V).

(b) Assuming that only radiative and Auger recombination mechanisms are opera-
tive in the i-region with the respective coefficients B and C, j, find the optimal
excess concentration An at which the recombination efficiency in the i-region,
Nrec = Uy /(Uy + Uy), is the highest. What voltage is needed to maintain this
excess concentration at room temperature?

(c) Find the output intensity value obtained at the maximal recombination effi-
ciency.

(d) Find the voltage that needs to be applied to the device to have the output light
intensity of 0.1 W/cm?, which matches the typical intensity of the Sun.
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Problem 3 Show that the average time for an atom to remain in the excited state
is 1/bspon, Where bype, is Einstein’s coefficient of spontaneous emission from
Sect. 12.3.1.

12.4.2 Practice Problems

Problem 1 Find the intensity of the sunlight just outside of the Earth’s atmosphere.
The Sun radiation can be modeled as that of a black body with the temperature
5778 K, the radius of the Sun is Rg = 696 340 km, and the Earth-to-Sun distance is
Rg_s = 1.5- 108 km. You may need an identity f;° dxej‘—i] = ’lr—g

Problem 2 The total intensity of the monochromatic light incident onto a silicon
slab of thickness d = 100pum is F = 0.01 W/cm?. Its wavelength is 1 pum.
The refractive index of Si at this wavelength is n, = 3.572, and the absorption
coefficient @ = 62.94cm™!. Calculate light intensity F(x) and the electron—hole
pair generation rate G (x) for two cases: (a) when the rear surface is untreated and
(b) when the rear surface is covered by a perfectly reflecting coating. Here, the
distance x is measured from the front surface. Perform these calculations without
and with taking into account Fresnel reflection by the silicon—air interface. You may
need the sum of a geometric series, 1 +x +x2+... = 1/(1 — x).

12.4.3 Solutions

Problem 1 The spectral irradiance of the Sun is given by (see Appendix A.5)

f3
F(f)y=A—FF%#—"7",
(f) ehf/kTSlm — 1
2
where the constant A = zf—thz&, where Rs = 696340 km is the radius of the
E-S

Sun and Rg_s = 1.5 - 108 km is the Earth-to-Sun distance. The ratio of the two
radii takes care of the fact that the light intensity decreases with distance » from a
point-like source as 1/r2.

With the simplifying assumptions made in the problem formulation, the incident
and the output power per unit surface area of a SC can be written as

Y _ o0 F(f)
Pin— dfF(f)’ P()ut—Eg df_
0 Eg/h hf
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In the expression for P,,;, we took care of the fact that only photons of energy
exceeding E, are absorbed and contribute the energy E, to the output power; the
spectral photon flux density is related to the spectral irradiance by F(f)/(hf). The
efficiency is

Pour e ndf F(P)
P [5Tdf F(f)

)7:

Using the above expression for F'(f) and changing the integration variables in both
integrals to x = hf/kTsy,, we have

n=

00 2
Ey Jegpir, dXa1 15 E, [00 x2
kTsun fooodx

3 ——4 dx T .
- % kTsun JE kT €5 — 1

The efficiency vs. the ratio of the band gap to the thermal energy of the surface of
the Sun is shown in Fig. 12.11. This curve has a maximum at £, ~ 2.17kTsy,.
Given that the thermal energy kTs,, = (0.02585eV) - 5778/300 = 0.498 eV, the
optimal band gap equals 1.08 eV, which is quite close to the band gap of silicon.

This analysis is severely simplified, as it does not account for the radiative and
Auger recombination of the photogenerated electron—hole pairs and the optical
losses due to the light reflection by the front surface and the escape of some of those
photons that got reflected by the rear surface of the SC, as well as a few other, less
significant, mechanisms. Nevertheless, the optimal band gap value obtained above
is quite close to the truth.

Problem 2 (a) With no = po = n;, we rewrite the modified mass—action law
as (n; + An)? = nizev/ Vin | from which the excess concentration follows
immediately as

An(V) = n;(e"/@Vm — 1)

(b) The concentration of electrons and holes in the i-region is n = p = n; + An.
Hence, the radiative and Auger net recombination rate (see Sects. 7.3 and 7.4,
respectively) recombination efficiencies are expressed in terms of the excess
concentration as

B(2n; An + An?)
B(2n; An + An?) + (C, + Cy)(3n? An + n; An? + An3)
1
BTN

Nrec =

where in the second equality, we divided the numerator and the denominator of
the first expression by B(2n; An + An?) and denoted
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Fig. 12.11 The limit efficiency of a SC as a function of the semiconductor band gap normalized
to the thermal energy on the surface of the Sun

An 3x+x2 453
x—n—i, f(x)_—2x+x2

Clearly, the recombination efficiency is maximal at that x-value at which the
function f(x) has a minimum. We find the minimum of f (x) by differentiation
at

xo = /5 —2~0.2361,

corresponding to An = xn; = 0.2361 n;. Based on the result from part (a), we
find the voltage needed to be

Vo =2V, In(1 +x) =2V, In(+/5—1) = 11mV .
(c) The electroluminescence intensity is
IgL = E, Uy (An)dn, = EgdneBn?(2x + x2) .
With the x = 0.2361, we have
Ipr =4.23-107°W/cm? |

corresponding to the photon flux density
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1
® = % =0.1051/(cm?s) .

8

That is zero for all practical purposes.
(d) The desired output intensity corresponds to the x-value found from the
quadratic equation

I
x4 2x — Lz =0
Egdn.Bn;

For Ir; = 0.1 W/cm?, the constant

I
— L —1.248.10'%.
Eqdn.Bn;
This corresponds to the value of x
1 1
x= 24 [4p—EE B =1117-10°,
Eg¢dn.Bn; Egdn.Bn;

as the parameters of the order of 1 can be neglected for all practical purposes.
The voltage necessary to obtain this intensity is

V =2VyInx =2-0.02585 In1.117-10° = 1.08 V .

Problem 3 The probability p...(t) for an atom to remain in the excited state is
related to the concentration of atoms as n3(¢) = pexc(¢)n. It decays in time as

dpexc(t)
% = _bxponpexc(t) .

The solution of this equation with the initial condition p.y.(0) = 1 i peyc(t) =
e spont The derivative —dp,,(t)/dt has the physical meaning that the atom will
return to the ground state at time between ¢ and ¢ 4 dt. The average time spent in
the excited state is, then,

texc = / dl‘[ (-M) — bspon/ dtte*byponl — ,
0 dt 0 bspon

as can be obtained by changing the integration variable to x = bypont.



Appendices

A.1 A Crash Course in Complex Numbers

A complex number z is formed by a pair of two real numbers, x and y, as
z=x+1iy.

The number i is called the imaginary unit and is defined as the positive square root
of —1:

i=—1, i=+-1.

The two components of a complex number z are called the real part and the
imaginary part of z:

x=Rez, y=Imz.

The operation of complex conjugation is denoted by a star and is defined by
changing the sign in front of the imaginary part:

F=x—iy.

Complex numbers can be added and subtracted. If we have another complex
number w = u + iv, then

zrw=x+u)+iwut+v), z—w=x—-u)+i(y —v).
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Two complex numbers can be multiplied together:

zw=x+iy)u+iv)=xu+iv)+iy(u+iv) =xu+ixv+iyu — yv
= (xy —yv) +i(xv + yu) .

The product of a complex number with its conjugate,
2= (i —iy) =27 = (iy) = x4+

is a positive real number. Its positive square root,

lz] = Vzz* = m
is called the modulus of z.

A complex number can also be divided by another complex number:

z _zw*  zwt  (e+iy)w—iv)  xutyv = yu—xv

= = = = i )
w  ww*  |w|? u? 402 u? 402 u? +v?

Euler’s identity is an extremely useful theorem. Let 6 be a real number, and thus
i6 is purely imaginary. Then

€' = cos() + i sin() .

To prove this identity, we denote two complex-valued functions of 6:
f©) =¢?, g®) =cos®) +isin®) .

Their logarithms have the same derivatives. Indeed, for the function f(6),

dinf0) _ d(i6)
a0 a0 !

As for the function g (@), we first observe that

dg(9) . . . . .
7 = —sin(f) 4 i cos(f) =i (cos(f) +isin(@)) =ig®@),
and hence
1 dg® dlng®)
= =1
g(6) dob do
From the identity % = % it follows that

f(O) =Cg®),
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where C is some unknown constant. In order to find this constant, we focus on
the specific value of 8 = 0, for which f(0) = g(0) = 1. Hence, C = 1, i.e,
f(6) = g(0) for all 8. This completes the proof.

As an illustration of usefulness of Euler’s identity, it can be used to derive various
trigonometric identities, which one may have a hard time memorizing. Consider the
product

¢ = (cosa + i sina)(cos B + i sin B)

=cosacos B — sina sin 8 + i(cosa sin 8 + sina cos B) .
On the other hand,
P = ¢! @B = cos(a + B) + i sin(a + B) .

Two complex numbers are equal if both their real and imaginary parts are equal. We
thus conclude that

cos(o + ) = cosacos B —sinasin g,

sin(a + B) = cosa sin 8 + sina cos S .

These identities can be proven without complex numbers, but the proof will be much
longer.

Note that the trigonometric functions can be expressed in terms of complex
exponentials as follows. Write Euler’s identity for angles 6 and —6:

¢'% = cos(0) +isin(@), e ¥ =cos(@) —isin(0) .

Adding up these two expressions and dividing the result by 2 gives cos(8), whereas
subtracting these expressions from each other and dividing the result by 2i gives
sin(0):

el 4+ o—if 0 —i6
cos(f) = —— , sin(f) =
©) 5 ) T

More importantly, Euler’s identity allows one to represent a complex number z
in a convenient manner. Namely, a complex number z can be represented as a point
in the complex plane whose coordinates are formed by its real and imaginary parts,
see Fig. A.1. The distance from that point to the origin is modulus of the complex
number z. The angle formed by the line joining the origin with that point is called the
argument of z. On the diagram, this angle must be measured in the counterclockwise
direction. Geometrically

1

0 = arg(z) =tan™ X; x =|z|cosf; y=|z|sinf .
X
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Fig. A.1 Representation of a y
complex number z = x + iy
as a point in the complex

plane |z|/

Imzf----- »-

Then, a complex number z can be represented as
z=x+1iy=|z|(cosf +isinf) .

Applying Euler’s identity, we obtain the aforementioned representation of a complex
number:

7 =lz]e? .

A.2 Proof of Bloch’s Theorem

When a periodic lattice potential is present, then all measurable physical properties
of the electron gas, such as its density, should likewise be periodic. The single-
electron wave function W (7), however, does not have to have the lattice periodicity.
But the wave function itself is not physically measurable; it is the probability density
that can be measured. Hence, we must have for any translation vector d = id + jb+
k¢

VAP =G+
The most general choice for a wave function must with this property is
1 .-
V() = —=e"Du(),
vag

1

where the factor is introduced for later convenience, the function u(#) is

E

periodic,
u@ +d) = u@@),

and the unknown function 6 (7) is not periodic.'

'If 6 () had a periodic and a non-periodic part, i.e., 0(F) = O per (F) +Ononper (F) With Oy (F+d) =
Oper (7), then we could define our new periodic function u(¥) as a product of the old u(¥) and
¢'rer ™) Hence, we can explicitly demand that 6 (¥) be not periodic in 7 without loss of generality.
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Let us define a new wave function, which differs from the original one W (#) in
that its argument 7 is shifted by the translation vector a:

R o B P
Yongs (F) = WG +8) = —=e " Ou +d) = =" Ou@)

where in the last equality, we used the periodicity property of u () = u(¥ + a). Let
us define the difference

AO(F)=0(F +a)—0(a),
in terms of which

N 1 P = N 1 . . N . = N
lyshft(r) — Tel(g(r)+A0(r))M(r) — TelAQ(r)elg(r)u(r) — €lA0(r)\I,(r) .

Because of the translational symmetry of the potential U(F) = U(F + a),
shifting the coordinate 7 by a translation vector a does not affect the time-
independent Schrodinger’s equation. This means that Wy, (¥) should satisfy the
same Schrodinger’s equation as W (7), that is,

2
bn#%w®+0®%wm=E%m®.
e

Substitution of the relation Wy, r, r) = PG )W (), however, produces two new
terms, which are proportional to %A@(?) and %2A0(7). Those terms are not present
in the original Schrodinger’s equation for W (7). The only way to get rid of those
terms is to demand that

AO(F) = AO,
is a constant independent of 7.
Hence, shifting the coordinate by one lattice vector a results in an increment of
the phase by a constant:
OF +a) =0() + A6, .
Likewise, we could shift the coordinate by either of the remaining two lattice

vectors, b or ¢, and repeated the above argument. This would lead us to the
conclusion that

OGF +b) =0(F) + Ay, O(F +7) =0(F) + Ab,

with constant 6, and 6.
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The only function 6 () that has these properties is a linear function:
0G) =k -7,
up to an immaterial additive constant. Then,
0, =k-d, Op=k-b, 0. =k-C

We now need to figure out the wave vector k. We do this by imposing the
periodic boundary conditions. Namely, we view the crystal as a large paralleleplped
containing N3 unit cells. It is built on the three translation vectors Na, N b, and N¢.
We demand that the wave function W (7) repeat itself every time its argument gets
shifted by one of those vectors:

W(7 + Na) = W(F + Nb) = W(F + N&) = ¥ (7).
This is only possible if Nk -d, Nk - b, and Nk - ¢ are all integer multiples of 2. In
turn, this implies that the wave vector

Po

where m is a vector whose all three components are integers.
We finally substitute the wave function W(r) = \/Lve””u(?) into the
Schrodinger’s equation:

2 o g T
V2 (e””u(?)) L UG 5 Tu@) = E *Fu() .
2m,

The first term can be transformed to

W en(iE, n e - R ikF
¥ (e u(r)) =~ (v u(@) — 2ik - Vu(d) — k u(r))

Recalling (see Sect. 1.8.1) that electron momentum is identified with the operator
pu(¥) = —ihiVu(7), we rewrite this in terms of the momentum as

ik-r

N N N 7o A 5\ 2
— (ﬁ 2uF) — 20k - pu(P) + h2k2u(7)) ek — (;‘5 - hk) u(@) .
e

ne

After canceling the factors ek , we arrive at the equation for u (¥):

5 N2 NN IR
> (p —hk) u@) + UFu) = Eu()
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where the momentum operator ﬁ = —ihV, and the square of the operator fi — hk
simply means applying it twice to the function « (7). If not for the term £k in the
brackets, the equation obtained would look like a time-independent Schrodinger’s
equation for the wave function u(7) in the periodic potential U (¥ + d) = U(¥)
produced by the lattice.

In the absence of the lattice potential, i.e., with U (¥) = 0, the function u(¥) = 1
for all positions 7. Then, (1% — hlz) u@) = —hl:, and E = (hlz)z/(Zme), as it should
be.

Together with the periodicity requirement, u (¥ + c?) = u(c?), this equation
provides full information from which u(¥) and E can be found. We indicate the k-
dependence of its solution as a subscript in u; () and as an argument of the function
E (I?). Furthermore, at each given I?, another quantumﬁnumber n should arise, which
labels different solutions of this equation for fixed k. This quantum number—the
band index—is indicated as a subscript both in u ,;(7) and E (k). Hence,

u(@®) =uz(7), E=Enk).

A.3 Properties of Si, Ge, and GaAs

Unless stated otherwise, the numerical data in this section are taken from the online
data base of the Ioffe Institute at http://www.ioffe.ru/SVA/NSM/Semicond.
Crystal structure and lattice constant:

Si (diamond) : a = 5.431A ;
Ge (diamond) : a = 5.658A;
GaAs (zincblende) : a = 5.65325 A.

Bandgap temperature dependence:

aT?
T+8

Eg(T) = E;4(0) —

with the parameters:
Si: E,(0)=1.17eV; a=473-10"*eV/K; B =636K;
Ge : Eg(0)=0.742eV; a =4.8-107*eV/K; B =235K;
GaAs : E,(0)=1519eV; a=5405-10"*eV/K; S =204K.
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Transverse and longitudinal effective mass components of an electron and the
number of valleys in the conduction band:

Si: my,/me=0.19, my;/m,=098; vc=06;

Ge : my, /me=0.0815, my,;/m, =159, vc=4;

GaAs : my, /m, = mZ’l/me =0.063, vce=1.
Heavy and light hole effective masses:

Si : mjy,/me =049, mj,/m,=0.16;
Ge : my,/me =033, mj,/m, =0.043;
GaAs : ml,/me =051, m},/m, = 0.082.

Effective densities of states at 300 K:

Si: Ne=32-10"cm™>3, Ny =18-10"cm™3;
Ge : Ne=10-10"cm™>, Ny =5.0-108cm™;
GaAs : Ne=4.7-10"cm™3, Ny =9.0-108cm™3 .
Bandgap and intrinsic concentration at 7 = 300 K:?
Si : E,(300K) = 1.12eV; 1;(300K) = 8.59-10° cm™ ;
Ge : Eg(300K) =0.661eV; n;(300K) = 1.97-10% cm™ ;
GaAs : E,(300K) = 1.424eV; n;(300K) =2.31-10°cm™>.
Relative dielectric permittivities:
Si: e=11.7;

Ge : €=16.2;
GaAs : € =129.

2 Some discrepancy exists in the literature regarding the intrinsic concentration in Si at 300K,
which is 10'°cm™3 according to the data base of the Ioffe Institute. For the sake of formal
consistency, it is calculated here as n; = +/ NcNye Ee/CkT) rather than taken from this data
base. The most recent experimental result in Si is n; (300 K) = 9.65 - 10° cm™3, see P.P. Altermatt,
A. Schenk, F. Geelhaar, and G. Heiser, Journal of Applied Physics 93, 1598 (2003).
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Ionization energies of shallow donor impurities:

Si: As:0.054eV; P:0.045eV; Sb:0.043eV ;
Ge : As:0.014eV; P:0.013eV; Sb:0.010eV;
GaAs : Si: 0.006eV ; Ge: 0.006eV ; Sn:0.006eV .

Ionization energies of shallow acceptor impurities:

Si: Al:0.072eV; B:0.045eV; Ga:0.074¢eV; In:0.157eV ;
Ge : ALl: 0.011eV; B:0.011eV; Ga:0.011eV; In:0.012eV;
GaAs : Si:0.1eV; Ge:0.03eV; Sn:0.2eV; Zn:0.025eV .

Radiative recombination coefficient at 7 = 300 K:?
Si: B=47-10"Bcm¥/s;
Ge : B=641-10""cm’/s;
GaAs : B=172-10""%cm’/s.
Auger recombination coefficients at 7 = 300 K:
Si: Co=11-10"em®s; ¢, =3.0-107cmb/s;
Ge : Co~Cp~ 10_3Ocm6/s;
GaAs : C,~Cp ~ 10730 cm6/s.
Electron affinities at T = 300 K:
Si: ex =4.05eV;
Ge : ex =4.00eV;
GaAs : ex =4.07eV.

3 The value of B in silicon is taken from T. Trupke, M.A. Green, P. Wiirfel, P.P. Altermatt, A. Wang,
J. Zhao, and R. Corkish, “Temperature dependence of the radiative recombination coefficient of
intrinsic crystalline silicon,” Journal of Applied Physics, 94, 4930 (2003).
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A.4 Evaluation of Exponential Integrals
Here, we would like to find the value of the integral
o
I, =/ dxx"t12e™ for n=0,1,2,3,...
0

First, let us focus on the simplest case n = 0. We change the integration variables
to y = /x, giving

o0 o0 ) 2 o0 s 2
10=/ dx\/;efx:Z/ dyy“e™” =/ dyy e
0 0

—0o0

d o 2
= —— d —ay
da (/_oo ve )

In the last line, we introduced a parameter a, later to be set to 1. Differentiation

_df(a)
da

a=1 a=1

. . . 2.
with respect to the parameter a turns the more complicated integral of yZe™" into

. . . 2 . .
the one with a simpler integrand e~%”". Let us call the function of a that is to be
differentiated

fla) = f Sy’

—00

and consider the square of this function:

Fa) = / dy: f dys e=10TD)
—00 —00

Transforming to the polar coordinates, r = ,/y? + y3, 6 = cos™! y;'ir = we must
1 2

also replace the integration element—the area dy; dy,—with r dr d6. Noting that

the integrand does not depend on the polar angle, we can write:

o
() :271/ drre_‘”z,
0

where integration over the polar angle & = 0. .. 27w has been performed, giving 27 .
In other words, the surface area dy; dy, got replaced by the area 2rwrr dr of a ring
of radius » and thickness dr. The last integral is found by changing the integration
variables to z = r2:

f2(a):n/oodze_”z =T
0

a
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Hence,

fa) = foo dye™® = \/Z
—0 a

Coming back to our original task,

oo oo
. dyrja
Io=/ dxﬁe—xzzf dyy?er = _VT/a
0 0 da

_vr
- 2
a=1

Now, let us evaluate I,, for n > 1. For this, let us define a function

F(a):/oodxﬁe_ax,
0

which, upon a change of the integration variable to y = ax, becomes

F(a):i.
a

It allows one to obtain I,, by differentiating with respect to a and setting a to one:

d"F(a)
da

Iy = (=1)"

)

a=1

as can be verified by using the integral formula for F'(a) and the fact that %e“” =

(—=1)" x""e™*_In particular, we have
3 3.5 15 3.5.7 105
10=—ﬁ;12=—10= vz I3 = Ip = /T

3
2 4 22 g 2% T 16

I = etc.

A.5 Planck’s Radiation Law

The quantum state of a photon is characterized by two quantum numbers: its wave
vector k and its polarization s. The polarization can have two values, s = +1
and —1, which correspond to the counterclockwise and clockwise rotation of the
electric field vector around the direction k / |I:| of photon propagation. We consider
the photons in a cube of side length L and impose the periodic boundary conditions.
Hence, the three components of the wave vector have quantized values:

2r
kazfmav a=x,y,zand my =...,-2,—1,0,1,2,....
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The probability to have n photons in the state with particular values of k and s is

o—nhf )/ kT

pa(k, s) = —

where the frequency of a photon in this state is
- ck -
fly=—. k=1Ik,
b4

c being the speed of light. The constant Z has the value that normalizes the total
probability to one:

o
7 — Ze—nhf(k)/kT — 1 _ i
e 1 — e hf /KT
where we used the expression for the sum of a geometric series, Y oo o x" = 1/(1—

—hf/kT _ 1. The average number of photons in the state (k, s) is

x)withx =e

(n(k, s)) = an,,(k 5) .

It can be obtained by setting

_ hf()
kT
and noting that
- o gne"a dln ) %% e d 1 1
YA = L LD B L - .
Yopepe @ da da 1—e¢ e*—1

We finally replace the parameter a with the ratio of photon energy to the thermal
energy to obtain

- 1
) = —

To find the concentration of photons 7, (f) of frequency f, we need to multiply
the average number of photons in the (l_c), s)-state with the density of photon states,
i.e., the number of (l?, s) states in a unit volume per unit frequency interval. The total
number of the photon states with the wave vector smaller than a given value k equals
the ratio of the volume of a sphere of radius k to the “volume” (27/L)> occupied by
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one photon state; this ratio needs to be multiplied by 2 in order to account for two
possible polarizations. Hence,

4 k3 1 B,
Nky=2 — — = —
3 @2u/LP  3x?

The total number of photon states of frequency smaller than a given value f is
obtained by replacing k with 27 f/c:

N(f) = L.

87 f3
3¢3

The photon density of states is obtained as the derivative

1 dN(f) 8mf?

g(f)=ﬁ i a3

Hence, in thermal equilibrium, the concentration of photons per unit frequency
interval is

. 8mf? 1
nn() = gy = -

In the literature, it is more common to work with the spectral energy density, i.e.,
the energy of photons in a unit volume per unit frequency interval. It is given by the
Planck’s radiation law:

8mhf3 1
u(f)=nhfnp(f) = nc3f hf/KT _ 1 -

The spectral irradiance is given by

c 27hf3 1
F(f) = Zu(f) T T2 GMAT 71
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Effective density of states
electrons, 120
holes, 120

Effective mass
conductivity, 123
density of states, 122
of an electron, 102
longitudinal, 102
of a hole, 103
tensor, 101
transverse, 102

Einstein’s
relation, 205

Index

Electroluminescence, 283
Electron
affinity, 216
capture by a trap, 181
charge, 9
concentration, 115, 119
concentration in a non-uniform potential,
152
current density, 198
emission by a trap, 181
energy probability distribution, 121
flux density, 198
mass, 9
Emission
spontaneous, 290
stimulated, 292
Energy
band, 83
kinetic, 7
of a photon, 8
Energy quantization, 8
Euler’s identity, 306
Excess
carrier dynamics, 175
charge carriers, 174
concentration, 174

F

Fermi-Dirac distribution, 67
Fermi energy, 67, 69
Fermions, 27

Fluctuations, 62

G
Generation
of charge carriers, 171
non-thermal, 174
rate, 174
thermal, 174
Gradient, 15
Grand canonical distribution, 64
Ground state, 4, 17
Group velocity, 91

H

Hall effect, 202

Heat bath, 64

Hole, 99
capture by a trap, 181
concentration, 120



Index

concentration in a non-uniform potential,
152

current density, 198

emission by a trap, 181

energy, 100

energy probability distribution, 122

flux density, 198

heavy, 104

light, 104

occupation probability, 100
Hydrogen

quantum numbers, 23, 24

spectrum, 9

I
Ideality factor, 228, 269
Image charge, 227
Impurity
deep, 173
shallow, 127
Imref, 187
Indistinguishability of particles, 25
Intensity, 277
Intrinsic semiconductors
carrier concentrations, 126
Fermi energy, 126
Inversion layer, 160, 165
Ionization regimes
complete ionization, 134
freeze-out, 138
intrinsic, 136

L
Laplacian, 16
Laser, 289
gain factor, 294
mode competition, 299
population inversion, 294
pumping, 294
spectrum, 298
structure, 294
threshold current, 296
Lattice
Bravais, 44
constant, 44
cubic, 44
triclinic, 44
Light-emitting diode, 283
efficiency, 284
heterojunction, 289
spectrum, 283
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M

Macrostate, 62

Magnetic field, 24

Mass action law, 132, 188

Metal-semiconductor contact
built-in voltage, 217
energy band diagram, 215
Ohmic, 219
rectifying, 221

Microstate, 61

Miller indices
in a cubic lattice, 52
for directions, 51
for planes, 52

Mobility, 200

Momentum
operator, 20

MOSFET, 233
accumulation regime, 245
body, 233
conduction parameter, 238
C — V measurements, 245
depletion mode, 234
depletion regime, 246
drain, 233
energy band diagram, 239, 240
enhancement mode, 233
flat-band voltage, 243
gate, 233
inversion layer, 233
inversion regime, 246
I — V curve, 235,237
oxide capacitance, 242
oxide voltage, 242
pinch-off, 236
source, 233
threshold voltage, 233, 239, 244
trapped charges, 242

(o)

Orbital
atomic, 41
hybridization, 50

P
Pauli
exclusion principle, 27
spin-statistics theorem, 26
Periodic potential, 81
Periodic table, 41
Phase velocity, 90
Photoconductivity, 202
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Photoelectric effect, 6
Photogeneration, 202
Photon, 6, 172
flux density, 277
Planck
constant, 6
radiation law, 291, 315, 317
Plane wave, 5, 14
PN junction, 257
built-in electric field, 261
built-in voltage, 258
C — V measurement, 262
energy band diagram, 258
I — V curve, 264
one-sided, 262
quasineutral region, 257
Shockley boundary conditions, 264
space charge region, 258, 261
space charge region recombination current,
268
Poisson’s equation, 152
exact solution, 161
Primitive cell, 45
Probability
a priori, 63
density, 13
of a microstate, 62

Q
Quantum

numbers, 4, 17

state, 4
Quantum state

occupation probability, 67
Quasi-Fermi energy, 187
Quasimomentum, 83
Quasiparticles, 104

R
Reabsorption, 287
Recombination
Auger, 172,178
Auger, coefficient, 179
of charge carriers, 171
Energy and momentum conservation,
171
net rate, 175
radiative, 172, 177
radiative, coefficient, 177
rate, 175
Shockley-Read-Hall, 173, 180
surface, 173, 186

Index

surface, velocity, 186

time, 176
Resistance, 201
Resistivity, 201
Reverse saturation current

of a Schottky diode, 223, 226
Richardson constant, 224
Rydberg’s constant, 10

S
Schottky
barrier, 217
diode, C — V measurements, 218
diode, J — V curve, 222
Schrodinger’s equation
in a periodic potential, 81
time-dependent, 15
time-independent, 17
Semiconductors
compensated, 127
direct band gap, 98, 172
indirect band gap, 99, 172
intrinsic, 126
p- and n-types, 128
Silicon, 41
Solar cell, 275
efficiency, 282
fill factor, 282
I — V curve, 280
open-circuit voltage, 281
power, 282
short-circuit current, 275, 281
Solar spectrum, 278
Space-charge region (SCR), 156, 165
electric field, 157
electric potential, 157
recombination, 228
width, 157
Spectral irradiance, 276
Spin, 24
Standing wave, 8
Surface passivation, 173, 187

T
Thermal
energy, 69
equilibrium, 62, 171
velocity, 125
voltage, 152
Threshold potential, 160
Total internal reflection, 287
Tunneling effect, 219, 228



Index

U
Unit cell, 45

W

Wave
angular frequency, 5
equation, 11
number, 12, 85
packet, 92
vector, 5, 82

Wave function, 11
collapse, 19

interpretation, 12, 17

modulus, 21

phase, 21
Wavelength, 5
Wave-particle duality, 5
Wigner-Seitz cell, 46
Work function

metal, 215

semiconductor, 215

VA
Zincblende structure, 50
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