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Preface

Optoelectronics has become an important part of our lives. Wherever light is used
to transmit information, tiny semiconductor devices are needed to transfer elec-
trical current into optical signals and vice versa. Examples include light-emitting
diodes in radios and other appliances, photodetectors in elevator doors and digi-
tal cameras, and laser diodes that transmit phone calls through glass fibers. Such
optoelectronic devices take advantage of sophisticated interactions between elec-
trons and light. Nanometer scale semiconductor structures are often at the heart
of modern optoelectronic devices. Their shrinking size and increasing complexity
make computer simulation an important tool for designing better devices that meet
ever-rising performance requirements. The current need to apply advanced design
software in optoelectronics follows the trend observed in the 1980s with simula-
tion software for silicon devices. Today, software for technology computer-aided
design (TCAD) and electronic design automation (EDA) represents a fundamen-
tal part of the silicon industry. In optoelectronics, advanced commercial device
software has emerged, and it is expected to play an increasingly important role in
the near future.

The target audience of this book is students, engineers, and researchers who
are interested in using high-end software tools to design and analyze semicon-
ductor optoelectronic devices. The first part of the book provides fundamental
knowledge in semiconductor physics and in waveguide optics. Optoelectronics
combines electronics and photonics and the book addresses readers approaching
the field from either side. The text is written at an introductory level, requiring
only a basic background in solid state physics and optics. Material properties and
corresponding mathematical models are covered for a wide selection of semi-
conductors used in optoeléctronics. The second part of the book investigates
modern optoelectronic devices, including light-emitting diodes, edge-emitting
lasers, vertical-cavity lasers, electroabsorption modulators, and a novel combi-
nation of amplifier and photodetector. InP-, GaAs-, and GaN-based devices are
analyzed. The calibration of model parameters using available measurements is

" emphasized in order to obtain realistic results. These real-world simulation exam-

ples give new insight into device physics that is hard to gain without numerical
modeling. Most simulations in this book employ the commercial software suite
developed by Crosslight Software, Inc. (APSYS, LASTIP, PICS3D). Interested
readers can obtain a free trial version of this software including example input

files on the Internet at http://www.crosslight.com.

Xi
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Chapter 1

Introduction to
Semiconductors

This chapter gives a brief introduction to semiconductors. Electrons and holes
are carriers of electrical current in semiconductors and they are separated by
an energy gap. Photons are the smallest energy packets of light waves and
their interaction with electrons is the key physical mechanism in optoelec-
tronic devices. The internal temperature of the semiconductor depends on the
energy of lattice vibrations, which can be divided into phonons. The Fermi
distribution function for the electron energy and the density of electron states
are introduced.

1.1 Electrons, Holes, Photons, and Phonons

Optoelectronics brings together optics and electronics within a single device, a'sin-
gle material. The material of choice needs to allow for the manipulation of light, the
manipulation of electrical current, and their interaction. Metals are excellent elec-
trical conductors, but do not allow light to travel inside. Glass and related dielectric
materials can accommodate and guide light waves, like in optical fibers, but they
are electrical insulators. Semiconductors are in between these two material types, as
they can carry electrical current as well as light waves. Even better, semiconductors
can be designed to allow for the transformation of light into current and vice versa.

The conduction of electrical current is based on the flow of electrons. Most
electrons are attached to single atoms and are not able to move freely. Only some
loosely bound electrons are released and become conduction electrons. The same
number of positively charged atoms (ions) is left behind; the net charge is zero.
The positive charges can also move, as valence electrons jump from atom to
atom. Thus, both valence electrons (holes) and conduction electrons are able to
carry electrical current. Both the carriers are separated by an energy gap; i.e.,
valence electrons need to receive at least the gap energy E, to become conduction
electrons. In semiconductors, the gap energy is on the order of 1eV. The energy
can be provided, e.g., by light having a wavelength of less than the gap wavelength

ht . 1240nm

Ag
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with i : .
rels enttl:l lgght v_elogty c and Planck’s constant k. In the wave picture, light is rep-
y periodic electromagnetic fields with the wavelength A (see Chaptcrzg

In the particle picture, light is r
s t
with the energy ght is represented by a stream of energy packets (photons)

he
Eg = T

(v is frequency, » = 2mrv i
, @ = 2mv is angular frequenc dh = ;
Planck y, and i = h/2n is th
o ge(;] erC;IelSetzlmt). The photor.x energy must be at least as large as the ba:dregucgd
cregy o th c;ctron—ht?le pairs. Vice versa, conduction electrons can also fellz: o
betwaen ele:trg:: Ofdhg;lt and become valence electrons. This energy exchali‘::
an otons i i .
devices. , p s= is the key physical mechanism in optoelectronic
From i i :
tron shell ‘:)r; ?}izmtllc point _Of view, valence electrons belong to the outermost elec-
no more electro atom, which is fully occupied in the case of semiconductors; i.e
together in a so n§ with the same energy are allowed. As these atoms are jc;ir;c;i,
energy levels mlcondu_(;mr crystal, the electrons start to interact and the valen
b h1s et e s ghly, forming a valence energy band (Fig, 1.1 lectrons
is a hole. To gen can exchange places but no charge flow is possible unless there
encrgy b.a ¢ gth erate hq{es, some electrons must be excited into the next high
of clostron i,n t;eccoorgucétg)n l;and, which is initially empty. The concentratifn erf
uttion band and the concentration i
. of h
band control the electrical conductivity o of semiconduc é?)rs oles in the valence

$
O =
\ qnin -+ qpip 1.3)

with the elementary char e (; ili
respectacly ! ge g an‘ the mobility u, and 4, of holes and electrons,

Ener;
o Energy

.gll 1-1. y ;
] 1 re Iilec(t] on e)llelg leVCIS Of a Slngle atom (left) become ellelg ba.nds

 those vibrations or lattice waves can

1.2. FERMI DISTRIBUTION AND DENSITY OF STATES

the internal temperature T of the semiconduc-

tor governs the concentrations n and p. The higher the temperature, the stronger the
yibration of the crystal lattice. According to the direction of the atom movement,
be classified as follows:

Without external energy supply,

o longitudinal (L) waves with atom oscillation in the travel direction of the

lattice wave, and

« transversal (T) waves with atom oscillation normal to the travel direction.

According to the relative movement of neighbor atoms the lattice waves are

hbor atoms moving in the same direction, and

. acoustic (A) waves with neig
in the

« optical (O) waves in jonic crystals with neighbor atoms moving

opposite direction.

The last type of vibrations interacts directly with light waves as the electric field
moves ions with different charges in different directions (see Chapter 4). Phonons
represent the smallest energy portion of lattice vibrations, and they can be treated
like particles. According to the classification above, four types of phonons are
considered: LA, TA, LO, and TO. Electrons and holes can change their energy by

generating or absorbing phonons.

1.2 Fermi Distribution and Density of States

The probability of finding an electron at an energy E is given by the Fermi

distribution function

f(E)= (1.4)

1+4exp [Ek;?’]

with the Fermi energy Er and the Bolizmann constant kg (ks T ~ 25 meV at room
temperature). At T =0 K, the Fermi energy is the highest electron energy; ie.,
it separates occupied from unoccupied energy levels. In pure semiconductors, EF
is typically somewhere in the middle of the band gap (Fig. 1.2). With increasing
temperature, more: and more electrons are transferred from the valence to the

conduction band. The actual concentration of electrons and holes depends on the
density of electron states D(E } in both bands. Considering electrons and holes as
in the conduction and valence band,

(quasi-) free particles, the density of states
respectively, becomes a parabolic function of the energy E (Fig. 1.2)

3/2 -
D(E) = 5,% (2'" °> JE—E. (E>Eo) (1.5)

h2

1 (2mAN\?
Dy(E) = 5 ( hzv)  VE,—E (E<Ey) (1.6)
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band gap E,

Ty
0.0 05 1.0

Fermi function

0
Paosition Density of States

Figure 1.2: Nlustrati . ) o
function. stration of energy bands, density of states, and Fermi distribution

with m¢ and m, being effective masse
! : s of electrons and holes, respectivel Th
carrier density as a function of energy is given by pecivey. The

n(E) = D¢(E) f(E) 1.7
P(E) = Dy(E)[1 - f(E)]. (1.8)
Integration over the energy bands gives the total carrier concentrations
Er - E )
~ N, = ¢
n ¢ €Xp ( kT ) (1.9)
- E, — Er
P Nv exp (_](BT) (1.10)
with the effective density of states
mekpT \3/?
N. — ckB
S 2( Py ) - (1.11)
mykpT \3/?
N. — vAB
v 2( Py ) (1.12)

for the‘ conduction ar?d valence band, respectively. Equations (1.9) and (1.10)
are valid for low carrier concentrations only (n « N, p & Ny); i.e., with the

1.2. FERMI DISTRIBUTION AND DENSITY OF STATES 17

Fermi energy separated from the band by more than 3kgT, allowing for the
Boltzmann approximation

E — E;
FE)~ fa(E) = exp [— kBTF]. (113)

If this condition is satisfied, like in pure (intrinsic) materials, the semiconductor is
called nondegenerate. The intrinsic carrier concentration n; is given as

E
n; = /np = v NcNy exp (_ZkBgT) . (1.14)

Atroom temperature, n; is very small in typical semiconductors, resulting in a poor
electrical conductivity. Table 1.1 lists n; and its underlying material parameters
for various semiconductors.

Table 1.1: Energy Band Gap Ej, Density-of-States Effective Masses m. and my,
Effective Densities of States N and Ny, and Intrinsic Carrier Concentration n; at
Room Temperature [1, 2, 3,4, 5, 6, 7]

Parameter Eg m, my N¢ Ny n;
Unit €v) (mg) (mg) (0% cem3) @0¥em3) (em™3)
Si (X) .12 118 055 32.2 102 7 x 10°
Ge (L) 0.66 022 034 2.6 5.0 1x 1013
GaAs(') 142 0063 0.52 0.40 9.41 2 x 108
InP (") 1.34  0.079 0.60 0.56 11.6 1x 107
AlAs(X) 215 079 0.80 17.6 18.1 15.
GaSb(I') 075 0.041 0.82 021 18.6 1 x 1012
" AISb (X) 1.63 092 098 22.1 24.2 5% 10°
InAs (I") 036 0.023 057 0.09 10.9 9 x 1014
GaP (X) 227 079 0.83 17.6 18.9 1.6
AlP (X) 245 083 0.70 20.0 14.8 0.044
InSb (I 0.17 . 0.014 043 0.04 7.13 2 x 1016
ZnS () 368 034 179 4,97 60.3 2x 10712
ZnSe (') 271 0.16 0.65 1.61 13.1 8 x 1073
Cds (') 248 021 102 2.41 25.7 0.012
CdSe (") 175 0.112 151 0.94 46.5 1x10*
CdTe (I") 143 0096 0.76 0.75 16.5 3 x 10°

o

Note. T, direct semiconductor; X, L, indirect semiconductor; see Fig. 2.6. Parameters for GaN, AIN,
and InN are given in Table 2.7.
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1.3 Doping

To boost the concentration of electrons or holes, impurity atoms are introduced
into the semiconductor crystal. As illustrated in Fig. 1.3, those dopants have energy
levels slightly above the valence band (acceptors) or slightly below the conduc-
tion band (donors). Acceptors receive an additional electron from the valfance
band and become negatively charged ions, thereby generating a holt? (p-doping).
Donors release an electron into the conduction band and become.[{os'%tlvcly charged
ions (n-doping). Equation (1.14) is still valid in thermal equilibrium; hovyt:ve:rl,c
the minority carrier concentration is now much smaller than the conc.en'tratlon.o
majority carriers. In other words, the Fermi level Eg is. close to the majority carrllgr
band edge (Fig. 1.4), and the Boltzmann approximation Qf' Eqs: ('1.9) and (1. )1
is not valid any more (degenerate semiconductor). In Fermi statistics, the genera
expressions for the carrier concentrations are

' EF—EC) 1.15)
=NFip| ——— d.
n cFi2 kT
Ev — Er (1.16)
P=NVF1/2( kT ), .

where Fj; is the Fermi integral of order one-half, as obtained. by integrating
Eq. (1.7) or (1.8). Figure 1.5 plots Eq. (1.15) for GaAs as a function of Er — E¢

g Acceptor
l Ny =0 E, E

 ValenceBand

Figure 1.3: Illustration of donor and acceptor levels within the energy band gap .
(Np, Na, concentration; Ep, E,, energy).

1.3. DOPING 9
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Figure 1.4: Parabolic density of energy band states D(E) of GaAs (Eq. (1.5)) and
Fermi distribution f(E) with the Fermi level Ep slightly below the conduction

band edge Ec. The gray area gives the carrier distribution n(E) according to
Eq. (1.7).

in comparison to the Boltzmann approximation (Eq. (1.9)). Increasing differences
can be recognized as the Fermi level approaches the band edge. For numerical
evaluation, the following approximation is often used for the Fermi integral and
is indicated by the dots in Fig. 1.5 [8]: .
3
FI_/i(x) et + Zﬁ [x4 + 50+ 33.6x

x [1 — 0.68 exp(—0.17(x + 1)2)]]_3/ o

For bulk semiconductors'in thermal equilibrium, the actual position of the Fermi
level E is determined by the charge neutrality condition

P+ pp=n-+na, (1.18)
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Fermi Statistics
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Figure 1.5: Electron concentration in the GaAs conduction band as a function of
Fermi level position at room temperature. The result of the exact Fermi integral
(Eq. (1.15)) is compared to the approximation by Eq. (1.17) (dots) and to the
Boltzmann approximation (Eq. (1.9).

where pp is the concentration of ionized donors (charged positive) and na is the
concentration of ionized acceptors (charged negative) :

Ep—Ep]) 7!
b = Np |1+ goexp| ———" (1.19)
- kBT ;
Epn — Ef -1
ny =Najl+gaexp| —F—— . (1.20)
kgT

“Typical dopant degeneracy numbers are gp = 2 and ga = 4 [9]. Ep and Ep

are the dopant energies (Fig. 1.3). Figure 1.6 plots the Fermi level position for
n-doping or p-doping versus dopant concentration, as calculated from Eq. (1.18)
for GaAs at room temperature. The Fermi level penetrates the conduction band
with high n-doping and low ionization energy (Ep = Ec — 0.01eV).

Nonequilibrium carrier distributions can be generated, for instance, by exter-
nal carrier injection or by absorption of light. In such cases, electron and hole
concentrations may be well above the equilibrium level. Each carrier distribution
can still be characterized by Fermi functions, but with separate quasi-Fermi levels
Egy, and Efp for electrons and holes, respectively (see Section 3.2).

FURTHER READING 1
1.6 ! 1 |
. conduction band
144F ; e — 8
\ !
£ ] E-E = 0.01eV, 0.1eV
% E_ for n-doping i
g B
5 E_ for p-doping 1
c A I
RS E-E =0.01eV, 0.1eV
| o
0.0 =
-0.2 e e T e e
1E14 1E15 1E16 1EL7 1E18 1E19

Doping Density (cm”)

Figure.: 1.6: ' GaAs fex:mi level Ex as a function of doping density for n-doping or
p-doping with the ionization energy Ep and Ea as parameter (T = 300K).

Further Reading

* R. E. Hummel, Electronic Properties of Materi i
Verles, Bortn 1995 P f Materials, 2nd ed., Springer-

. ?9 213\/1[ Sze, Physics of Semiconductor Devices, 2nd ed., Wiley, New York



Chapter 2

Electron Energy Bands

This is a brief survey of important terms and theories related to the energy
bands in semiconductors. First, the fundamental concepts of electron wave
vectors £, energy dispersion E (E), and effective masses are introduced.
Section 2.2 is mathematically more involved as it outlines the k- P method,
which is most popular in optoelectronics for calculating the band structure.
Semiconductor alloys, interfaces of different semiconductor materials, and
quantum wells are covered at the end of this chapter. '

2.1 Fundamentals

2.1.1 Electron Waves

In the classical picture, electrons are particles that follow Newton’s laws of
mechanics. They are characterized by their mass my, their position 7 = (x, y, 2),
and their velocity ¥. However, this intuitive picture is not sufficient for describing
the behavior of electrons within solid crystals, where it is more appropriate to
consider electrons as waves. The wave—particle duality is one of the fundamental
features of quantum mechanics. Using complex numbers, the wave function for a
free electron can be written as '

¥k, ) o exp(i k') = cos(kF) + i sin(kF) 2.1)

with the wave vector k = (kx, ky, k7). The wave vector is parallel to the electron
momentum p

- moi)' ﬁ
' k=——==, 2.2
5 5 (2.2)
and it relates to the electron energy E as
K 2 2,2
E=—v=r—=—, 2.3
2 v 2mo ' 2mg 23

with k2 = k2 + k% + k2. Hence, in all three directions, E(p) and E (k) are des-
cribed by a parabola with the free electron mass mg as parameter.

13
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Within semiconductors, an electron is exposed to the periodic lattice potential.
It no longer behaves like a free particle as its de Broglie wavelength 27 / k comes
close to the lattice constant ag. The ensuing Bragg reflections prohibit a further
acceleration of the electron, resulting in finite energy ranges for electrons, the
energy bands. _

In general, electron wave functions need to satisfy the Schrodinger equation

B _, —_—
%V ¥ - V@AY =EY, | @24

where the potential V(¥) represents the periodic semiconductor crystal. This
equation is often written as '

Hy =EY 25)

with H called the Hamiltonian. The Schrédinger equation is for just one electron;
all other electrons and atomic nuclei are included in the potential v(#).! For
the free electron, V() = 0 and the solution to the Schrodinger equation is of
the simple form given by Eq. (2.1). Within semiconductors, the solutions to the
Schridinger equation are so-called Bloch functions, which can be expressed as a
linear combination of waves ’

Un(E, 7) = un (k, 7) exp(ik7), (2.6)

with the electron band index n. These functions are plane waves with a
space-dependent amplitude factor u, (k, 7) that shows lattice periodicity. A one-
dimensional schematic representation is given in Fig. 2.1 to indicate the relation-
ship between the lattice potential and the Bloch function. The probability of finding
an electron at the position 7 is proportional to | %

In some practical cases, exact knowledge of the semico_pductor Bloch func-
tions is not required; only the energy dispersion function E (k) needs to be found.
Inserting Eq. (2.6) into Eq. (2.4), we obtain solutions only for certain ranges of
the electron energy Ej (k), the energy bands, which are separated by energy gaps
(Fig. 2.2). A general feature of the solutions to the Schrodinger equation is the

periodicity of E, (ic'), given in Fig. 2.2a. This figure shows the periodicity in the k

direction with a period length of kxap = 277 ; a shift of the solution E (kx) by 27 /ag
in k, represents the same behavior. Any full segment of the periodic representation
is areduced k-vector representation. It is shown for the range — Jag < kx < m/ap
in Fig. 2.2c. This k-range is called first Brillouin zone. The same treatment applies
to the other two directions in the k space. Figure 2.3 illustrates the first Brillouin
zone in two dimensions and it indicates several symmetry points. Besides the cen-
tral I" point, the zone boundaries exhibit additional symmetry points. The X point

1Many-body theories include the other particles explicitely [10].
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Figure 2..1: Schematic representation of electronic functions in a crystal:
(a) potential plotted along a row of atoms, (b) free electron wave function,

(c) amplitude factor of Bloch function having the periodicity of the lattice, and
(d) Bloch function ¥ = u exp(ikr). ’

-3nla, -2na, \/ 2nla,  3ula,
©

Figure 2.2: Comparison of different representations of the energy dispersion

function E(k): (a) periodic, (b) extended wave number, and (c) reduced wave
number representation (ayg, lattice constant).



