A.1 Physical Constants

Angstrom unit A
Avogadro constant Na
Bohr radius ap
Boltzmann constant ky
Calorie cal
Elementary charge q
Electron rest mass my
Electron Volt eV
Gravitational constant g
Gas constant R
Permeability in vacuum Ho
Permittivity in vacuum £
Planck’s constant h
Reduced Planck’s constant h
Proton rest mass M,
Standard atmosphere atm
Thermal voltage at 300 K koTlq
Velocity of light in vacuum c

Wavelength of 1-eV quantum 1

10°m=10%cm=10"* pm
6.02204 x 10** mol™!

0.52917 A

1.38066 x 1072 J.K™' (= RIN 4)
8.61738 x 10> eV-K !

4.184 7]

1.60218 x 107 C

0.91095 x 107 kg

1.60218 x 107'°J

23.053 kcal-mol !

9.81 ms >

1.98719 cal-mol K ~!

8.31440 J-mol K !

47107° = 1.25633 x 10 *H-m™'
8.85418 x 1072 F-m™' (=1/pc?)
6.62617 x 1073* Js

1.05458 x 1073* J.s (= h/2x)
1.67264 x 107% kg

1.01325 x 10° N-m >

0.0259 V

2.99792 x 10® m-s™!

1.23977 pm
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A.2 International System of Units (S| Units)

Base units

Quantity Unit name  Unit symbol
Length meter m

Mass kilogram kg

Time second S

Electric current ampere A
Temperature kelvin K

Amount of substance mole mol
Luminous intensity candela cd

Prefixes

Factor Prefix Symbol Factor Prefix Symbol

10 yotta Y 107" deci d

10%! zetta Z 102 centi ¢

10" exa E 107 milli m

10" peta P 107° micro

102 tera T 107° nano n

10° giga G 1072 pico p

10° mega M 107" femto f

10° kilo  k 107" atto  a

102 hecto h 102" zepto  z

10! deka da 100 yocto 'y

Derived units

Quantity Special name  Unit Dimension
symbol

Angle radian - rad

Solid angle steradian - ST

Speed, velocity - - m-s~!

Acceleration - - m-s ™2

Angular velocity, - rad-s™!

frequency

Angular acceleration - - rad-s 2

Frequency hertz Hz s

Force newton N kg-m-sf2

Pressure, stress pascal Pa N-m 2

Work, energy, heat joule J N-m, kg-m?:s >

Power watt w Js

Electric charge coulomb C A-s



Appendices 643

Electric potential volt A\ J ~C_1, W-A~!
Resistance ohm Q V-A!
Conductance siemens S A-Vﬁl, Q!
Magnetic flux weber Wb Vs
Inductance henry H Wb-A™!
Capacitance farad F cv!
Electric field strength — — V-m_l, N.C!
Magnetic induction tesla T Wb-m_z, N-A 'm™!
Electric displacement - - Cm~
Magnetic field strength - - Am™!
Celsius temperature degrees °C K

Celsius
Luminous flux lumen Im cd-sr
Illuminance lux Ix Im-m
Radioactivity becquerel Bq st
Catalytic activity katal kat mol-s~"

A.3 Physical Properties of Elements in the Periodic Table

The following figures summarize the general physical properties of most elements in
the periodic table. These include their natural forms (Fig. A.1) with the structure in
which they crystallize, their density of mass (Fig. A.2), boiling point (Fig. A.3),
melting point (Fig. A.4), thermal conductivity (Fig. A.5), molar volume (Fig. A.6),
specific heat (Fig. A.7), atomic radius (Fig. A.8), oxidation states (Fig. A.9), ionic
radius (Fig. A.10), electronegativity (Fig. A.11), and electron affinity (Fig. A.12).

A.3.1 Chapter 2: Atomic Orbital

Generalities and Description

Since the discovery of the Schrodinger equation in 1925, it is well known that
quantum particles such as electrons can be described as both particles (in the
classical approach) and as wave. The wave description of an electron states implies
that position cannot be fully known; instead, a wavefunction is required to describe
the probability of finding any electron in a given region.

When electrons are linked to the nucleus of an atom, they cannot occupy all the
available positions around the nucleus, and their position is quantified in confined
regions called atomic orbital. An atomic orbital is a mathematical function describ-
ing the wave behavior of electrons in one of these confined regions (Fig. A.13).

Each atomic orbital is distinguished by three quantum numbers: n, 1, and m.

n is a positive integer called the principal quantum number, 1 is an integer
between 0 and n — 1 called the azimuthal or angular quantum number, and m is
an integer between —1 and 1 called the magnetic quantum number.
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Fig. A.13 Sketch of 1s, 2s, and 2p atomic orbital wavefunctions

Any given (n, 1, m) corresponds to one atomic orbital and can hold two electrons
because of the Pauli principle. These two electrons thus have opposite spin.

The principal quantum number n refers to one shell of electrons around the
nucleus and describes the size of orbitals. The higher this number, the farther is
the shell from the nucleus. The completion of this layer with electrons describes the
number of covalent bond which can be formed, and thus the n shell of an atom is
primordial I the description of its properties.

For a given n, the azimuthal number 1 refers to one particular orbital atomic in the
n shell and describes the shape of the orbital.

1 = 0 corresponds to an s orbital (sharp)

1 =1 corresponds to a p orbital (principal)

1 = 2 corresponds to a d orbital (diffuse)

1 = 3 corresponds to an f orbital (fundamental)

The magnetic quantum number m describes the orientation of orbitals in space.

For a given atom of known atomic number, the atomic electrons occupy orbitals
from the lower shells with low-energy to the highest-energy shells.

The Aufbau principle (or Pauli rule) states which orbital are occupied by electrons
for a given atom:

45 4p 4d af
5 5p 5d 5f ...

-~
-
-
-
-
F

In this representation, the number corresponds to the principal quantum number
n, while the letter (s, p, d, or f) gives the azimuthal quantum number 1. The magnetic
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quantum number is not represented and is suggested by the value of 1 since m is
between —I and 1. The red arrow gives the order in which the atomic orbital is filled.
This order is the same for all atoms.

Example 1 Helium (He), two electrons.

First, the 1s orbital is filled. This orbital corresponds to n = 1,1 = 0. Since m is
between —I and 1, the only value possible for m is 0. Thus the 1s orbital corresponds
to (n, 1, m) = (1, 0, 0). The Pauli principle states that this orbital can hold two
electrons. Thus for helium, the electronic configuration is 1s%

Example 2 Carbon (C), 6 electrons.
First the 1s orbital is filled and can hold two electrons, similarly to the
helium atom.

Then the 2s orbital is filled. This orbital corresponds to n = 2,1 = 0, which forces
m = 0. Thus, the 2s orbital corresponds to the (n, 1, m) = (2, 0, 0) configuration and
can hold two electrons.

Then the 2p orbital is filled. This orbital corresponds to n = 2 and 1 = 1. Since
1 =1, the values possible for m are —1, 0, and 1. Thus the 2p orbital contains the
three configurations (2, 1, —1), (2, 1, 0), and (2, 1, 1) and can hold a total of six
electrons. The last two electrons of carbon can thus be contained in the 2p orbital.
This 2p is not completely filled for the carbon atom and can hold four more electrons.

This explains why the carbon atom can be involved in four covalent bonds.

The electronic configuration of carbon is written 1s* 2s* 2p? or [He] 2s* 2p°.

A question remains unanswered: There are three p orbitals (p,, p, p,) in the 2p
subshell, and these orbitals of same energy levels, called degenerate levels, are
equivalent. Does the second electron go into the same orbital as the first, or does it
go to another p orbital? To answer this question, we can use Hund’s rule. This rule
states that when filling the orbitals, one electron is added to each degenerate orbital
before two electrons are added to the same orbital. Moreover, all the first electrons
added to the degenerate orbitals have the same spin orientation.

As a result, the electrons in the 2p orbitals for carbon can be represented as
follows:

A.3.2 Tight-Binding Method

For being one the most fundamental theoretical calculation tool in crystalline
structure band energy modeling, multiple books concerning tight-binding method
can be found in the literature, such as in Razeghi (1989). It is similar to the LCAO
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(linear combination of atomic orbital) used in chemistry: Both models are approxi-
mation and rely on the periodicity of crystalline structures in order to model the
interactions between atoms.

Understanding the tight-binding method is primordial, and this textbook assumes
that its basic concepts are known. Yet, this appendix offers an overview of the
method based on the example of a one-dimensional periodic structure composed of
one type of atom. The similarity between the results obtained here and the equations
found in the chapter can be easily noticed.

Bloch’s Theorem
Let’s consider a crystalline structure in which the atoms are assumed to be perfectly
arranged, so that they introduce a periodic, infinite potential. This potential V has the
same periodicity as the crystalline structure.

Without loss of generalities, the Schrédinger equation for an electron inside the
crystalline structure can be written:

2
Hy(r) = (—fmA + v(?))w(r) =Ey(r) (1)
where E is the energy eigenvalue of the Hamiltonian operator.

The Bloch’s theorem states that given a periodic potential V, the eigenstates y of
the one-electron Hamiltonian (1) with periodic potential can be written as the
product of a plane wave with a periodic function in the Bravais lattice of the solid.
In other words:

v (7) = u (7) )

where u ;(7 +R)=u ;(7 + R) for any R of the Bravais lattice.From Bloch’s
n n

theorem (2), we get the following result: Any wavefunction which is eigenstate of a
Hamiltonian with periodic potential verifies:

v (7 +R) =Ry (7) (3)

nk nk

This means that when the physical space in real space is shifted of a vector from the

Bravais lattice R, only the phase of the wavefunction is affected.

The Tight-Binding Method: Generalities

Let’s define the ¢, (7) atomic orbitals, which are eigenstates of the Hamiltonian H,,
of a single atom. When this atom is placed inside a crystalline structure, the electrons
inside the structure can no longer be considered as a collection of isolated electrons,
since the low distance between atoms makes valence electrons interact with each
other. In other words, the atomic orbitals overlap adjacent atomic sites and thus are
no longer eigenstates of the new Hamiltonian of the crystal. One of the assumptions
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of the tight-binding model is that the Hamiltonian of the crystal can be still described
as the sum of Hamiltonian of each single atom with a small perturbation:

A(7) = Y Ru(7 ) +80(7) @

where R locates all the atomic sites inside the crystal and AU (7) is the potential
n

energy of interaction between atomic sites and is considered as a perturbation.

Since the effect of interaction between atoms is considered small, in the tight-
binding method, one writes the solution of the Hamiltonian crystal as combination of
atomic orbitals described above. In other words, we write any eigenstate of the
Hamiltonian (3) in this form:

—

wi(7) = 32 D en(R)gu(r — ) 5)

m

where the first sum is over each atom of the crystalline structure and the second sum

is over the different atomic orbitals of a single isolated atom. The ¢, (I?n ) are
constants that need to be solved. The two following steps are dedicated to finding the
value of these constants.

First of all, the Bloch’s theorem states that y (7) has the same period as the
crystalline structure, so that we can write:

vi(r + Ry ) = oy (7) (6)
The reader can easily verify that this equation leads to the following result:
bu(Ry ) = e*Reb,, (0) (7)

Then, the normalization of wavefunction to unity can be written:

ka* Ay (F)Pr=1 (8)

which after simplifications and neglecting atomic overlap integrals gives the follow-
ing result:

b (0 ) ~ \/%7 )

Using (4), (5), and (6) that the actual form of any eigenstate is:
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— 1 gy _ —
wil(r) = =D > ¢ b (r = Ru) (10)
IZZ m

In this equation, the first sum is labeled over the position R, of every atom in the
crystalline structure, and the second sum is labeled over the different valence orbitals
of a given isolated atom.

Example
Let’s give an example of use of the tight-binding method for a one-dimensional
crystalline structure composed of one type of atom. Moreover, we assume that this
atom only has one valence atomic orbital.

As seen in the previous section, any eigenstate of the Hamiltonian can be written

Vi (7) =~ \/LIV Z: Zeizi’qﬁm (7 - IE,; ) For this example, m = 1, since the atom
R,l m

only has one valence orbital. Let N be the total number of atoms in the structure, and

let’s use a more condensed formalism where | k >= y; (7) and | n >= ¢(7 - R, ),
so that:

R
k>=—=Y ™ |n>
= p > e

where a is the distance between atoms.

We then assume that the orbital wavefunctions of only closest atoms overlap so
that in the Hamiltonian matrix, all components <ilHlj > = H; ; are equal to zero,
except the tridiagonal values.

In other words:

<iH|j>=0 if [i—j|>1
< i|H|i >=Ey
<it1|H|i>=-A

where —A can be interpreted as the bonding energy between atoms. In addition, we
write the normalization equation between atoms wavefunction as:

<ili>=1 and <ixlli>=85<1
Since |k> is eigenstate of the Hamiltonian, we can determine its corresponding
eigenvalue by writing:

N 1 L
Hlk >=Elk >=—=>"¢™H | n>
VNn:l

which, after multiplying on the left by <k|, leads to:



Appendices 661

~ 1 LN
<k| Hlk >=< k|Eglk >= Ex = >N et < mlH|n >

n=1 m=1

And:

1 1 ‘
Ekzﬁg <n|H|n>—|—NE <n—1|H[n > ™
n=1 n=1

1< 4
ﬂT]Z <n—1Hjn>e ™
n=1

Thus the dispersion relation inside the crystal can is:

Ey = E(k) = Ey — 2Acos(ka)

5.0

4.0

3.0
EleV]
2.0

1.0

0.0 /

0.0 0.5 1.0 15 2.0 25 3.0
ka

The result obtained here can be reproduced for different crystal structures and
atomic orbitals.

A.4 Physical Properties of Important Semiconductors

Bandgap energy (eV) Band
Semiconductor 300 K 0K e
Element C 5.47 5.48 Indirect 5.7
Si 1.12 1.17 Indirect 11.9
Ge 0.66 0.74 Indirect 16.0
Sn 0.082 Direct
V-1V a-SiC 2.996 3.03 Indirect 10.0

(continued)
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Bandgap energy (eV) Band
Semiconductor 300 K 0K €
-v BN ~1.5 Indirect 7.1
GaN 3.36 3.50 Direct 12.2
GaP 2.26 2.34 Indirect 11.1
BP 2.0
AlSb 1.58 1.68 Indirect 14.4
GaAs 1.42 1.52 Direct 13.1
InP 1.35 1.42 Direct 12.4
GaSb 0.72 0.81 Direct 15.7
InAs 0.36 0.42 Direct 14.6
InSb 0.17 0.23 Direct 17.7
II-VI 7ZnS 3.68 3.84 Direct 5.2
ZnO 3.35 3.42 Direct 9.0
CdS 2.42 2.56 Direct 54
CdSe 1.70 1.85 Direct 10.0
CdTe 1.56 Direct 10.2
IV-VI PbS 0.41 0.286 Indirect 17.0
PbTe 0.31 0.19 Indirect 30.0
Semiconductor Intrinsic carrier concentration at 300 K (cm™>)
Ge 2.4 x 10"
Si 1.45 x 10'°
GaAs 2.15 x 10°
Effective masses
Mobility at 300 K (cm?/Vs) (in units of mg)
Electrons Holes
Semiconductor Electrons Holes me my
Element C 1800 1200 0.2 0.25
Si 1500 450 0.98* 0.16°
0.19° 0.49¢
Ge 3900 1900 1.64% 0.04°
0.082° 0.28¢
Sn 1400 1200
V-1V a-SiC 400 50 0.60 1.00
-v BN
GaN 380 0.19 0.60
GaP 100 75 0.82 0.60
BP
AlSb 200 420 0.12 0.98
GaAs 8500 400 0.067 0.082°¢
0.45¢
InP 4600 150 0.077 0.64

(continued)
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Effective masses

Mobility at 300 K (cm%/Vs) (in units of my)
) Electrons Holes
Semiconductor Electrons Holes me my
GaSb 5000 850 0.42 0.04°
0.4¢
InAs 33,000 460 0.023 0.40
InSb 80,000 1250 0.0145 0.40
II-VI ZnS 165 5 0.40
Zn0O 200 180 0.27
CdS 340 50 0.21 0.80
CdSe 800 0.13 0.45
CdTe 1050 100
IV-VI PbS 600 700 0.25 0.25
PbTe 6000 4000 0.17 0.20

“Longitudinal effective mass
Transverse effective mass
“Light-hole effective mass
YHeavy-hole effective mass

A.5 The Taylor Expansion

The Taylor expansion is a powerful mathematical method which yields a simple
polynomial approximation for any mathematical function near a given point.

Let us consider a function f which can be differentiated at least (n + 1) times at
x = xo. The Taylor expansion is such that the value of f at any point x can be
determined from its value and that of its n consecutive derivatives at x, through:

£ = 7(00) + £ a0} =30) +10 (e — )
f<n)(x0) n . (Al)
.+ o (x —x0)" + Ry

where R, is called the remainder and is equal to:

(n+1)
f i (’é) (xix())nﬂ

Rn= (n+1)!

for an appropriate value £ such that 1€ — xpl < Ix — xl.

As aresult of this expansion, an approximate value of the function fnear the point
X = Xo 1s obtained by neglecting the remainder R, in Eq. (A.2). In principle, the more
terms one chooses to keep in the expansion, the more accurate result one will get. R,
is used to evaluate the magnitude of the calculation error. It is often useful to carry
the Taylor expansion near an extremum of the function f because some of its
derivatives are then equal to zero, and a simplified expression is obtained.
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A few examples of Taylor expansion for commonly used functions are given
below:

e":l+x+§+§+---+%+---z§% (A3)
sinx = x ;—3'—&-);—5' );—7!+— :g((zi):le";l (A4)
cosx—l—z—zl—i—);—j—)j-&- 22((;3;);2n (A5)
1n(1+x)=x—%2+x;—+-~-=i%nﬂxn (A.6)

n=0

There exist convergence ranges in evaluating the infinite sums inEq. (A.6) to
Eq. (A.5). This means that the Taylor expansion will no longer be valid when trying
to evaluate the sums for a value of x outside the convergence range. For example, the
convergence range for ¢*, sin(x), and cos(x) is (—oo, +00), whereas the convergence
range for Ln(1 — x) is (—oo, 1].

A.6 Fourier Series and the Fourier Transform

Fourier Series

A function f{¢) is periodic with a period 7 when it satisfies f(t + T)) = f(f) for any value
of ¢. If such a periodic function is also piecewise continuous, then it can be written as
the sum of trigonometric functions such that:

= % + Y (aycos (nwt) + b, sin (nwt)) (A7)
n=1
where we have denoted w = T , and:
T
2
2
w7 | v (A8)
-
T
2 2
aw=> J (1) cos (nwi)dt (A9)
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Fig. A.14 Example of 1)
periodic function used to

illustrate the concept of 1
Fourier series

ol T

bn =

N
S 1N

S(¢) sin (nwt)dt (A.10)

2N

Such a sum of trigonometric functions is called the Fourier series of f(f), and the
coefficients a,, and b,, are called its Fourier coefficients. The usefulness of such a
mathematical expansion lies in its physical interpretation. Indeed, one can see that a
periodic function of time can be decomposed into individual sine-like and cosine-
like components, each periodic with a frequency nw where n is an integer. The
magnitude of each component is given by the Fourier coefficients a,, and b,,. One can
therefore obtain a “spectrum of frequencies” for the original function, which finds a
number of applications in physics phenomena.

For example, the Fourier expansion of the function shown in Fig. A.14 is:

f() =

>\ 1
+ Z;E[sinnwrcosnwt—i— (1 = cosnwr) sin nwt] (A.11)

Nl

Fourier Transformation

The Fourier transformation is a mathematical operation which consists of associating
to a given function f'a second function, called its Fourier transform F. The functions
fand F do not operate on the same variables. The Fourier transform is similar to a
Fourier series but can be applied to a general function f{f) as long as it is pulse-like

and J [f (2)|dt < oco. Its Fourier transform F is then defined by:

—00

F(w) :\/% J f(t)e ™ at (A.12)

—00

Note that the Fourier transform F operates on frequencies w, whereas the original
function f operates on time ¢. The Fourier transform plays the same role as the Fourier
coefficients in Eq. (A.12), except that the summations on frequencies are now
continuous rather than discrete. The original function f can be expressed in terms
of its Fourier transform F through:



666 Appendices

Fig. A.15 Example of an 1)
arbitrarily chosen function
used to illustrate the concept
of Fourier transform

1 T iwt
ft) = Wr J F(w)e™dw (A.13)

For example, the Fourier transform of the function shown in Fig. A.15 is:

F(w) = % (A.14)

A.7 The Pseudopotential Approach

When we want to calculate the band structure of a solid from first principles and
write down the exact Hamiltonian of the system, we are confronted with a very
difficult problem because not only do we have the Coulomb potential of the nuclear
charges, but we also have the electron-electron interaction of the other electrons in
the system to deal with. The way to avoid it is to make some simplifications, which
keep the essence of the problem and make the solution tractable. We use the insight
that we have and argue that, surely, it is possible to assume that the strongly bound
full shells around the atom are not participating in the banding of the solid and they
can be separated out, i.e., excluded from the banding electrons. The valence
electrons can be treated separately and do not see the full potential of the nucleus.
We know already from Chap. 4 that the outer shell electrons see a screened potential
because the core electrons screen out the full nuclear attraction. But this is not all, we
do not want to just take into account the screening, which is a many body effect, but
go further and not allow the valence states to be mixed in the core states at all. So
there are two effects to be considered. One is the screening, which can be considered
to give rise to an effective nuclear charge and can be treated using the self-consistent
“Hartree-Fock method”. The other is projecting out the core eigenstates out of the
solutions altogether. The latter is the pseudopotential method. In the pseudopotential
method, one first decides which core states must be projected out. One does this by
making the sought after Bloch wavefunctions orthogonal to these core states. Then
one derives the effective potential for which these new Bloch states are the
eigenfunction solution of the Schrédinger equation.


https://doi.org/10.1007/978-3-319-75708-4

Appendices 667
This procedure then makes the envelope wavefunction of the Bloch wave U in:

2\ — N ik T
‘P;(r) —u;(r)e (A.15)
a much more smooth function than it would be if it were subject to the full or even
screened Coulomb potential of the lattice ions. How do we find an approximation for
this effective potential? In a naive way, we have done this already in the Kronig-
Penney model in Chap. 5. The Kronig-Penney model is indeed a truncated
pseudopotential approximation to the true potential, but it is constructed in an ad
hoc manner, without a well-defined prescription. The pseudopotentials used to
calculate the band structure of solids are however derived using well-defined
prescriptions.

One of the assumptions is that the basis states of all the electrons in the solid are
constituted by core electron wavefunctions ¢; and valence electron wavefunctions jy;
and that these can be made orthogonal to each other. One then constructs the
eigenstates of interest, namely, for the higher valence energy level states. These
are built to avoid the core regions occupied by the core electrons. An example is as
follows. Assuming b .. = Zeﬂ”bn (r —s) is a core function solution of the

s
Schrodinger equation with energy E,, we construct a more extended valence state
which is made orthogonal to the core states and is of the form:

Y= > o X (A.16)
8
1= oikr _ Z“ibjz (A.17)

The g; are selected to make the valence wavefunctions orthogonal to the core
states. This new wavefunction has the core states projected out of it and is forced to
also satisfy the Schrodinger equation. The projected states however introduce a new
term in the SE which plays the role of a potential. The new term due to the core
states, when combined with the old, gives us now an effective potential, which repels
the valence electrons out of the core region, making the effective potential much
more smooth than the original one. The pseudopotential method is a way of
projecting out the core functions, out of what would normally be the total
wavefunction, so that the more loosely bound valence functions avoid the region,
which is normally filled by the core states. They do not see the strong Coulomb field
anymore because they are forced to adopt a higher orbital or what is in effect a more
loosely bound character near the core.

The two methods, Hartree-Fock self-consistent field or “HFT” method, which
takes care of the potential of the other electrons and the Pauli principle, and the
pseudopotential method, which forces the higher levels to avoid being core-like, can
in principle be combined to produce an accurate band structure calculation. The HFT
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method assumes that the Coulomb potential of the other electrons can be treated as
an average potential, which can be evaluated self-consistently. It also assumes that
the many particle wavefunctions are Slater determinants of Bloch functions so that
they automatically satisfy the Pauli principle. The details of the “Pseudopotential and
HFT” are beyond the scope of this book, and the reader is referred to the specialized
works in the books by Ziman (1998), Callaway (1964), and Harrison (1966).

Further Reading

Callaway J (1964) Energy Band Theory. Academic Press, New York

Chuang SL (1995) Physics of Optoelectronic Devices. Wiley, New York

Harrison WA (1966) Pseudopotentials in the Theory of Metals. W.A. Benjamin, New York
Ziman JM (1998) Principles of the Theory of Solids. Cambridge University Press, Cambridge

A.8 The Monte-Carlo Method

Scattering in a Crystal
Electrons in a crystal with a given band structure can be considered as a collection of

free particles. In the six-dimensional phase space of momentum k and space T, we

can represent each electron by a point of coordinates (7, k). As we have seen in
Sect. 5.2.6, the motion of the electron is described by:

—

dk  — - =
hW:q(E + v x B) (A.18)

where k is the wavevector of the electron, g the electric charge, E the electric field, v
the velocity, and B the magnetic field. In this appendix, we are going to study only
the action of an electric field on the electron, so we put B=0. Under these conditions,
the electrons start their journey by following a ballistic trajectory (they are freely
accelerated). However, this motion is interrupted by collisions with atoms,
impurities, etc., which we will consider as scattering events. As a result, the
movement of the particles is far more complex, and it is useful to describe the
motion of the electrons by a distribution function f (k, 7, t), which is the average
occupancy of a point in the above phase space.
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The time evolution of this function is described by the Boltzmann equation:
Lo dk o d
4y Vif+— -V f= —f (A.19)
k at coll

where, together with Eq. (A.18), the LHS describes all the ways the function evolves
in phase space when subject to an electric and magnetic field.

If (%) Hdt describes the variation of the distribution during df due to the

collisions, the global variation can be written:

F(F4d Tk +d kot +di) =f(F, k1) + (%) . (A20)
coll

to first order:

f(?,;,t)—&-gdﬂ—%ﬁ‘-d?+§ﬂf~d;=f(7,zyt)+ A (A.21)
at r K at coll
of = . dF = . dk_[(3f
FARGAF A A (E) » (A22)
. - d; - — -
Using F:hﬁz q(E + v x B),We get:
of < .- o F_(Of
E—F Vil +V;f-g a <E>coll (A2

This equation states that the changes of the distribution function with time
(represented by the first term on the LHS of this equation) are determined by the
flow of electrons in real space (the second term in the LHS of the equation) and by

the flow of electrons in k-space (the last term in the LHS of the equation) and the
collisions (right-hand side of the equation). The right-hand side describes the effects
of the many different types of scattering mechanisms, which are active, including
optical phonon scattering, acoustic scattering, impurity scattering, etc., so that it is

often very difficult to solve forf(k, r ) analytically. However, given the scattering
rates, a numerical solution or simulation of this equation, which is called the Monte-
Carlo simulation, is always possible. This so-called Monte-Carlo method is a
powerful tool and is becoming more and more popular.

Monte-Carlo Simulation
The idea of this method, introduced in the 1960s (see Shur 1990), is to simulate the

motion of the particle in ;—space while keeping track of it in real space. In this model,
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e~ before scatteri

Fig. A.16 On the left, sketch of the scattering of an electron by an impurity. On the right,
illustration of the disappearance and the appearance of the electron in the phase space

we consider that the motion of the electron is well described by Eq. (A.18) between
two scattering events. But this free flight is interrupted by scattering processes that
occur with a rate 4; (i stands for the scattering process that we are considering). These
processes are instantaneous events and change only the wavevector of the electron.
They can be visualized as the particle disappearing and reappearing instantaneously
at a different point of phase space (see Fig. A.16). If we observe a single electron for
a sufficiently long time, the distribution of the times that the electron spends in the

vicinity of different points in Z-space will reproduce the shape of f (Z, 7, t).

The Monte-Carlo simulation can be divided into three different parts. First, we
generate randomly with a computer the time remaining before the next scattering
event. Then, between the two scattering events, we determine the motion of the
electron using Eq. (A.22). Finally, we generate randomly the new direction of the
wavevector.

n —
* For the purpose of this simulation, we introduce a scattering rate I' = Z A,-(k)
i—1
+4o where we have introduced an artificial scattering mechanism, with a rate Ao,
so that I' is a constant (finite). This self-scattering process interrupts the motion
but does not change the momentum in any way. It can be described by the

probability W, (Z, X ) =2 (;)5(; K ). This rate is simply a mathematical
tool used to make the global rate of the scattering events constant. In order not to

change the rate too much, we choose 4, as small as possible. Thus, the probability
of a scattering event between ¢ and ¢ + df can be described by P(f)dt = e " 'dt. We
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use this distribution of probabilities to generate random times f, between one
collision and the following one (t, = — 1/I" In (1 — r), with » a random number
between O and 1, follows this distribution).

¢ During these times f,, the motion of the electron is well described by Eq. (A.18)

—

- - — — E —
with B=0 so that k (r) = IS + %t, where Ig is the wavevector just after the

t t

previous collision, and r () — E = J g(r')dt’ = J %VzEdt', where g is the
to to

position of the particle in real space after the previous collision.

* The next step is to generate randomly the wavevector after each scattering event.
But, before that, we need to determine which mechanism is responsible for the
scattering. In order to find out which law we have to apply to generate the new
wavevector, we assume that the probability of occurrence of one given process is
proportional to its rate. To choose a mechanism, we generate randomly a number
A, distributed with equal probability between 0 and I', and we test the inequality

ZZ o 2,-(;) > A. The first value of m satisfying this inequality is the scattering

process we are going to use. We use the distribution function of probabilities of
this mechanism to generate randomly the wavevector after the scattering event.

We repeat these three steps as long as we need to get a good approximation of

f (k, 7, t). A criterion to stop our stimulation is to repeat the scenario until the
differences in the drift velocity, for example, converge to a small enough number.
Thanks to this procedure, we are able to simulate the movement of the electron in
the crystal. Then, we represent in a histogram the time that the electron spent in each
cell of the phase space. It has been demonstrated that this histogram is proportional

to the distribution function f (k, 7, t) when 7 tends to infinity.

Applications

The Monte-Carlo simulation is a useful tool to calculate quantities like the time spent
in the valleys of a semiconductor or the diffusion coefficients of a material. It shows
a good agreement with experiment as you can see in Fig. A.17. It can also be used to
investigate the electron transport in small semiconductor devices. But this method
only allows us to study a relatively small number of free electrons in the semicon-
ductor: Typically 1 million electrons. The idea is that, for example, 1 million is
enough to reproduce the behavior of all the particles. An example of a real space
trajectory is shown in Fig. A.18.
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Fig. A.17 Measured and
calculated drift velocity
(Reprinted from Solid State
Electronics Vol. 23, Pozhela,
J., & Reklaitis, A., “Electron
transport properties in GaAs at
high electric fields,” Fig. 7,

p. 931, Copyright 2005, with
permission from Elsevier)

Fig. A.18 Simulation of the
motion of an electron under an
electric field E in the
x-direction (ten collisions are
simulated). The motion of the
electron starts at the origin and
evolves randomly. This figure
represents the trajectory of the
electron in real space
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A.9 The Thermionic Emission

The thermionic emission theory is a semiclassical approach developed by Bethe
(1942), which accurately describes the transport of electrons through a
semiconductor-metal junction. The parameters taken into account are the tempera-
ture 7, the energy barrier height ¢®g, and the bias voltage V between the far ends of
the semiconductor and the metal. These quantities are illustrated in Fig. A.19.
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Fig. A.19 Energy band diagram of a Schottky metal-(n-type) semiconductor junction: (a) At
equilibrium and (b) under forward bias (V> 0), showing the transport of electrons over the potential
barrier as the main transport process under forward bias

The theory is based on the following three assumptions: (i) The energy barrier
height g®g at the interface is much higher than k7, (ii) the junction plane is at
thermal equilibrium, and (iii) this equilibrium is not affected by the presence of an
electrical current. By assuming these, the thermionic emission current only depends
on the energy barrier height and not its spatial profile. Furthermore, the total current
is therefore the sum of the current from the semiconductor into the metal, denoted
Js _. m» and that of the metal into the semiconductor, denoted J,,, _, .

To calculate the first current, J; _, ,,, the theory assumes that the energy of the
electrons in the conduction band is purely kinetic and that their velocity is distributed
isotropically. The current density from the semiconductor into the metal can be
calculated by summing the current contribution from all the electrons that have an
energy higher than the barrier g®g and that have a velocity component from the
semiconductor toward the metal. This results in the following expression:

* 7,2 OB 4
Jsom = (%) T2e el (A.24)
or:
Pp qv
Jom = A¥T?e 5Tl (A.25)

where k;, is the Boltzmann constant, V is the bias voltage, ®@y is the barrier height,
T is the temperature in degrees Kelvin, & is Planck’s constant, and m s
the electron effective mass in the direction perpendicular to the junction plane, and
A* = 4zgm™k; /W’ is called the effective Richardson constant for thermionic emis-
sion. This quantity can be related to the Richardson constant for free electrons,
A =120 A~cm_2~K_2, as discussed below.
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Talble ?’1 AEZ:I'nplCE of Semiconductor Si Ge GaAs
:jnfjiin‘guctors (HSIZae fgvgl) n-type <111> 22 1.11 0.068 (low field)
1.2 (high field)
n-type <100> 2.1 1.19 0.068 (low field)
1.2 (high field)
D-type 0.66 0.34 0.62

For n-type semiconductors with an isotropic electron effective mass m* in the
minimum of the conduction band, we have A*/A = m™/m,, where my, is the electron
rest mass.

For n-type semiconductors with a multiple-valley conduction band, the effective
Richardson constant A* associated with each local energy minimum is given by
A*/A = (lfcm;k m} + l%m;" m¥ + Em? m:k ) 2 /mg, where L, 1, and [, are the direc-
tion cosines corresponding to this energy minimum in the first Brillouin zone.

In the case of a p-type semiconductor, we need to consider the heavy-hole and the
light-hole bands in the valence band, both of which have their maximum at the
center of the Brillouin zone. The effective Richardson constant is then given by the
following expression A*/A = (mj; + m}},)/mo, where m}, and mj, are the
heavy-hole and light-hole effective masses, respectively. A few examples of values
for A*/A are given in Table A.1.

The second current contribution to the thermionic emission current is the current
flowing from the metal into the semiconductor, J,,, _, ;. As the barrier height for the
transport of electrons in this direction is independent of the applied bias voltage
V (Fig. A.19b), J,, _.  is also independent of the bias voltage. J,, _.  is therefore
equal to the opposite of J, _, ,, when V = 0, because no net current exists at
equilibrium. Using Eq. (A.25), we obtain:

@B
Ty = —A*T2e 67 (A.26)
The total current density is therefore:

_d®Br o
J :Js—>m + Jm—»g = A*ng kp T |:ek},r _ 1:|
(A.27)

v
—Jg [ew - 1]

This expression shows that the thermionic emission current resembles the diode
equation obtained in Eq. 9.52. The difference lies in the saturation current density
which is now given by:

®p

Jsp = A*T2e 0T (A.28)
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A.10 Physical Properties and Safety Information
of Metalorganics

Table A.2 and Table A.3 summarize some of the basic thermodynamic properties of
metalorganic sources commonly used in MOCVD, including their chemical formula
and abbreviation, boiling point, melting point, and the expression of their vapor
pressure as a function of temperature.

Additional information on their other important physical properties is also
provided for a number of important metalorganic sources, including diethylzinc
(Table A.4), trimethylindium (Table A.5), triethylindium(Table A.6),
trimethylgallium (Table A.7), and triethylgallium (Table A.8).

In the rest of this Appendix, general information about the safety of metalorganic
compounds will be given. This will be helpful in developing safety and health
procedures during their handling.

Chemical Reactivity

Metalorganics catch fire if exposed to air, react violently with water and any
compound containing active hydrogen, and may react vigorously with compounds
containing oxygen or organic halide.

Stability
Metalorganics are stable when stored under a dry, inert atmosphere and away
from heat.

Fire Hazard

Metalorganics are spontaneously flammable in air, and the products of combustion
may be toxic. Metalorganics are pyrophoric by the paper char test used to gauge
pyrophoricity for transportation classification purposes (Mudry 1975).

Firefighting Technique

Protect against fire by strict adherence to safe operating procedures and proper
equipment design. In case of fire, immediate action should be taken to confine
it. All lines and equipment which could contribute to the fire should be shut off.
As in any fire, prevent human exposure to fire, smoke, or products of combustion.
Evacuate nonessential personnel from the fire area.

The most effective fire extinguishing agent is dry chemical powder pressurized
with nitrogen. Sand, vermiculite, or carbon dioxide may be used. Caution:
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Table A.4 Chemical properties of diethylzinc (Razeghi 1989)

Acronym
Formula
Formula weight
Metallic purity
Appearance
Density
Melting point
Vapor pressure

Behavior toward
organic solvents

Stability in air
Stability in water

Storage stability

DEZn

(CoHs),Zn

123.49

99.9999 wt% (min) zinc
Clear, colorless liquid
1.198 g-ml~" at 30 °C
-30°C

3.6 mmHg at 0 °C

16 mmHg at 25 °C

760 mmHg at 117.6 °C

Completely miscible, without reaction, with aromatic and saturated
aliphatic and alicyclic hydrocarbons. Forms relatively unstable
complexes with simple ethers, thioethers, phosphines, and arsines but
more stable complexes with tertiary amines and cyclic ethers
Ignites on exposure (pyrophoric)

Reacts violently, evolving gaseous hydrocarbons, carbon dioxide,
and water

Stable indefinitely at ambient temperatures when stored in an inert
atmosphere

Table A.5 Chemical properties of trimethylindium (Razeghi 1989)

Acronym
Formula
Formula weight
Metallic purity
Appearance
Density
Melting point
Boiling point

Vapor pressure
Stability in air
Solubility
Storage stability

TMIn

(CH3)3In

159.85

99.999 wt% (min) indium

White, crystalline solid

1.586 g-ml™" at 19 °C

89 °C

135.8 °C at 760 mmHg

67 °C at 12 mmHg

15 mmHg at 41.7 °C

Pyrophoric, ignites spontaneously in air
Completely miscible with most common solvents
Stable indefinitely when stored in an inert atmosphere

Re-ignition may occur. Do not use water, foam, carbon tetrachloride, or
chlorobromomethane extinguishing agents, as these materials react violently
and/or liberate toxic fumes on contact with metalorganics.

When there is a potential for exposure to smoke, fumes, or products of combus-
tion, firefighters should wear full-face positive-pressure self-contained breathing
apparatus or a positive-pressure supplied-air respirator with escape pack and imper-
vious clothing including gloves, hoods, aluminized suits, and rubber boots.
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Table A.6 Chemical properties of triethylindium (Razeghi 1989)

Acronym
Formula
Formula weight
Metallic purity
Appearance
Density
Melting point
Vapor pressure

Behavior toward
organic solvents

Stability in air
Stability in water
Storage stability

TEIn

(CoHs);In

202.01

99.9999 wt% (min) indium
Clear, colorless liquid
1.260 g-ml™" at 20 °C
—-32°C

1.18 mmHg at 40 °C

4.05 mmHg at 60 °C
12.0 mmHg at 80 °C

Completely miscible, without reaction, with aromatic and saturated
aliphatic and alicyclic hydrocarbons. Forms complexes with ethers,
thioethers, tertiary amines, phosphines, arsines, and other Lewis bases

Ignites on exposure (pyrophoric)
Partially hydrolyzed, loses one ethyl group with cold water

Stable indefinitely at ambient temperatures when stored in an inert
atmosphere

Table A.7 Chemical properties of trimethylgallium (Razeghi 1989)

Acronym
Formula
Formula weight
Metallic purity
Appearance
Density
Melting point
Vapor pressure

Behavior toward organic
solvents

Stability in air
Stability in water
Storage stability

Human Health

TMGa

(CH3)3ln

114.82

99.9999 wt% (min) gallium
Clear, colorless liquid

1.151 gml~'at 15 °C
—15.8°C

64.5 mmHg at 0 °C

226.5 mmHg at 25 °C
760 mmHg at 55.8 °C

Completely miscible, without reaction, with aromatic and saturated
aliphatic and alicyclic hydrocarbons. Forms complexes with ethers,
thioethers, tertiary amines, tertiary phosphines, tertiary arsines, and
other Lewis bases

Ignites on exposure (pyrophoric)

Reacts violently, forming methane and Me,GaOH or [(Me,Ga),0]
Stable indefinitely at ambient temperatures when stored in an inert
atmosphere

Metalorganics cause severe burns and should not get in the eyes and on the skin or

clothing.

Ingestion and inhalation. Because of the highly reactive nature of metalorganics
with air and moisture, ingestion is unlikely.

Skin and eye contact. Metalorganics react immediately with moisture on the skin
or in the eye to produce severe thermal and chemical burns.
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Table A.8 Chemical properties of triethylgallium (Razeghi 1989)

Acronym TEGa

Formula (C,Hs)3Ga

Formula weight 156.91

Metallic purity 99.9999 wt% (min) gallium
Appearance Clear, colorless liquid
Density 1.0586 g-ml™" at 20 °C
Melting point —82.3°C

Vapor pressure 16 mmHg at 43 °C

62 mmHg at 72 °C
760 mmHg at 143 °C
Behavior toward organic | Completely miscible, without reaction, with aromatic and saturated
solvents aliphatic and alicyclic hydrocarbons. Forms complexes with ethers,
thioethers, tertiary amines, tertiary phosphines, tertiary arsines, and
other Lewis bases

Stability in air Ignites on exposure (pyrophoric)

Stability in water Reacts vigorously, forming ethane and Et,GaOH or [(Et,Ga),0]
Storage stability Stable indefinitely at room temperatures in an inert atmosphere
First Aid

If contact with metalorganics occurs, immediately initiate the recommended
procedures below. Simultaneously contact a poison center, a physician, or the
nearest hospital. Inform the person contacted of the type and extent of exposure,
describe the victim’s symptoms, and follow the advice given.

Ingestion. Should metalorganics be swallowed, immediately give several glasses
of water but do not induce vomiting. If vomiting does occur, give fluids again. Have
a physician determine if condition of patient will permit induction of vomiting or
evacuation of the stomach. Do not give anything by the mouth to an unconscious or
convulsing person.

Skin contact. Under a safety shower, immediately flush all affected areas with
large amounts of running water for at least 15 min. Remove contaminated clothing
and shoes. Do not attempt to neutralize with chemical agents. Get medical attention
immediately. Wash clothing before reuse.

Eye contact. Immediately flush the eyes with large quantities of running water for
a minimum of 15 min. Hold the eyelids apart during the flushing to ensure rinsing of
the entire surface of the eyes and lids with water. Do not attempt to neutralize with
chemical agents. Obtain medical attention as soon as possible. Oils or ointments
should not be used at this time. Continue the flushing for an additional 15 min if a
physician is not immediately available.

Inhalation. Exposure to combustion products of this material may cause respira-
tory irritation or difficulty with breathing. If inhaled, remove to fresh air. If not
breathing, clear the victim’s airway and start mouth-to-mouth artificial respiration
which may be supplemented by the use of a bag-mask respirator or manually
triggered oxygen supply capable of delivering 1 liter per second or more. If the
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victim is breathing, oxygen may be delivered from a demand-type or continuous-
flow inhaler, preferably with a physician’s advice. Get medical attention
immediately.

Industrial Hygiene

Ingestion. As a matter of good industrial hygiene practice, food should be kept in a
separate area away from the storage/use location. Smoking should be avoided in
storage/use locations. Before eating, hands and face should be washed.

Skin contact. Skin contact must be prevented through the use of fire-retardant
protective clothing during sampling or when disconnecting lines or opening
connections. Recommended protection includes a full-face shield, impervious
gloves, aluminized polyamide coat, hood, and rubber boots. Safety showers — with
quick-opening valves which that stay open — should be readily available in all areas
where the material is handled or stored. Water should be supplied through insulated
and heat-traced lines to prevent freeze-ups in cold weather.

Eye contact. Eye contact with liquid or aerosol must be prevented through the use
of a full-face shield selected with regard for use-condition exposure potential.
Eyewash fountains, or other means of washing the eyes with a gentle flow of tap
water, should be readily available in all areas where this material is handled or
stored. Water should be supplied through insulated and heat-traced lines to prevent
freeze-ups in cold weather.

Inhalation. Metalorganics should be used in a tightly closed system. Use in an
open (e.g., outdoor) or well-ventilated area to minimize exposure to the products of
combustion if a leak should occur. In the event of a leak, inhalation of fumes or
reaction products must be prevented through the use of an approved organic vapor
respirator with dust, mist, and fume filter. Where exposure potential necessitates a
higher level of protection, use a positive-pressure, supplied-air respirator.

Spill Handling

Make sure all personnel involved in spill handling follow proper firefighting
techniques and good industrial hygiene practices. Any person entering an area
with either a significant spill or an unknown concentration of fumes or combustion
products should wear a positive-pressure, supplied-air respirator with escape pack.
Block off the source of spill, and extinguish fire with extinguishing agent.
Re-ignition may occur. If the fire cannot be controlled with the extinguishing
agent, keep a safe distance, protect adjacent property, and allow product to burn
until consumed.

Corrosivity to Materials of Construction

This material is not corrosive to steel, aluminum, brass, nickel, or other common
metals when blanketed with a dry inert gas. Some plastics and elastomers may be
attacked.
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Storage Requirements

Containers should be stored in a cool, dry, well-ventilated area. Store away from
flammable materials and sources of heat and flame. Exercise due caution to prevent
damage to or leakage from the container.
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Abrupt junction, 319 bec lattice, 177
Absorbance, 370, 611 Beer Lambert law, 368
Absorption coefficient, 368, 383, 495, Bessel function, 529

498, 611 Binding energy, 386
Acceptor, 263 Blackbody, 5, 85
Acoustic phonon, 213 Bloch electron, 462
Airy functions, 394 Bloch oscillations, 531
Alkyl, 576 Bloch theorem, 149-151
Amorphous, 54 Bohr magneton, 122, 128, 398
Anderson model, 477 Bohr, N., 3
Angular frequency, 207 Bohr orbit, 6
Angular momentum, 116, 128 Bohr radius, 6, 7, 385
Anharmonicity, 241 Bohr Sommerfeld condition, 136
Anharmonic vibrations, 222 Boltzmann equation, 312, 669
Annihilation and creation operators, 548 Bond energy, 13
Anti-site defect, 627 Bond length, 13
Anti-Stokes scattering, 613 Born-Oppenheimer approximation,
Antisymmetric, 129 544, 546
Arrhenius, 579 Born-von Karman, 166, 208, 226
Atomic force microscopy, 608 Bose-Einstein, 222, 225
Atomic layer epitaxy, 586 Bosons, 244
Atomic radius, 22 Boule, 563, 564
Atomic vibrations, 205 Boundary conditions, 86, 106, 166, 208
Auger electron, 305 Boundary layer, 574, 579
Auger electron spectroscopy, 603—-604 Bowing parameter, 556
Auger hole, 305 Bragg’s law, 598
Auger recombination, 305, 480 Bravais lattice, 58
Auger recombination lifetime, 307 Bra vector, 98
Avalanche breakdown, 353-354 Breakdown voltage, 352

Bremsstrahlung effect, 597
Bridgman, 565

B Brillouin Wigner expansion, 140

Balmer series, 2 Brillouin zone, 82, 156, 175, 177

Band alignment, 474 Bubbler, 577

Band bending, 330, 474 Built-in electric field, 321

Band diagram, 154 Built-in potential, 326

Bandgap, 24, 164 Bulk modulus, 225

Band offset, 474-475 Burger’s vector, 629
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C

Calorie, 231

Capacitance of a p-n junction, 339
Capacitance techniques, 616-617
Capacitance-voltage measurements, 616
Capture cross-section, 300
Capture rate, 300

Carrier concentration, 270-272
Cathode ray tube, 600
Cathodoluminescence, 611
Ceramics, 17

Cesium chloride, 75

Charge control approximation, 346
Charge neutrality, 266, 272
Chemical diffusion, 626

Chemical potential, 165

Coherent interphase boundary, 635
Cohesive energy, 13

Commutator, 99

Compensated semiconductor, 286
Compensation, 264

Compound semiconductors, 555
Conduction band, 24, 164, 254-258
Conduction band offset, 481
Conductivity, 275-280

Continuity equation, 513

Coulomb attraction, 16

Coulomb blockage, 503

Covalent bonds, 15-16

Creation and annihilation operators, 548
Critical electric field, 352

Crystal, 623

Crystallography, 51

Crystal momentum, 157

Crystal systems, 56

Curie field, 197

Current density, 276

Current, quantum Hall, 539
Current, quantum mechanics, 515
Cyclotron frequency, 132, 398
Cyclotron resonance, 402
Czochralski, 562, 564

D

Davisson-Germer experiment, 90-91

de Broglie, L., 90

Debye frequency, 227

Debye model, 226, 229

Debye temperature, 227, 236

Debye wavenumber, 226

Deep-level transient spectroscopy (DLTS), 617
Defect characterization, 637

Index

Defects, 623

Deformation potential, 548
Degeneracy, 102, 252

Degenerate semiconductor, 257, 259
Density of states, 166, 228, 251, 486, 492
Depletion approximation, 320-324, 340
Depletion layer width, 350
Depletion region, 339

Depletion width, 322, 328, 339, 356
Diamond, 74

Diffusion, 287

Diffusion coefficient, 288, 575
Diffusion current, 288, 334, 343
Diffusion length, 293

Diffusivity, 288

Diode equation, 340, 345

Dipole, 19

Dirac delta function, 170, 379

Dirac equation pair, 125

Dirac notation, 377, 547

Dirac, P.AM., 123, 124

Direct bandgap, 387

Direct-gap, 180

Dislocation, 566, 629

Dispersion relation, 213
Displacement, 366

Donor, 262

Dopants, 262

Doping, 191, 262

Drift current, 275, 334, 335

Drift velocity, 277

Drude model, 275, 371

Drude relaxation time, 520

Drude theory, 310, 371-374, 380, 513
Dulong and Petit, 233

E

Edge dislocation, 629

Effective charge, 10

Effective conduction band density of states, 255

Effective distribution coefficient, 568

Effective mass, 162, 173, 481, 487

Effective Richardson constant, 673

Effective valence band density of states, 259

Effusion cells, 581

Eigenfunction, 95

Eigenstate, 95

Einstein relations, 289-290

Elastic scattering, 280, 281

Electric field, 366

Electrochemical capacitance-voltage profiling,
617-618
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Electron, 173

Electron affinity, 23

Electron density function, 7

Electronegativity, 23

Electron gas, 165

Electronic structure, 1

Electron lifetime, 483

Electron microscopy, 600-603

Electron-phonon interaction, 281, 544

Electron recombination lifetime, 291

Electron spin, 122

Electron thermal velocity, 300

Electro-optic, 404

Ellipsometry, 612

Emission lines, 2-5

Emission probability, 300

Energy bands, 24, 154-157

Energy dispersive analysis using x-rays
(EDX), 603

Energy spectrum, 154, 162, 481-484

Enthalpy, 588

Entropy, 588

Epitaxy, 571

Equilibrium state, 294

Excess generation rate, 294

Exchange corrections, 130

Exciton, 385, 386

Expectation value, 96

Extended-zone representation, 156, 158

External planar defects, 632, 635

Extrinsic, 251

Extrinsic point defects, 627-629

Extrinsic semiconductor, 262

F

Fabry Perot, 517

Fang Howard, 532

fee lattice, 58, 175

Fermi-Dirac, 165, 173, 254
Fermi-Dirac distribution, 172, 237
Fermi energy, 163-165, 267
Fermi golden rule, 380, 387
Fermi level, 164

Fermi temperature, 237

Fick’s first law, 288

Flat, wafer, 72

Float-zone, 566

Forward biased p-n junction, 332
Fourier coefficients, 665

Fourier series, 665

Fourier transform, 665

Fourier transform infrared (FTIR), 614

Fourier transform spectroscopy, 613-615
Four-point probe, 615

Fowler-Nordheim tunneling, 137
Fractional Quantum Hall effect, 541
Frank-van der Merwe, 592
Franz-Keldysh effect, 393-396
Franz-Keldysh oscillations, 396

Free particle, 101

Frenkel defect, 625
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Frequency dependent conductivity, 366, 367

Full Width at Half Maximum, 599

G

Gas, 51, 52

Gauss gamma-function, 119
Gaussian distribution, 499
Gauss’s law, 324
Generalized Ohm’s law, 278
Generation rate, 296, 349
Gibbs free-energy, 587
Gibbs Phase Rule, 590
Grain boundary, 632, 633
Group velocity, 161, 222, 223
Growth rate, 579

H

Hall constant, 284

Hall effect, 282-287, 616

Hall effect, fractional quantum, 541
Hall factor, 284

Hall mobility, 284

Hall resistance, 506

Hall voltage, 507

Hamiltonian, 92

Harmonic crystal, 206

Harmonic oscillator, 110
Hartree-Fock, 666

Hartree-Fock self consistent field, 667
Heat capacity, 231, 234, 236
Heavy-hole, 179

Heavy-hole effective mass, 254

Heisenberg uncertainty principle, 97, 380

Hermite polynomials, 111, 398
Hermitian, 96

Heterojunction, 473, 477
Heterojunction bipolar transistor, 473
Heterostructure, 473

Hexagonal close-packed, 76

Hilbert space, 96

Hole effective mass, 254

Hole recombination lifetime, 293
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Holes, 173

Hund’s rule, 8, 9
Hybridization, 15

Hydrogen atom, 10, 111, 121
Hydrogen bond, 20

I

Ideality factor, 351, 361

Ideal p-n junction diode, 319
Impact ionization, 353

Incoherent interphase boundary, 635
Indirect bandgap, 387

Indirect-gap, 180

Inelastic scattering, 280

Infrared photodetectors, 561
Internal planar defects, 632
Interphase boundary, 632
Interstitial, 625

Interstitial defect, 625

Interstitial impurity, 627

Intrinsic, 251

Intrinsic carrier concentration, 260
Intrinsic contribution, 270

Intrinsic point defects, 625-627
Intrinsic semiconductor, 260, 261, 268
Inversion symmetry, 64

Jonic bonds, 13-15

Tonic radii, 22

Ionization energy, 22, 263, 264, 629
Ionized acceptor, 264

Tonized donor, 262

Isoelectronic, 262

J
Joint density of states, 384

K

Kane effective mass, 543

Kane parameter, 193, 382
Kane’s method, 191

Kane theory, 382, 384

Ket vector, 98

Kinetic theory of gases, 243, 275
Klein-Gordon equation, 123, 125
k.p method, 194

Kronig-Penney model, 151

L

Laguerre’s differential equation, 119
Landau gauge, 397, 537

Landau levels, 132, 399, 402, 506

Landau-Stark-Wannier, 542

Lande factor, 398

Laplacian, 92

Lattice, 55

Lattice constant, 599

Lattice wave, 221

Legendre polynomials, 116
Legendre’s equation, 116

Lely method, 568

Lifetime, 380

Light-hole, 179

Light-hole effective mass, 254
Lindhard’s expression, 464

Line defect, 624, 629

Linear response, 403

Liquid, 51, 52

Liquid Encapsulated Czochralski, 565
Liquid phase epitaxy (LPE), 571, 572
Local density of states, 395
Longitudinal, 218, 226

Longitudinal electron effective mass, 253

Longitudinal optical modes, 548
Lorentz force, 131, 282, 401, 507, 564
Lorentz invariance, 123

Lorentz transformation, 123

Index

Low-dimensional quantum structures, 499

Luttinger Kohn model, 197
Luttinger liquid, 503
Lyman series, 2

M

Magnetic field, 366

Magnetic flux, 366

Magnetic induction, 282

Magnetic length, 398

Magneto-optic, 404

Magnetoresistance, 534

Majority carriers, 334

Manifold, 577

Mass action law, 260

Mass flow controller, 577

Mass transfer coefficient, 575

Mathieu functions, 542

Maxwell-Boltzmann, 241

Maxwell’s equations (ME), 123, 366

Mean free path, 244, 245, 582

Metal contact, 356

Metallic bond, 17-18

Metallurgic junction, 356

Metalorganic, 577

Metalorganic chemical vapor deposition
(MOCVD), 571, 576

Metal-semiconductor junction, 319, 356,

Michelson interferometer, 613
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Migration enhanced epitaxy, 586
Miller indices, 67, 69, 70

Miniband, 480

Minority carrier extraction, 341
Minority carrier injection, 341
Minority carriers, 334, 335

Mixed bonds, 1617

Mixed dislocation, 629

Mobility, 277

Model solid theory, 475

Modified Lely method, 569
Modulation doping, 531

Molecular beam epitaxy (MBE), 571, 581
Momentum space, 83

Monte-Carlo simulation, 669
Moss-Burstein shift, 510

Multiple quantum wells (MQWs), 480
Multiplication factor, 353

N

Nanopillar, 505

Near-field scanning optical microscopy, 608
Nearly free electron approximation, 157-158
Negative differential resistance, 522, 524, 544
Negative effective mass, 163

n-fold symmetry, 61

Non-degenerate semiconductor, 255, 257, 259
Nonlinear optical susceptibility, 403—404
Non-radiative recombination, 298
Normalization, 92

Normal processes, 244

n-type doping, 262

(0}

Ohmic contact, 358

Ohm’s law, 278

Operator, 93, 95

Optical phonon, 213
Optoelectronic, 555
Organometallic, 577
Oscillator strength, 377, 381

P

Packing factor, 78

Particle momentum, 102

Paschen series, 2

Pauli exclusion principle, 8, 163
Pauli principle, 129

Pauli spin matrices, 128

Perfect reflectance, 373

Periodic boundary conditions, 151
Periodic potential, 158
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Periodic table, 20
Permeability, 366
Permittivity, 366, 381, 389
Perturbation theory, 137, 375-379, 505
Phase diagram, 559, 590
Phase velocity, 223

Phonon, 203, 204, 210, 221, 243
Phonon dispersion, 209-210
Phonon dispersion relation, 209
Phonon polariton, 393
Phonon spectrum, 213
Photoelectric effect, 88
Photoluminescence, 610-611
Photomultiplier tube, 600
Photon, 89

Piezoelectric tube, 608
Planar defect, 632

Plasma frequency, 372, 374
Plasmon modes, 470

p-n junctions, 319

Point defect, 624, 625

Point groups, 60, 67

Point symmetry, 60

Poisson Bracket, 100

Polar bond, 17

Polariton, 392-393
Polarizability, 372, 377
Polarization vector, 366
Polaron, 550

Polaron effective mass, 550
Polycrystalline, 54

Poynting vector, 369
Precipitates, 636

Preferential etching, 637
Primitive unit cell, 56
Projection operator, 98
Pseudopotential method, 666
p-type doping, 263
Pyrometer, 578

Q

Quantum box, 492

Quantum cascade laser, 530, 542

Quantum chromodynamics, 127

Quantum current, 513

Quantum dot, 473, 493, 503, 609

Quantum efficiency, 143

Quantum Hall conductivity, 534

Quantum Hall effect, 507

Quantum well, 102, 104-109, 399, 473, 480,
481, 486

Quantum well intersubband photodetectors
(QWIP), 480

Quantum wire, 473, 488, 503
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Quasi-Fermi energy, 309
Quasi-momentum, 157
Quasi-particles, 221, 541
Quaternary compounds, 558, 559

R

Radiative recombination, 295

Raman scattering, 613

Raman spectroscopy, 613

Rayleigh-Jeans law, 5, 86

Rayleigh scattering, 613

Reciprocal lattice, 79-82

Reciprocal lattice vector, 81, 158

Recombination, 290, 294

Recombination center, 298

Recombination coefficient, 295, 297

Recombination current, 351

Recombination lifetime, 297

Recombination rate, 303

Rectifying contact, 358

Reduced effective mass, 384

Reduced Planck’s constant, 86

Reduced-zone representation, 156, 158

Reflectance, 611

Reflection, 612

Reflection high-energy electron diffraction
(RHEED), 584

Reflectivity, 370, 371

Refractive index, 367, 369, 382

Relativity, 123-128

Relaxation process, 296, 307

Relaxation time, 277

Resistance, 279

Resonance, 521

Reverse biased p-n junction, 335

Reverse breakdown, 352

Richardson constant, 360, 673

Riemann zeta function, 234

Rutherford backscattering, 606—607

Rydberg, 2

Rydberg constant, 2, 5

Rydberg energy, 385

Rydberg unit, 114

S

Saturation current, 345, 349, 674
Scanning electron microscope (SEM), 600
Scanning probe microscopy, 608-609
Scanning tunneling microscopy, 608
Scattering, 243

Schottky contact, 358

Schottky defect, 625

Schottky potential barrier height, 360
Schrodinger equation, 92, 94
Screening length, 465

Screw dislocation, 629

Second Law of thermodynamics, 588
Secondary bond, 18-20

Index

Secondary ion mass spectroscopy (SIMS), 606

Seed, 563

Segregation constant, 564

Self-interstitial, 625

Semi-coherent interphase boundary, 635

Sheet resistivity, 615

Shockley-Read-Hall recombination, 298,
305, 308

Shubnikov de-Haas effect, 400

Shubnikov de Haas oscillations, 534

Single crystal, 52

Slater determinant, 129, 668

Sodium chloride, 75

Solid, 51, 52

Sound velocity, 223

Space charge region, 321, 337

Space groups, 67

Specific heat, 231

Spherical Bessel functions, 494

Spherical harmonics, 494

Spin degeneracy, 167

Spin Hall effect, 197

Spin operators, 127

Spin orbit coupling, 194

Spin-orbit interaction, 193

Spin-orbit splitting, 476

Split-off, 179

Stacking fault, 632

Stark shift, 505

Stark-Wannier, 529

Stationary states, 94

Steady state, 294

Step function, 485

Step junction, 319

Stern and Gerlach, 122

Stokes scattering, 613

Stranski-Krastanow, 504, 592, 624

String theory, 127

Substitutional, 262

Substitutional defect, 625

Substitutional impurity, 627

Substrate, 562

Superconductivity, 544

Superfluids, 544

Superlattice, 480

Superlattice dispersion, 526527
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Surface leakage, 349, 350

Surface plasmon, 373, 470

Surface recombination, 308

Surface recombination velocity, 308
Susceptibility tensor, 403
Susceptor, 576

Symmetry directions, 175
Symmetry operations, 58
Symmetry points, 175

T

Taylor expansion, 205, 663
Thermal conductivity, 242
Thermal conductivity coefficient, 242
Thermal current density, 242
Thermal expansion, 238

Thermal expansion coefficient, 238
Thermal generation rate, 294
Thermocouple, 578

Thomas-Fermi function, 468
Threshold current, 500
Tight-binding approximation, 159
Tight-binding model, 526
Translation, 58

Transmission, 612

Transmission and reflection coefficients, 516

Transmission electron microscopy, 601
Transmission resonance, 521
Transmissivity, 370

Transversal, 218, 226

Transverse electron effective mass, 253
Traveling wave, 207

Traveling wave formalism, 206-208
Tunneling, 109

Twin boundary, 632, 633
Two-dimensional electrons, 484

Type I band alignment, 474

Type II band alignment, 475

U
Umklapp processes, 244
Unit cell, 56, 57

A\
Vacancy, 625, 626
Valence band, 24, 164, 258

Valence electrons, 11
van der Pauw, 615

van der Waals, 18, 20
Vapor phase epitaxy (VPE), 571, 573
Vapor pressure, 565
Vector potential, 397
Vegard’s law, 556
Vibrational mode, 221
Voids, 636
Volmer-Weber, 592
Volume defect, 624, 636

w

Wafer flat, 72

Wave equation, 92

Wavefunction, 103

Wavenumber, 101, 103, 207

Wave-particle duality, 90

‘Wavevector, 150

Wentzel Kramer Brillouin (WKB)
method, 134

Wigner crystal, 541

Wigner-Landau fluid, 541

Wigner-Seitz cell, 58

Work function, 88, 357

Wurtzite, 77

X
X-ray diffraction, 597
X-ray photoelectron spectroscopy, 604

Y
Young’s modulus, 247

V/

Zeeman coupling, 128

Zeeman energy, 399

Zeeman splitting, 398

Zener breakdown, 355

Zener tunneling, 355

Zero point energy, 204

Zero point motion, 204

Zero point vibrational energy, 111
Zinc blende, 74
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