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Preface

SCOPE

Since the demonstration of the first light-emitting diode (LED) and junction laser, op-
toelectronics has made remarkable progress. The developments in this field have been
driven by the needs of lightwave communication systems, alternate energy sources,
and optical or optoelectronic counterparts of electronic switching and logic elements.
Optical devices and components and optical fibers are selectively replacing electronic
devices and circuits, offering unique advantages. In fact, optoelectronic devices and
circuits have unobtrusively and efficiently made their way into our daily lives. In the
light of this enormous progress in the field, it is hoped that this book will reflect these
dramatic changes in the field and serve two main purposes: (1) to formally introduce
senior-level undergraduate and graduate students to optoelectronics, thereby helping
them to guide their studies and career developments, and (2) to provide, in an acces-
sible textbook format, a good and well-focused reference/tutorial book for practicing
engineers and physicists.

PRESENTATION

The text has been developed at two levels, to benefit both the seniors and graduate
students. The book is intended to be self-sufficient and extensive reference work should
not be necessary. A background of a first course in semiconductors is assumed.

The first four chapters lay the foundations for the optoelectronic devices. The
first chapter describes compound semiconductor materials and their epitaxy. Much
of the present-day device concepts would not be realized without sophisticated and
matured epitaxial techniques. Semiconductor statistics and carrier transport properties
are described in Chapter 2. The basic optical processes of absorption and recombi-
nation in bulk and quantum well structures are analyzed and described in Chapter 3.
Here, detailed quantum mechanical calculations are excluded, since these are found
in at least half-a-dozen texts. However, appropriate references are provided as foot-

! vii

Vizio EX1016 Page 0006
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notes, Chapter 4 describes junction theory, including metal-semiconductor junctions
and heterojunctions. The case of high-level injection, which becomes important for
laser operation, is emphasized in this chapter.

The devices themselves are described in Chapters 5-11 in the following order:
light-emitting diodes, lasers, photodetectors, solar cells, and light-modulators. Lasers
and photodetectors, which are perhaps the more important and common optoelectronic
devices, are each described in two chapters,

The principles of the devices are presented with appropriate analyses and deriva-
tions. Measuremenlt techniques and recent experimental results are also included to
give the reader a feel for real parameter values.

The organization of the device chapters should provide the instructor the flexibility
to present material to both undergraduate and graduate students. In discussing the
different devices, I have introduced new concepts, within the scope of the text. For
example, pseudomorphic materials, quantum wells, distributed-feedback and surface-
emitting lasers, modulated barrier photodiodes, coherent and wavelength selective
detection, and quantum well modulation devices are all described and analyzed in
various levels of detail. Finally, the text is concluded in Chapter 12 with a review of
optoelectronic integrated circuits (OEICs), an emerging and important subject.

HOW TO USE THIS BOOK

This book is flexible and can be adapted to your local curriculum and course needs.
An example of a one-term senior undergraduate course that could be taught from the
book would cover chapters 1, 2, and 4 as review; chapters 3, 5, 6, part of 7, 8, and
part of 11 should be treated as essential; and chapter 10 could be treated as optional.
The rest of chapters 7 and 11, and chapters 9 and 12 I consider advanced material
that you can teach in a graduate level course or material that you can choose from
selectively to tailor the course to your desired emphasis and objectives.

READING LIST AND PROBLEMS

Suggested texts for more exlensive reading and key articles from journals and period-
icals are listed at the end of each chapter and as footnotes. These will help the more
inquisitive students to go beyond the confines of the text and course and to enhance
their knowledge and understanding. Also included are a set of problems at the end
of each chapter, in addition to a few worked-out examples. The purpose of these
problems is twofold: (1) to enhance the understanding of the different devices and
underlying concepts and (2) to get a feel for practical values of different device and
material parameters and their units. |

UNITS

The rationalized MKS system of units has been mostly followed, with convenient
changes. For example cm is more often used as the unit of length, and the electron
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volt (eV) is used in place of joule (I) as the unit of energy. The cgs system is
sometimes used to keep in line with common use.
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Sec. 3.1 Electron-Hole Pair Formation and Recombination 113

3.1 ELECTRON-HOLE PAIR FORMATION AND RECOMBINATION

The operation of almost all optoelectronic devices is based on the creation or annihi-
lation of electron-hole pairs. Pair formation essentially involves raising an electron in
energy from the valence band to the conduction band, thereby leaving a hole behind
in the valence band. In principle, any energetic particle incident on a semiconductor,
which can impart an energy at least equal to the bandgap energy to a valence band
electron, will create pairs. With respect to the bonding in the lattice, this process
is equivalent to breaking a covalent bond. The simplest way to create electron-hole
pairs is to irradiate the semiconductor. Photons with sufficient energy are absorbed,
and these impart their energy to the valence band electrons and raise them to the
conduction band. This process is, therefore, also called absorption. The reverse pro-
cess, that of electron and hole recombination, is associated with the pair giving up its
excess energy. Recombination may be radiative or nonradiative. In a nonradiative
transition, the excess energy due to recombination is usually imparted to phonons and
dissipated as heat. In a radiative transition, the excess energy is dissipated as photons,
usually having energy equal to the bandgap (i.e., hw = &;). This is the luminescent
process, which is classified according to the method by which the electron-hole pairs
are created. Photoluminescence involves the radiative recombination of electron-hole
pairs created by injection of photons. Cathodoluminescence is the process of radiative
recombination of electron-hole pairs created by electron bombardment. Electrolumi-
nescence is the process of radiative recombination following injection with a p-n
junction or similar device.

~ In a semiconductor in equilibrium (i.e., without any incident photons or injection
of electrons), the carrier densities can be calculated from an equilibrium Fermi level by
using Fermi-Dirac or Boltzmann statistics outlined in Sec. 2.5.3. When excess carriers
arc crcated by one of the techniques described above, nonequilibrium conditions are
generated and the concept of a Fermi level is no longer valid. One can, however,
define nonequilibrium distribution functions for electrons and holes as

£(6) = — (3.1)
1+exp ( "_Lk,,r )
1
1+exp (E;‘?")
These distribution functions define &7, and &g, the quasi-Fermi levels for electrons
and holes, respectively. In some texts they are referred to as IMREFs (Fermi spelled
backward). When the excitation source creating excess carriers is removed, Efp =
Esp = Ep. The difference (£, — &) is a measure of the deviation from equilibrium.

As with equilibrium statistics, we obtain for the nondegenerate case

Em—E&
AGES exp( o ) (3:3)

fol&) = (3.2)
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E =&
&) = — L 3.4
Jp(€) GXP( aT ) ‘ (3.4)
and the nonequilibrium carrier concentrations are given by

Erm —Ec )
= Neexp| ———— 35
n ce P( T . (3.5)

b~ g
= Nye — 3.6
P [ LXP( T (3.6)

The concept of quasi-Fermi levels is extremely useful, since it provides a means
to take into account changes of carrier concentration as a function of position in a
semiconductor. As we shall see in Chapter 4, in a p-n junction under forward bias a
large density of excess carriers exist in the depletion region and close to it on either
side. The concentration of these carriers can be determined from the appropriate
quasi-Fermi levels. A junction laser is operated under such forward bias injection
conditions to create population inversion. To consider a simple example, assume that
an n-type semiconductor with an equilibrium electron density n, (= Np, the donor
density) is uniformly irradiated with intrinsic photoexcitation (above-bandgap light)
s0 as to produce An electron-hole pairs with a generation rate G. The nonequilibrium
electron and hole concentrations are given by

n= An+n, (3.7
p= An -‘r-nfjno (3.8)

Using Eqgs. 3.3-3.8, Fig. 3.1 illustrates the change in the energy position of the quasi
Fermi levels in GaAs as the generation rate changes.

2.0
£ 4.5 &
¢ —
g 16 €
& 05 f Figure 3.1 Energy position of the
2 5 electron and hole quasi-Fermi levels
o e as a function of pair generation
0.0 X rate in GaAs at room temperature.
It is assumed that the sample is
o O o n-type with Np = 10" cm™ (from
TS 1L 1 TS 6 M., Shur, Physics of Semiconductor
100 10 10 10 10 10 10 10 10 10 Devices, ©1990. Reprinted
\ by permission of Prentice-Hall,
Electron-hole pair density (cm = Englewood Cliffs, New Jersey).
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Sec. 3.1 Electron-Hole Pair Formation and Recombination 115

The excess carriers created in a semiconductor must eventually recombine. In fact,
under steady-state conditions the recombination rate must be equal to the generation
rate:

G=R (3.9

Generation and recombination processes involve transition of carriers across the energy .
bandgap and are therefore different for direct and indirect bandgap semiconductors,
as illustrated in Fig. 3.2. In a direct bandgap semiconductor, as shown in Fig. 3.2(a),
the valence band maximum and the conduction band minimum occur at the zone
center (k = 0) and an upward or downward transition of electrons does not require a
change in momentum or the involvement of a phonon. Therefore, in direct bandgap
semiconductors such as GaAs, an electron raised to the conduction band, say, by
photon absorption, will dwell there for a very short time and recombine again with
a valence band hole to emit light of energy equal to the bandgap. Thus, the proba-
bility of radiative recombination is very high in direct bandgap semiconductors. The
processes are quite different in an indirect bandgap semiconductor. Considering the
band diagrams shown in Fig. 3.2(b) and (c), since the conduction band minima are not
at k = 0, upward or downward transition of carriers require a change in momentum,
or the involvement of a phonon. Thus, an electron dwelling in the conduction band
minimum, at k # 0, cannot recombine with a hole at k = 0 until a phonon with
the right energy and momentum is available. Both phonon emission or absorption
processes can assist the downward transition. In order for the right phonon collision
to occur, the dwell time of the electron in the conduction band increases. Since no
crystal is perfect, there are impurities and defects in the lattice that manifest them-
selves as traps and recombination centers. It is most likely that the electron and hole
will recombine nonradiatively through such a defect center, and the excess energy is
digsipated into the lattice as heat. The competing nonradiative processes reduce the
probability of radiative recombination in indirect bandgap materials such as Si, Ge, or
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116 CHAPTER 3 Optical Processes in Semiconductors
€

(c) Figure 3.2 (continued)

GaP. These semiconductors are therefore, in general, not suitable for the realization
of light sources such as light-emitting diodes and lasers.

3.1.1 Radiative and Nonradiative Recombination

For continuous carrier generation by optical excitation or injection, a quasi equilibrium
or steady state is produced. Electrons and holes are created and annihilated in pairs
and, depending on the injection level, a steady-state excess density An = Ap is
established in the crystal. This equality is also necessary for the maintenance of overall
charge neutrality. When the excitation source is removed, the density of excess carriers
returns to the equilibrium values, n, and p,. The decay of excess carriers usually
follows an exponential law with respect to time ~ exp (—t/t), where t is defined as
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Sec. 3.1 Electron-Hole Pair Formation and Recombination 117

the lifetime of excess carriers. The lifetime is determined by a combination of intrinsic
and extrinsic parameters, and the performance characteristics of most optoelectronic
devices depend on it. In the discussion that follows, we will be concerned mainly
with bulk recombination processes. It is important to remember that, depending on the
semiconductor sample and its surface, there can be a very strong surface recombination
component which depends on the density of surface states.

In general, the excess carriers decay by radiative and/or nonradiative recombina-
tion, in which the excess energy is dissipated by photons and phonons. The former is
of importance for the operation of luminescent devices. Nonradiative recombination
usually takes place via surface or bulk defects and traps (Fig. 3.3), as discussed in
Chapter 2, and reduces the radiative efficiency of the material. Therefore the total
lifetime v can be expressed as

1 1 1
e (3.10)
T Tr Tur

where 7, and t,, are the radiative and nonradiative lifetimes, respectively. Also, the
total recombination rate R, 18 given by

Rtotal == Rr + Rnr = R-"P (311)

where R, and R, are radiative and nonradiative recombination rates per unit volume,
respectively, and Ry, is called the spontaneous recombination rate, to distinguish
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Figure 3.3 Nonradiative
S gt @ __________ €. recombination at (a) recombination
My center, (b) electron trap, and
o &y (c) hole trap. The excess carrier
. energy in all cases is dissipated by
© " single or multiple phonons.
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Riorar from the stimulated recombination rate to be defined later in Chapter 6. The
internal quantum efficiency or radiative recombination efficiency is defined as

R,
T R+ Ry
For an exponential decay process, t, = An/R, and t,, = An/R,, where An is the
excess electron concentration. Therefore,

(3.12)

r

1

B 1 4= T-'r/ Tnr
To achieve high internal quantum efficiency, the ratio 7,/t,, should be as small as
possible, or 7, should be as large as possible. The value of 7, is controlled by
the properties of defects, which produce levels in the bandgap of a semiconductor.
The excess energy of carriers recombining at these levels is dissipated by phonons.
Another nonradiative process is Auger recombination, to be discussed in Sec. 3.8. It
also follows from Eq. 3.9 that under steady-state conditions An = Gt,.

" (3.13)

3.1.2 Band-to-Band Recombination
The simplest carrier decay process is spontaneous band-to-band recombination, whose
rate, without momentum conservation, is given by

where B, is defined as the coefficient for band-to-band recombination in units of
em3.s7'.. B, is related to the transition probability P to be discussed in the next
section. In terms of the equilibrium and excess carrier densities,

Rsp = By (no + An)(po + Ap) (3.15)

where An = Ap. The spontaneous radiative recombination rate for excess carriers
can be expressed as

RS, = o (3.16)
Tr
and therefore
Ry = R, + R (3.17)
where .

RS, = Byn,p, (3.18)
is the spontaneous recombination rate in thermal equilibrium. From Egs. 3.15 and
3.18,

Ry = By [nopo + An(n, + po) + (An?)] (3.19)
RS, = ByAn[n, + p,+ An] (3.20)
and

1

B, (n, + p, + An) L

T
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[ When An > n,, p,, which is relevant to laser operation,
= 1 (3.22)
Ty = .
"7 B.An
This is the bimolecular recombination regime, when the lifetime changes with An.
At low injection levels, such that An < n,, p,
1
Y —
B.(n, + p,)
which remains constant, being determined by the background carrier concentrations.
For an intrinsic semiconductor under low-level injection, since n, = p, = n;,

1

4

(3.23)

= 2
S R A
Eq. 3.22 is valid for An < 10'® em™. For higher values of An,
- T =1, (3.25)

which is usually constant for any material. For example for GaAs, 7, = 0.5 ns.

The value of the fecombination coefficient depends on the bandgap and whether
the semiconductor has a direct or an indirect bandgap. Direct bandgap semiconductors
usually have values of B, ranging from 107! to 102 cm®.s™! and indirect bandgap

semiconductors have values of B, ranging from 1071 to 10~ cm®s71.

ExAMPLE 3.1
Objective.  To calculate 7, in GaAs having n, = 10" ecm ™ under high- and low-level
injections for B, =7 x 107'° em%/s.

At a high injection level of 10" cm™3, 7, = (7 x 1071 x 10'®)~'5 = 1.43ns.

At a low injection level of 10" cm™, 7, = 143 ns for the same value of B,. This
value of 7, is almest an order of magnitude larger than that measured in pure GaAs samples.
Therefore, the value of B, used here is only valid for the high-level injection case and should
be larger for the case of low-level injection.

3.2 ABSORPTION IN SEMICONDUCTORS

3.2.1 Matrix Elements and Oscillator Strength for
Band-to-Band Transitions

The operation.of optical devices that we will describe and discuss in this text depends
on the upward and downward transitions of carriers between energy bands. These
transitions result in absorption or emission of light, which is electromagnetic energy.
The measurement of absorption and emission spectra in semiconductors constitutes
an important aspect of materials characterization;, They provide information not only
on the bandgap, but the measurements also provide information on direct and indirect
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transitions, the distribution of states, and the energy position of defect and impuri
levels. The absorption spectrum spans a wide energy (or wavelength) range, extendir
from the near-bandgap energies to the low-energy transitions involving free carrie
and lattice vibrations. In the context of this text the more important ones are tt
near-bandgap transitions.

The process of photon absorption results in the transition of an electron from
lower energy state to a higher energy state, the simplest form of which may be a dire
transition from the valence to the conduction band. The different possible transitior

_are outlined in this chapter. In what follows, the process of band-to-band transitior

in semiconductors, in which photons are absorbed, is analyzed.

The energy-momentum diagrams of a direct and an indirect semiconductor wer
shown in Figs. 3.2(a) and (b), respectively. Considering the case of an electro
raised from the top of the valence band to the bottom of the conduction band du
to absorption of a photon in a direct transition, there is no change in momentumr
Strictly, there is a small change in k due to the finite momentum of the photor
which is equal to A/A. For most III-V semiconductors A ~ 1pum, and the resultan
momentum change is very small. An indirect transition due to the absorption of :
photon is illustrated in Fig. 3.2(c). Since a large change in momentum is involve
in this case, thé transition can occur only by the emission or absorption of a phonon
The process can be described by the equation

and the change in momentum is given by
Ak =k, (3.27,

where k, is the wavevector of the phonon and £y, and &, are the photon and phonor
energies, respectively. Therefore, an optical or acoustic phonon with the right energy
and momentum must be involved in an indirect transition.

The wavelength dependence of direct transitions, for the case of absorption, is
illustrated in Fig. 3.2(a), where we consider a transition away from the zone center.
The top of the valence band is taken as the zero of energy. The transition occurs in

LS y ’ y
energy from £(Kk’) to £(k”) where

n2k”
E(k') = — = (3.28)
2my,
and
ﬁzkrﬂ
{-,‘(1{”) — Eg + —. (3.29)
2m*

€
Here &, is the direct bandgap at k = 0. The energy of the absorbed photon is &,y
= E(k") — £(K"), which is the requirement for energy conservation. Remember that
such a transition will take place only if the level at £(k’) is filled and that at £(k")
is empty. Also, for momentum conservatiqn k' must be nearly equal to k”. This is
called the k-selection rule.
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The matrix element and probability of an optical transition from £(k) to £(k”)
can be calculated by considering first-order time-dependent perturbation theory. The
time-independent form of the Schrodinger equation is

HoW = £(K)W (3.30)

where Hj is the Hamiltonian of the unperturbed system. In the case of a perturbation
H;, which in our context is light or electromagnetic radiation, causing a carrier transi-
tion from a state at £(k')to a state at £(k”), the time-dependent Schrodinger equation
can be expressed as

dw
(Ho +H)Y = jh?t— (3.31)
with
Y o= ZAm(r)wme—fgmfk’W* (3.32)

It may be noted that |A,(f)|> is the transition probability. The calculation of the
matrix element of an optical transition has been described in detail in a few texts and
is not repeated here. The matrix element for direct transitions, where the condition

K'—K = k0 (3.33)

is satisfied, is given by

Hkukr = j¢§,H1kadr

fqh A
= J;mo f RE-(I'; k"’)[ag - guy(r, k") + J(aD : k’)fdv\(l’, kr)]dl‘ (334)

where uy and u¢ are the Bloch functions corresponding to the valence and conduction
bands, respectively, A is the magnetic vector potential of the electromagnetic wave
and ag is a polarization unit vector. The first term represents the matrix element for
allowed direct transitions and is usually much larger than the second term, which
represents forbidden transitions. If k¥ = k”, the matrix element of the forbidden
transition is zero. However, because of the small change in momentum due to the
small but finite momentum of the photon; the matrix element of the forbidden transition
has a finite value. It can be shown that the transition probability per unit volume per
unit time for an allowed direct transition is given byt

Q*|A2my)**

drmin
where pey is the matrix element of the momentum operator (or the momentum matrix
element) and m; is the reduced mass given by

2
Plho) = PCv (e — £,)\12 (3.35)

mim;
] :z . (3.36)
e h

1R. H. Bube, Electronic Properties of Crystalline Solids, Academic Press, New York, 1974.
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Equation 3.35 contains the joint density of states to be discussed in Chapter 5. When
the k-selection rule is obeyed, |pcv|* = O unless k' = k”. Equation 3.35 is an
important relationship and shows that the transition probability of a direct allowed
transition varies as (hw — &,)"/?. The transition probability includes the summation
over all filled valence band states and empty conduction band states and over all k'
and k” values that satisfy energy and momentum conservation. In the form expressed
in Eq. 3.35, it is assumed that the semiconductor is at 0°K when the valence band is
completely filled and the conduction band is empty.

Since the absorption of a photon of energy Aw is involved in a direct transition, it
is important to calculate the absorption coefficient . Assume that a monochromatic
photon flux ;, given by
-
T hw
is incident on the crystal. Here |S| is the radiation energy crossing unit area in unit
time, or the Poynting vector. The transmitted intensity Jy is then

Sy = IS| — P(hw)d (3.38)
ho

% (photons/cm?.5) (3.37)

where d is the thickness of the sample. The second term represents the number of
photons absorbed per unit time per unit area, normal to the incident light in a thickness
d. Equation 3.38 can be written as

g |S[ —eed
Sd — Hwe
S
= l i(l—oed) (3.39)
heo
for small «d. Thus,
il = %" (3.40)

The average value of the Poynting vector over a period of the electromagnetic wave
can be expressed as

1
IS| = in,eocwzlAzl (3.41)

where n, is the refractive index of the crystal. Substitution of Egs. 3.35 and 3.41 into
Eq. 3.40 leads to

2!?1‘ 3/2
a(hw) = Cln;"l( : ) -@‘i(hw-gg)”z (3.42)
HLp ho
where
2. 1/2
= 126 (3.43)
dmh”eye
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and
2p2%
fev = v (3.44)
mo
Expressing hw and &, in eV,
2 £ 3/2
a(hw) = 2.64 x 10°"! (—m—) i‘ii(hw—gg)”z (em™Y) (3.45)
Mg hw

fev is called the oscillator strength for the transition. It has a value approximately
equal to 20 eV in most semiconductors. Therefore, for GaAs (fcy = 23 eV), we get
from Eq. 3.45,
10* (> — E)'1?
ho
The value of o expressed in Egs. 3.42 or 3.45 corresponds to a fixed photon energy
hw when the semiconductor is at 0°K and the values of the Fermi-Dirac distribution
functions in the conduction and valence bands are zero and unity, respectively. To
express the temperature dependence of «, one must include the Fermi functions in the
summation over all energies used to calculate the probability function P(hw). As a
: result, the absorption coefficient expressed by Eq. 3.42 or 3.45 must include a factor
i [f(EXK)) — fu(E(K"))], where f, and f, are the Fermi functions in the respective
bands. It is also assumed that the semiconductor is very pure. Impurity atoms will
induce scattering, which will relax the momentum-conservation requirements. In
addition, impurity levels will give rise to bandtail states that will result in a finite
value of « for photon energies hw < &,. The absorption coefficient o expressed in
Eq. 3.46 corresponds to a measured value for photon energies hw > &, under the
ideal conditions described above.
Similarly, starting with the matrix element for the direct forbidden transition in
Eq. 3.34, it can be shown that the transition probability is given by

a(hw) = 5.6 x (em™) (3.46)

i e T e —

g*|Af? *\5/2 1t 3/2
P(hw) = ———2—;;—(2m,) fev(ho — &) (3.47)
i 12rmgh
; It is important to note that the probability is proportional to (hw — &,)*%. The
E‘ absorption coefficient is given by
k: 2 * 5/‘2 !
: | a(hw) = Cyn;* (—”L) Jev oy — g,y12 (3.48)
; mo hw
4 where
3. 13
qmy
Cy = 3.49
: ! 6mh*egc ( )

féy is the oscillator strength for the forbidden transition, and its value is much less
than unity. Again, if 2w and &, are expressed in eV,

1 -1 2m* 5/2
' ) = TI6% 1053—( m’) I - £ (em™) (3.50)
haw mp

.
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From experimental results it is evident that the direct optical transition corresponding
to the absorption of a photon with hw > &, is dominantly observed in most direct-
bandgap semiconductors.

EXAMPLE 3.2
Objective.  To calculate « for the allowed transitions in GaAs at a photon energy hw =

1.52 eV.

Assuming £, = 1.5 eV at 0°K, from Eq. 3.46 & = 5.2 x 10° cm™.

The following general comments may be made regarding the relations given
above. For very small values of (hw — &) and in a pure semiconductor, excifons are
generally formed due to the Coulomb interaction between electrons and holes. The
expressions for the matrix element, transition probability, and absorption coefficient
given above are only for band-to-band transitions and do not consider exciton-related
processes. Second, the equations are valid insofar as the parabolic band approximation
is true, and are therefore generally not valid for higher-lying régions of the direct band.
For large values of photon energy, contributions from the satellite valleys can become
important. In most III-V semiconductors, the valence band is degenerate at the zone
center. Strictly, the effect of such degenerate bands will contribute to the absorption.
For a heavily doped semiconductor, the absorption edge moves to higher energies, as
illustrated in Fig. 3.4. In addition, bandtail states are formed. It is important to note
that the matrix element for transitions between bandtail states is different from that
involving free-electron and hole states. Consequently, the k-selection rule does not
apply.

With variation of temperature, the variation of the absorption coefficient follows
the variation of the bandgap with temperature given by Eq. 2.15. Finally, it should

£

B

8ph" €, 7€,

Figure 3.4 Simplified illustration
of absorption of photons of
\\ energy larger than the bandgap

% in a degenerately doped n-type
k  semiconductor.
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be remembered that the process of radiation is complementary to absorption and is
governed by similar equations for transition probability and oscillator strength.

3.2.2 Indirect Intrinsic Transitions

The momentum or wavevector change required in an indirect transition may be pro-
vided by single or multiple phonons, although the probability of the latter to occur is
very small. As seen in Chapter 2, there are optical and acoustic phonons. Each of
these has transverse and longitudinal modes of vibrations, with characteristic energy
and momentum. The indirect transition process is illustrated in Fig. 3.2(c). Conser-
vation of momentum requires

k" +k, =K + Ky (3.51)

where k” and k' are the electron wavevectors for the final and initial states, k, is the
wavevector of the phonon, and k,; is the wavevector of the absorbed photon. Since
the latter is small, the conservation of momentum for an indirect transition can be
expressed as

K —K =%k, (3.52)

Similarly, the conservation of energy for the two cases of phonon emission and ab-
sorption can be expressed as -

hws = Ec —Ey + &, (3.53)
ﬁwa = 8(: te} Ev B, (gp (354)

where the left-hand side represents the energy of the photon absorbed. Note that in
the first case of phonon emission, the energy of the absorbed photon could be equal
to the direct gap at or very near k = 0. From this energy state the electron finally
reaches the indirect valley by phonon scattering. The intermediate energy state of the
electron is termed a virtual state, in which the carrier resides until a phonon of the
right energy and momentum is available for the scattering process. Indirect transition
probabilities involving virtual states can be calculated using a second-order time-
dependent perturbation theory. However, there is a process to slightly counterbalance
the low transition probability, which is often overlooked. From Eqgs. 3.53 and 3.54 it
is evident that the initial and final states of the electron in the valence and conduction
bands, respectively, can have an energy range given by h(wp, & @,), where w, and
wpy, correspond to the angular frequencies of the phonon and photon, respectively.
The total probability is obtained by a summation over these energy states, as long as
each particular transition conserves energy between initial and final states.
For a transition with phonon absorption,
(hw — & + &,)*
gsp/ kgT _' 1

for a photon energy Aw > (£, — £,). Similarly, for a transition with phonon emission
the absorption coefficient is given by

:ﬂ-
£
i
!’:'.
)
-
|

(3.55)

oy (hw)oo

(o — &, — £,)
l = E_El"‘f{ka?b

(3.56)

o, (ha)oo
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for hw > (&, + &,). Since for hw > (&, + £,) both phonon emission and absorption
are possible, under these conditions

a(hw) = ag(hw) + e (hw) (3.57)

The temperature dependence of the absorption coefficient is illustrated in Fig. 3.5.
At very low temperatures, the density of phonons available for absorption becomes
small and therefore e, is small. With increase of temperature, ¢, increases. The shift
of the curves to lower energies with increase of temperature reflects the temperature
dependence of £,. In fact, the plots of /&, and ,/a, extrapolate to the energy axis at
(Eg+E&p) and (£, —&,), respectively. This is a convenient technique to experimentally
determine the bandgap.

Yo

Figure 3.5 Energy-dependent
absorption coefficient due to
phonon emission and absorption as
a function of temperature.

3.2.3 Exciton Absorption

In very pure semiconductors, where the screening effect of free carriers is almost
absent, electrons and holes produced by the absorption of a photon of near-bandgap
energy pair to form an exciton. This is the free exciton. The binding energy of the
exciton, &,,, is calculated by drawing analogy with the Bohr atom for an impurity
center, and is quantized. It is therefore expressed as

_mtqd 1
Elomi ——E%__ . . F=i1,2,8,
“  2dmee,h)? 12
~13.6m* (1)
= :_;(e—) (eV). (3.58)
L

Here m} is the reduced effective mass of the exciton given by Eq. 3.36 and [ is an
integer.
The optical excitation and formation of excitons usually manifest themselves as
a series of sharp resonances (peaks) at the low energy side of the band edge in the
absorption spectra of direct bandgap semiconductors. The total energy of the exciton
is given by
gex - hzks.t i !

. — 3.59
2(m* 4 m}) &% (3:39)

Vizio EX1016 Page 0032



Sec. 3.2 Absorption in Semiconductors 127

where the first term on the right is the kinetic energy of the exciton. The kinetic
energy contributes to a slight broadening of the exciton levels. For a direct transition
conservation of momentum requires that k., = 0. This is because the electron and
hole must move in the same direction. Usually a sharp line transition is observed for
direct excitonic transitions, which broadens with increase of temperature. Data on the

excitonic absorption in pure GaAs are shown in Fig. 3.6.

1. T i T
T= 294°K. .0}?

[

R . . : |
o A= Figure 3.6 Absorption coefficient

I L
E " : -’ :.‘..';' s measured near the band edge of
S 08 J185°K  J21°K GaAs at T = 294, 185, and 21°K.
<4 : = The two absorption peaks at hv
0.6l ° slightly below the respective band

{ i L ! | gap at 185 K and 21 K are due to
L4244 146 148 150 152 154 1.56 pound excitons (from M. D. Sturge
hv (eV) Physical Review, 127, 768, 1962).

In indirect bandgap semiconductors excitons may also be formed with the absorp-
tion or emission of a phonon. In this case the center of gravity of the exciton may have
a finite momentum %k,,, conserved by an interacting phonon. Again, transverse and
longitudinal acoustic and optical phonons may participate. An increase in absorption
coefficient is obtained near the band edge due to exciton absorption, given by

ho =& FE— &y (3.60)

where the two signs of the second term on the right hand side correspond to the cases
of phonon absorption or emission. Exciton-related transitions are seen in the absorp-
tion spectra of an indirect bandgap semiconductor as a large number of steps near the
absorption edge. Note that steps are observed instead of peaks, as in direct bandgap
semiconductors, because the interacting phonons allow the carrier transition between
states with equal d€/dk in the valence and conduction bands at energies greater than in
direct band gap semiconductors where usually excitons are formed at the zone center
(d€/dk = 0).

Excitons are formed in very pure semiconductors at low temperatures, In fact,
excitons were not observed in semiconductors until epitaxial techniques enabled the
growth of very pure crystals. In such crystals, the very few unintentional impurities
that are present—donors and acceptors—are neutral. If an electric field is applied, it
can ionize these impurities, and the additional charge modifies the bandedge potential.
This is seen in the experimental absorption spectra as a change in the slope of the
absorption edge. In addition, the ionized carriers screen the Coulomb interaction
between the electrons and holes, thereby inhibiting or preventing the formation of
excitons. This is observed in the experimental absorption spectra as a disappearance
of the excitonic resonances, peaks or steps, as the case may be.

3.2.4 Donor-Acceptor and Impurity-Band Absorption
Intentionally or unintentionally, both donors and gcceptors are simultaneously present
in a semiconductor, and any semiconductor is usually always compensated to some
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degree. Depending on the temperature and the state of occupancy of the impurity
levels, it is possible to raise an electron from the acceptor to the donor level by
absorbing a photon. This process is shown in Fig. 3.7. The energy of the photon
absorbed is given by

2z

hio=, —E5— L2 (3.61)
EQELF

where the last term on the right-hand side accounts for the Coulomb interaction be-
tween the donor and acceptor atoms in substitutional sites, which results in a lowering
of their binding energies. This can be understood as follows. Assume that at very
low temperatures the donor and acceptor atoms are neutral. If they are brought closer
together, the additional orbiting electron of the donor becomes “shared” by the ac-
ceptor, as in a covalent bond, and both become more ionized, resulting in a lowering
of their binding energy. Also, it is important to remember that since the donor and
acceptor atoms are located at discrete substitutional sites in the lattice, r varies in
finite increments, being the smallest for nearest neighbors. Therefore, for the ground
state of the impurities, the energies £p and £, correspond to the most distant pairs
and hw = &, — Ep — €. For fully ionized impurities, such as for nearest neigh-
bors, the excited states may lie within the respective band and it is possible that
(g%/eve,r) > Ep + Ea. At low temperatures the absorption resonances modify the
bandedge absorption, with the lowest energy transitions for the most distant pairs and
higher-energy transitions for nearer pairs. However, because the resonances occur
so close to the absorption edge, they are not always very clearly defined. The pair
transitions are more clearly identified in emission experiments.

€ £

(o
an— S @\ Donor

h{?xﬁ\—.—
Acceptor
5 R @_ e

& T ———f &
(@) (b)

Figure 3.7 Illustration of photon absorption due to a donor-acceptor transi-
tion. The separation between the impurity centers, r, is shown in (b).

High-energy (near-bandgap) transitions can occur between ionized impurity levels
and the opposite bandedge, as illustrated in Fig. 3.8. The photon energy absorbed
is hw = &€, — &, where &, is the binding energy of the donor or acceptor level. It
should be noted that the impurity levels need to be ionized. Since the transition occurs
between a discrete impurity level and a band of energies, the transitions are observed
as shoulders on the low-energy side of the absorption edge. In the emission spectra,
these transition are observed as peaks. As in a band-to-band transition, phonons need
to be involved in impurity-band transitions in gn indirect bandgap semiconductor for
momentum conservation. '
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£ A £
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(a) (b)

Figure 3.8 [Illustration of {a) donor-band and (b) acceptor-band absorption
transitions.

The absorption spectrum is largely altered if the doping level is increased and
gradually taken to the point of degeneracy. For example, in a degenerately doped
n-type semiconductor, the Fermi level &, is above the conduction bandedge. If the
semiconductor is direct bandgap, as shown in Fig. 3.4, then, for the conservation
of momentum, the transition resulting from the absorption of a photon will involve
states in the conduction band that are at ot higher than & + &f,. This shift of the
absorption to higher enérgies due to doping-induced band-filling is called the Burstein-
Moss shift. An indirect bandgap semiconductor will be similarly affected, except that
phonons need not be involved in the transition. Momentum is conserved by impurity
scattering.

Degeneracy in semiconductors not only pushes the Fermi level into the band; but
also results in a shrinkage of the bandgap. This effect is more commonly known as
bandtailing, which results in an exponentially increasing absorption edge with photon
energy as shown is Fig. 3.9 for GaAs.

1 104_ T ‘,.—ls:...,_..l- o
% 4
8 J
o 10} ,' ; N
s ° e Experimental results
=] . - — Theoretical curve
Eg 2 ! | o= Ahv-€,)"2
- ‘ —
o . |
2 ‘.
g | &
(=]}
20F g )
<< s !
: Figure 3.9 Absorption edge of
1.0 : . GaAs at room temperature (from
13 1-4 1.5 1.6 1.7 T, S. Moss, Journdl of Applied
Photon energy (eV) Physics, 32, 2136, 1961).

3.2.5 Low-Energy (Long-Wavelength) Absorption
Several types of transitions involving shallow impurity levels, bandedges, split bands,
and free carriers give rise to resonances at very small energies in the absorption
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spectra. These are observed as steps or peaks in the long-wavelength region of the
absorption spectra. The different processes are briefly described below.

3.2.5.1 Impurity-Band Transitions. We have seen impurity band transitions
that have energies close to the bandgap. These higher-energy impurity-band transitions
usually require that the impurity levels are ionized (or empty). At low temperatures,
when these shallow impurity levels are usually filled with their respective carriers,
these carriers can be excited to the respective bandedge by a photon (Fig. 3.10). For
this absorption process the energy of the photon must be at least equal to the ionization
energy of the impurity. This energy usually corresponds to the far infrared region of
the optical spectrum. Peaks corresponding to such impurity-band transitions have
been observed in many semiconductors.

£
T — . <
& e R
3 e e R Y
(a) (b)

Figure 3.10 Low-energy (a) donor-band and (b) acceptor-band absorption
transition.

3.2.5.2 Intraband Transitions. At the zone center the valence band structure
of most semiconductors consists of the light-hole (LH), the heavy-hole (HH) bands,
and the split-off (SO) band. The three subbands are separated by spin-orbit interaction.
In a p-type semiconductor the valence band is filled with holes and the occupancy
of the different bands depend on the degree of doping and the position of the Fermi
level. Absorption of photons with the right energy can result in transitions from LH
to HH, SO to HH, and SO to LH bands, depending on the doping and temperature of
the sample. These transitions have been observed experimentally. They are normally
not observed in n-type semiconductors.

3.2.5.3 Free-Carrier Absorption. As the name suggests, this mechanism
involves the absorption of a photon by the interaction of a free carrier within a band,
which is consequently raised to a higher energy. The transition of the carrier to a
higher energy within the same valley must conserve momentum. This momentum
change is provided by optical or acoustic phonons, optical phononse, or by impurity
scattering. Free-carrier absorption usually manifests in the long-wavelength region of
the spectrum as a monotonic increase in absorption with a wavelength dependence of
the form A?, where p ranges from 1.5 to 3.5. The value of p depends on the nature
of the momentum-conserving scattering (i.e., the involvement of acoustic phonons,
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optical phonons, or ionized impurities). The absorption coefficient due to free-carrier
absorption can be expressed as

212
P 5. <1> (3.62)

4nlm*n,c3ep \t
where N is the free-carrier concentration, n, is the refractive index of the semiconduc-
| tor, and (i) is the average value of the inverse of the relaxation time of the scattering
process.

As a concluding note to this section, the absorption coefficients for different
elemental and III-V compound semiconductors at room temperature are shown in

} :
i Photon energy (eV)
: 9§ 2 15 1 0.7
! 108 o T T T
~ 10°[- Ga,.In P,
] 0317678864 Po.s6
E InGaAs
73 10*F
b
(4]
5
g 10l
2 i
) | Figure 3.11 Near-bandgap
e Amorphous ! absorption spectra of different
Si ’, semiconductors (from M. Shur,
i Physics of Semiconductor Devices,
10 eyl A ©1990. Reprinted by permission
0.2 0.6 1.0 L4 1.8 of Prentice Hall, Englewood Cliffs,
Wavelength (um) New Jersey).

3.3 EFFECT OF ELECTRIC FIELD ON ABSORPTION: FRANZ-KELDYSH
AND STARK EFFECTS

The change in absorption in a semiconductor in the presence of a strong electric field
is the Franz-Keldysh effect, which results in the absorption of photons with energies
less than the bandgap of the semiconductor. The energy bands of a semiconductor in
the presence of an electric field E and with an incident photon of energy hw < &, are
shown in Figs. 3.12(a) and (b). It is important to note that at the classical turning points
marked A and B, the electron wavefunctions change from oscillatory to decaying
behavior. Thus, the electron in the energy gap is described by an exponentially
decaying function uge/**, where k is imaginary. With increase of electric field, the o
distance AB decreases and the overlap of the wavefunctions within the gap increases.
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Figure 3.12 (a) Bending of bands
due to an applied electric field
and (b) absorption of photon with
hw < &, due to carrier tunneling
(b) (Franz-Keldysh effect).

In the absence of a photon, the valence electron has to tunnel through a triangular
barrier of height £ and thickness d, given by d = &;/qE. With the assistance of an
absorbed photon of energy hw < &,, it is evident that the tunneling barrier thickness
is reduced to d' = (£, — hw)/qE, the overlap of the wavefunctions increases further,
and the valence electron can easily tunnel to the conduction band. The net result
is that a photon with hw < &, is absorbed. One has to keep in mind, of course,
the conservation of momentum in these transitions and in this case the transverse
component of momentum is conserved. The Franz-Keldysh effect is therefore, in
essence, photon assisted tunneling.

It can be shown that the electric-field dependent absorption coefficient is given

by! ;
4 1
a = K(E)*8B) ' exp (»—gﬁm) (3.63)
1/3 o
Here E' = (%?’i) y B e 5‘},:?2 and K is a material-dependent parameter that has

TS. Wang, Fundamentals of Semiconductor Theory and Device Physics, Prentice Hall, Englewood ]
Cliffs, NJ, 1989.
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avalue of 5x10% cm™' (eV)™'/2 in GaAs. Although not derived here, the various terms
in Eq. 3.63 can be examined qualitatively. The exponential term is the transmission
coefficient (or tunneling probability) of an electron through a triangular barrier of
height (£; —hw) and can be obtained from the well-known Wentzel-Kramers-Brillouin
(WKB) approximation. The other factors are related to the upward transition of an
electron due to photon absorption. Substituting appropriate values for the different
parameters, it is seen that in GaAs a = 4cm ™ at a photon energy of £, —20 meV with
electric field E ~ 10% V/em. This value of absorption coefficient is much smaller
than the values of « at the band edge at zero field. Therefore, the Franz-Keldysh
effect will be small unless E > 10° Vicm.

The Stark effect refers to the change in atomic energy upon the application of
an electric field. The electric field affects the higher-order, or outer, orbits of the
precessing electrons so that the center of gravity of the elliptical orbit and the focus
are displaced with respect to each other and linearly aligned in the direction of the
electric field. As a result, there is a splitting of the energy of the outer 25 or 2p states, '
and the energy shift is simply given by A€ = gqdE, where d is the eccentricity of
the orbit. This is the linear Stark effect. The effect of the electric field on ground
state orbits also leads to an energy shift of the state, and this is the quadratic or
second-order Stark effect.

IR —

3.4 ABSORPTION IN QUANTUM WELLS AND THE QUANTUM-CONFINED
STARK EFFECT

In a bulk semiconductor the exciton binding energy is given by Eq. 3.58. For example
in GaAs, upon substitution of the effective mass and dielectric constant, a ground-state
binding energy of 4.4 meV is obtained. This is comparable to the thermal broadening
of ~ 4 meV produced by optical phonon scattering and inhomogeneous broadening,
to be discussed in Chapter 6. In other words, the exciton dissociates in a very short
time (a few hundred femtoseconds) and is hardly detected in the absorption spectra
at room temperature, except in very pure samples.

The situation is drastically altered in a quantum well. In a single-quantum well
(SQW) or multiple-quantum well (MQW) with thick barriers (> 100 A), electrons and
holes are confined in the region defined by the well width, and the overlap of their
wavefunctions is increased. This results in an increase in the oscillator strength of
the interband transitions between the discrete electron and hole energy bound states,
which are produced by the size quantization. Consequently, strong resonances corre-
sponding to the heavy-hole and light-hole transitions are seen near the bandedge of
the well material even at room temperature. Shown in Fig. 3.13 are the measured
and calculated absorption spectra of an Ings3Gaga7As (100 A)/Ing s;AlyazAs (100 A)
MQW lattice matched to [nP, in which the resonances for 1 = 2 and 3, are also clearly
seen. It may be noted that distinct resonances are seen for heavy-hole and light-hole
transitions. This is because a splitting between the HH and LH bands occurs at the
zone center due to the difference in the energy eigenvalues resulting from different
hole masses.
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In a two-dimensional quantum well the exciton is compressed like a pancake.
However, since typical well dimensions are ~ 100 A and the exciton diameter is
> 300 A, there is some penetration of the exciton wavefunction into the barrier
material. This is depicted in Fig. 3.14. In the limit, for small well widths, the
situation becomes similar to a three-dimensional solid. It has been shown that for a
purely two-dimensional exciton, its binding energy is four times the bulk value, given
by Eq. 3.58. However, because of the extension of its wavefunction into the barrier,
the binding energy in practical SQW and MQW structures ranges between 2&,, and
3&.x. Since this binding energy is much larger than the thermal broadening, the exciton
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Figure 3.14 A typical multiquan-
tum well and the compression of
; the bulk exciton in the well region.
f resonances are clearly seen in the absorption spectra even at room temperature. The
coefficient for intersubband absorption in a quantum well can be expressed in cgs
units as’
4n2q%h Nop(ho — &)
ayp(hw) = 2 g
f e} n,,cmgﬁa)pcy ¥ L,
' a N,
= 177 x 10-8% (fev ) Moo (3.64)
n, \ hw L,

where L, is the width of the well, Nyp = m:/:rrhz is the 2-D density of states, a, is
a factor due to polarization dependence of the matrix elements (in GaAs a, = 1/2).
This equation is valid for a single pair of conduction and valence subbands. Note
also that the value of o is constant and will remain so till the next subband energies
are reached. This is evident in Fig. 3.13. It may seem from Eq. 3.64 that the absorp-
tion coefficient can be increased by decreasing L,. However, as L, is decreased, the
electron and hole wavefunctions spread outside the well and the overlap decreases.
Therefore, for every material system there is an optimum well size. For example, for
GaAs this L, ~ 50A and for Ings3Gaga;As L, ~ 80A.

The ground-state wavefunctions of the electron and hole subband with no applied
transverse field (in the direction perpendicular to the layers) are shown in Fig. 3.15(a).
With the application of an electric field several things happen. The electron and
hole wavefunctions are separated and pushed toward opposite sides of the well, as

A
1. Singh, Physics of Semiconductors and Their Heterostructures, McGraw-Hill, New York, 1993.
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E=0

Figure 3.15 Absorption in a
quantum well in the (a) absence
and (b) presence of a transverse
electric field.

shown in Fig. 3.15(b). The reduced overlap results in a corresponding reduction in
absorption and in luminescence. The probability of carriers tunneling out of the wells
also increases, resulting in a decrease in carrier lifetimes and a broadening of the
absorption spectra. The transition energy is given by

Eon=80 4 B b B~ 8is (3.65)

where £, and &, are the electron and hole subband energies. With the application
of moderate electric fields (10* — 10° V/cm), there is little change in &,; and a
very small change in &, due to the Stark effect in the well material. However,
due to the modification of the envelope functions, there is a reduction in &£, and &,
the subband energies. This results in a shift of the absorption spectrum to lower
energies, including the heavy- and light-hole resonances. The shifts are much larger
than the Stark shift in bulk materials and is ~ 20 meV for E = 10° V/cm in a 100
A GaAs/Aly3Gag7As quantum well. Experimental data are shown in Fig. 3.16 and
the phenomenon is known as the quantum confined Stark effect (QCSE). As we shall
see in Chapter 11, the effect can be used for thesdesign and realization of very efficient
light modulators. :
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3.5 THE KRAMER-KRONIG RELATIONS

The complex refractive index of a semiconductor is given by
n, =n + J'ka (366)

where n, and k, are the real and imaginary parts of n.. It may be noted that k, is
an attenuation or damping factor and is a measure of the loss in power of a wave
propagating through the semiconductor. Therefore, k, is directly proportional to the
absorption coefficient a of the material. If a plane wave described by

5 = o[ (2 1)

= Epexp [_;m (P—:_f = I)] exp (-— wlzﬂx) (3.67)

is propagating in the x-direction in a semiconductor with a velocity ¢ = =, then it
can be shown (Problem 3.7) that the absorption coefficient is given by
2wk, 4rvk,

a = = (3.68)
c o
In a material whose conductivity o — 0, the refractive index is related to the dielectric
constant by the relation
R w2 e (3.69)
where €, is the static dielectric constant €; and
k, =0 (3.70)

It is also useful to know that the refractive index is inversely related to the bandgap
of a semiconductor.
The complex dielectric constant of a material is given by

& (@) = € (®) + Ye! (@) 3.71)
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In time-invariant form, the electric field E and the electric flux density D are related
by
D=¢(l+x)E
= € &F (3.72)

where x° is the electric susceptibility. The temporal response of D to a change or
switching of E must include the change of polarization with time, and can be expressed
by a causality relation of the type

I

D(t) = €., 8(OE(t) + f € f(t — HE@)dt' (3.73)

-0
in which the integral represents the response of the system at time ¢ to the applied
field E at a previous time ¢'. Note that €(¢) has a §-function singularity at t = 0.
e/, is the high-frequency dielectric constant, and €/, = 0. Now the following Fourier
transforms can be written for D and E:

D(1) = LY f D(w)e “'dw (3.74)
25 s
and
P ;
E(t) = —[ E(w)e '“dw (3.75)
5 ) L
Substituting these in Eq. 3.73 one gets
f [D@) — €€l + fF@DE@)] e ™dw =0 ~  (3.76)
with
1 T ;
flw) = — [ f(t)e! di (3.77)
27 s
Equation 3.76 must be valid for all values of ¢. Therefore, the relation
D(w) = & (€5 + [(@)) E(w) (3.78)

is valid between the Fourier components, so that
1 & .
€ =gl — el dt
(@) =y + 5 iwf( Je

=€+ f(®) (3.79)

From Eq. 3.79, by application of the Cauchy theorem to the function [e, @ — E:,o] fe' — ),
the following relations can be derived (Problem 3.14):

2 ® w'e) (0)da
2 oo J w! _ef dwf
(@) = —-T?P @) <] (3.81)

0 &)’1 — 2

1
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where P is the principal value of the Cauchy integrals. These integrals are known as
the Kramer-Kronig relations. A more relevant form is the relation between refractive
index and absorption coefficient. By analogy with Eq. 3.80,

2 ® £ (E)
-1== ———d€' (3.82)
n(€)—1 erj; 7
and, by virtue of the relation in Eq. 3.68,
!
[ o E‘ f
: n(E)—1= —P f o8 (_ 27 (3.83)

which enables the determination of the refractive index from the absorption spectrum.
The dielectric constant and refractive index of some important binary ITI-V compounds
are given in Table 3.1.

TABLE 3.1 DIELECTRIC CONSTANT AND REFRACTIVE INDEX IN SOME BINARY

lll-v COMPOUNDS.

. Static Dielectric High-Frequency Refractive Index (n,)
Material  Constant (e¢;)  Dielectric Constant ()  at Bandgap Energy
AlAs 10.06 85 3.17
GaP 11.11 9.11 345
GaAs 13.18 10.89 3.66
InP 12.56 9.61 345
InAs 15:15 12.3 3.52

3.6 RADIATION IN SEMICONDUCTORS

3.6.1 Relation between Absorption and Emission Spectra

In the last few sections of this chapter we have studied the various absorption pro-
cesses. In these a photon is absorbed in the semiconductor, as a result of which an
electron is usually raised from a lower-energy filled state to a higher-energy empty
state, and in most cases the energy difference between the two states is equal to the
energy of the absorbed photon. If the higher-energy level to which the electron is
raised to is not the equilibrium state, then it will make a downward transition to the
lower-energy empty state and emit electromagnetic radiation in the process. The en-
ergy of the radiation is very close to the energy difference between the higher and
lower energy states. These are radiative transitions.

In principle, the reverse of all the absorption processes we have considered can
occur to produce radiation. However, there is an important difference between absorp-
tion and emission spectra. While the absorption process can couple a broad energy
range of filled and empty states (with momentum conservation) to produce a broad
absorption spectrum, the emission process usually couples a narrow band of nonequi-
librium filled states with a narrow band of empty states, to give a narrow emission
spectrum. Therefore, a shoulder in the absorption spectrum can very well correspond
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to a narrow emission peak. Also, it is essential for the semiconductor to have a
nonequilibrium population in the higher-energy states to produce a spontaneous emis-
sion spectrum. Depending on how the nonequilibrium state is produced, we defined
different types of luminescence in Sec. 3.1.

The absorption and spontaneous emission spectra are related by the principle of
detailed balance as calculated by van Roosbroeck and Shockley. At thermodynamic
equilibrium, the rate of spontaneous photon emission Rg,(v) at frequency v in an
interval dv is given by

Rsp (v)dv = Pups(v)@(v)dv (3.84)

where P,ps(v) is the probability of absorbing a photon of energy hv per unit time,
and ¢ (v)dv is the radiation density of frequency v in an interval dv. This is obtained
from Planck’s radiation law (Appendix 4) as:

8 3.3
o)y = =2 T ! dv (3.85)

c? exp (}%';—) |
The absorption probability P(v) can be calculated in the following way. If the ab-
sorption coefficient of the photon is @(v) and it travels with a velocity v = ¢/n, in

the material with refractive index n,, then the mean lifetime of the photon is given
by 7(v) = l/w(v)v and the absorption probability is given by

e .
o a(v)y = ac(u)n—r (3.86)

Substituting Eqs. 3.85 and 3.86 into Eq. 3.84, we get
352

Pl) =

a(v)8rv

c? [exp(hv/ksT) — 1] ¥ 550

Ry (v)dy =

which expresses the desired relation between absorption and emission spectra. Sub-
stitution of Eq. 3.68 leads to
327 %k, (V)n2vt
vV
c3 [exp (hv/kpT) — 1]

Ryp(v)dv = (3.88)

The total emission rate per unit volume is obtained by integrating Eq. 3.87 over all
frequencies, or energies, as

8 2 knT 4 o0 3
s B 1 j RO (3.89)
0

cZh e — 1

where u = hv/kg?. Although derived for thermodynamic equilibirum, Egs. 3.87
and 3.89 express the fundamental relation between absorption and emission spectra
for any means of excitation. This formulation is valid for any transition between a
higher-energy and a lower-energy state. The relation between emission and absorption
spectra is schematically illustrated in Fig. 3.17.
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Figure 3.17 Schematic illustration
of relation between emission and
Photon energy——~ absorption spectra.

3.6.2 Stokes Shift in Optical Transitions

The Stokes shift is a difference in transition energy of the emission and absorption
spectra resulting from defects in the material and, in general, partial nonradiative
decay. The process can be understood with respect to the configuration coordinate
diagram shown in Fig. 3.18. The lower and upper curves represent the energies of the
lower and upper states of an optical transition as a function of distance that could be
the ground and excited states of an impurity atom, a host lattice atom, or a deep-level
trap. The point labeled 1 in the lower curve is the minimum energy, or equilibrium,
position in the ground state. Due to photon absorption of energy Aw;, an electron may
be raised to the point 2 in the upper state (Ak = 0), which is not the minimum energy
configuration. The displacement Ax of the excited state may be caused by the defect
or impurity potential. Therefore, the system relaxes to the state 3, which is at the
lowest energy. This phenomenon is usually termed lattice relaxation and a phonon is
involved. After living a mean lifetime the excited carrier returns to the ground state

£

| Figm 3.18_ Conﬁ_guratior}
I +x coordinate diagram illustrating the
X Stokes shift in a semiconductor.
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by radiative recombination at the point 4, which is again not the minimum energy
configuration. The energy of the emitted photon is Aw,. Therefore, the system relaxes
again with phonon participation to the point 1. Both optical and/or acoustic phonons
may be involved but usually optical phonons produce the largest change in energy
per unit displacement. The energy difference of the photon absorbed and emitted,
(hwy — hw,) is called the Stokes shift or Frank-Condon shift. This degradation of
optical energy arises directly from imperfections in the material or interfaces, such as
in a heterostructure or quantum well.

3.6.3 Near-Bandgap Radiative Transitions

3.6.3.1 Exciton Recombination. We have seen in Sec. 3.2.3 that electrons
and holes produced by the absorption of a photon of near-bandgap energy can pair
to form an exciton. Recombination of the electron-hole pair results in a narrow and
sharp peak in the emission spectra. The energy of the emitted photon is

ﬁw = gg == Eex (3.90)

where &, is quantized. In other words, in very pure crystals emission lines corre-
sponding to the ground state and higher-order states may be seen. The process is
shown in Fig. 3.19(a). In indirect bandgap semiconductors, a phonon needs to be
involved, in the transition for momentum conservation, as shown in Fig. 3.19(b).
Therefore, the probability of exciton recombination transitions is very low in indirect
bandgap materials.

In semiconductors with impurities—donors and/or acceptors—present, the free
exciton couples with the impurity atoms to produce bound excitons. Bound excitons
produce sharp peaks at photon energies lower than that of the free exciton. Also,
the linewidth of the bound exciton resonances are much smaller than that of the
free excitons—almost by a factor of 10. In most semiconductors, free and bound
exciton resonances are seen simultaneously in the emission spectra. Figure 3.20

% __.0\ k =0 Figure 3.19 Exciton recombina-
1

tion in (a) direct bandgap and (b)
(a) ) indirect bandgap semiconductor.
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Figure 3.20 Exciton-related
] ) N recombinations seen in the
Exciton region (1.6 K) photoluminescence spectrum of a
F 2R mWlem high-purity GaAs sample grown
by the hydride VPE process. FE
denotes free exciton and D° — X
(0'X) (D°X), and A° — X are neutral donor-bound
x10 and acceptor-bound excitonic
transitions, respectively. D' — X
denotes an ionized donor-bound
excitonic transition (from B.
8160 $180 00 = J. Skromme et al., Journal of
Electronic Materials, 12 (2), 433,
Wavelength (A) (©1983 IEEE).

Intensity

shows the low-temperature photoluminence spectrum of high-purity GaAs grown by
VPE. In addition to the free-exciton peak, a host of peaks attributed to excitons
bound to impurities and electrically active defects are seen in the energy range 1.4—
1.51 eV.

3.6.3.2 Band-to-Band Recombination. If the temperature of the sample
is high enough so that kgT > &, or if there are sufficient number of free carri-
ers in the semiconductor producing local fields to dissociate the exciton, then most
photogenerated carriers exist as separate electrons and holes in the bands. Most
of these free carriers live a mean lifetime and then recombine radiatively. In di-
rect gap semiconductors the process is complementary to the absorption process and
electrons recombine with holes with momentum conservation. The energy position
of the emission peak depends on the temperature and intensity of excitation. At
low temperature and low excitation intensity the recombination is characterized by
a single peak with the peak energy or the low energy cut-off at hw = &£;. As the
temperature or excitation energy is increased, electrons and holes are filled at higher
energies in the respective bands and these recombine to produce photons of higher
energy. In the emission spectrum this is seen as a temperature or intensity-dependent
tail on the high-energy side. Similarly, as the doping of the sample is increased,
the whole curve may move to lower energies due to bandtailing effects. Some ex-
perimental curves obtained for GaAs are shown in Fig. 3.21. One may wonder at
this point about radiative direct transitions involving the light-hole band that is at a
higher (hole) energy for k # 0. Since the hole mass is considerably lower in this
band, the density of states and transition probability is much lower, and therefore
transitions involving light holes are normally not seen in emission spectra of bulk
semiconductors.

In indirect bandgap semiconductors radiative transitions from the conduction band
to the valence band take place with the help of phonons to conserve momentum.
Usually the process of phonon emission is most‘likely and the probability of phonon
emission remains high even at very low temperatures.
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3.6.3.3 Donor-Acceptor and Impurity-Band Transitions. Intentional and
unintentional donor and acceptor levels in semiconductors give rise to radiative tran-
sitions. In this section we will restrict the discussion to shallow, hydrogenic donors
and acceptors, for which the energy of the emitted photons is close to the fundamental
bandgap. It may be remembered that in GaAs typical donor energies are between 4
and 8 meV and typical acceptor energies are between 25 and 40 meV. As in the case
of absorption, the energy of the emitted photon is given by Eq. 3.61. In general, the
donor-acceptor (D-A) transition gives rise to a broad peak in the emission spectrum.

The other important near-bandgap transitions are band-to-impurity transitions,
which are complementary to the absorption process. In semiconductors where the
donor and acceptor binding energies are nearly equal (due to equality of effective
masses), it is not easy to distinguish between the two types of impurity-band transitions
(donor-band and acceptor-band). In this case the conductivity type of the material has
to be known and the temperature of the sample is an important factor. For indirect
impurity-related transitions a phonon emission process is involved, and in this case
the emitted photon energy is given by hw = &, — & — &, where & = &p or &,.

It is important to know the difference in transition probability between the D-A
and impurity-band transitions, provided there are carriers available for both to occur.
These transition probabilities can be determined from quantum mechanical calcu-
lations, as outlined for the case of photon absorption in Sec. 3.2. The important
parameter is the carrier lifetime for the relevant process, which is crucial for the op-
eration of injection lasers. From these calculations one gets the impurity-band carrier
lifetimes of the order of several nanoseconds, while that for the band-to-band tran-
sitions varies in the range of several hundred picoseconds to one nanosecond. What
it amounts to roughly is that if there are electrons in the conduction band and donor
level, and there are holes in the valence band and acceptor level, the probability
of the band-to-band transition is approximately four times that of the impurity-band
transitions.

Donor-acceptor or impurity-band transitiohs can be selectively observed in the
luminescence spectra by causing selective occupation of the bandedge or impurity
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levels. This can be done by altering the temperature of the sample or by changing
the excitation intensity. Consider a GaAs sample that has both donor (£p =~ 5 meV)
and acceptor (€4 = 30 meV) impurities. At very low temperatures (~ 4°K) both
donor and acceptor levels are occupied with electrons and holes, respectively, and
the prominent peak seen in the luminescence spectrum is due to a D-A transition. If
the temperature is raised slightly, to 20°K, some of the donor atoms are ionized and
the electrons from these levels are raised to the conduction band. The acceptor level
will still remain filled with holes. A shoulder develops to the high-energy side of
the D-A peak in the luminescence spectrum, which corresponds to band-to-acceptor
te (B-A) transitions. As the temperature is raised, the B-A transition becomes more
prominent and the D-A transition is quenched. In fact, the energy separation between
the two peaks corresponds to the donor ionization energy. The D-A and B-A peaks
are schematically shown in Fig. 3.22. Selective occupation of donor levels and the
conduction bandedge can also be achieved at a fixed (low) temperature by varying
the excitation intensity. At low excitation (photon density) levels the D-A transition
is the prominent one. As the excitation intensity is increased, the conduction band is
filled with electrons and the B-A transition becomes more prominent.

%=
D-A D-A
T T

B-A
Figure 3.22 Schematic illustration
of the evolution of band-acceptor
and donor-acceptor transitions in
the PL spectra of a semiconductor

= Energy at varying temperatures.

As a concluding note, it should be mentioned that impurity-band transitions,
involving the impurity level closest to the bandedge, can give rise to low-energy
transitions. The transition energy corresponds to the impurity binding energy. Peaks
believed to be due these transitions have been observed in the far-infrared region of the
emission spectra of semiconductors. However, considering the transition probabilities
it is debatable whether such transitions are radiative or nonradiative. In other words,
instead of emitting a photon, single or multiple phonons may be emitted. In the latter
case the excess energy is dissipated as heat in the lattice.

3.7 DEEP-LEVEL TRANSITIONS

Deep levels in the forbidden energy gap of semiconductors essentially act as carrier
recombination or trapping centers and adversely affect device performance. Native
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defects in the lattice, such as vacancies, interstitial or substitutional impurities, or
impurity-vacancy complexes can give rise to deep levels in semiconductors. It is
generally believed that the excess energy of carriers recombining at these levels is
carried away by single or multiple phonons. They were therefore also called “killer
centers.” Some deep levels due to impurities and defects are, however, radiative.
Examples are Cu (0.18 and 0.41 eV) and Mn (0.10 eV) in GaAs, and a native defect
in the same semiconductor called the EL2 level, which has an energy of ~ 0.8 eV
below the conduction bandedge. Similar deep radiative transitions have been observed
in Al,Ga;_,As. It is important to realize that although a radiative transition is obtained
at an energy equal to the ionization energy of the deep level, such transitions constitute
a degradation of the radiative efficiency at near-bandgap energies. Also, it may be
noted that the Franck-Condon shift of deep levels increases as the ionization energy
of the level increases. This is because the increased localization of the carrier trapped
in the potential of the impurity leads to a stronger interaction with the surrounding
ions and therefore a larger lattice relaxation.

3.8 AUGER RECOMBINATION

Recombination via deep levels provides a nonradiative shunt path for the dissipation
of radiative energy corresponding to the bandgap. Another important nonradiative
process, which becomes important in heavily doped semiconductors, is Auger recom-
bination. The Auger process is a three-carrier nonradiative recombination process,
in which the excess energy released by the recombination of an electron-hole pair is
transferred as kinetic energy of a third free carrier, which is raised in energy deep
into the respective band. This carrier finally thermalizes back to the bottom of the
band. The various possible Auger processes in semiconductors containing excess elec-
trons and holes, are shown in Fig. 3.23. The carrier-concentration-dependent radiative
recombination rate leading to spontaneous emission can be expressed as

R(n) = An+ Bn*+Cn® (3.91)

In this equation the first term on the right accounts for Shockley-Read-Hall recombina-
tion at defects and traps and A = s, Ny. The second term accounts for spontaneous

Figure 3.23 Different possible
band-to-band Auger recombination
processes in a direct bandgap
semiconductor. Similar Auger
transitions are also possible

for impurity-band or D-A
recombinations.

-
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radiative recombination, and the third term accounts for Auger recombination, which
plays a significant role in the operation of junction lasers. It may be noted that the
second and third terms on the right-hand side of Eq. 3.91 are valid for a Boltzmann
distribution.

The efficiency of Auger recombination depends on the concentration of excess
carriers, which is proportional to (kgT/E,)** exp(—&,/kgT). Therefore, the rate of
the Auger process increases with increasing temperature and with decreasing bandgap.
Auger processes are more dominant in narrow bandgap semiconductors, and play an
important role in limiting the performance of junction lasers made with these materials.
It may also be noted that Auger recombination is, in a sense, the reverse of the impact
ionization process to be discussed in Chapter 8.

3.9 LUMINESCENCE FROM QUANTUM WELLS

If excess carriers are produced in a quantum well by any of the excitation techniques,
they recombine to produce a narrow emission peak. The energy position of this peak
is given by

ho = 8gw + Eo1 + Enm (3.92)

where &, is the bandgap of the well material and &, and &y are the electron and
hole subband energies, respectively. The density of states of the heavy-hole band
is much larger than that of the light-hole band, and therefore the heavy holes are
primarily involved in the recombination process, Remember that we are consider-
ing nonresonant excitation, in which an excess electron-hole population is generally
created in the barriers, from which they quickly diffuse and thermalize to the lowest
bound states in the well region. If resonant excitation is used, then radiative transi-
tions corresponding to the light-hole bands and higher-order bands can be seen in the
luminescence spectrum.

For very large well sizes (> 200 A), the luminescence spectrum begins to resemble
that of the bulk well material. As the well size is reduced, quantization effects become
important. At L, = 100 A for GaAs/AlGaAs quantum wells, for example, most of
the wavefunctions corresponding to the bound states are still confined to the well. For
smaller well sizes, a substantial part of the wavefunctions is in the barriers. Therefore,
for well sizes of 100 A or less, the luminescent properties of the quantum well are
determined by the quality of the well material, the perfection of the interface, and the
quality of the barrier material. In fact, the width of the luminescence spectrum can
be analyzed to understand the optical quality of the quantum well.

3.10 MEASUREMENT OF ABSORPTION AND LUMINESCENCE SPECTRA
The measurement of absorption coefficient of a semiconductor is schematically shown
in Fig. 3.24. Light from a variable wavelength light source, or monochromator, is

incident normally on the sample. The light is pagfly absorbed and the intensity of the
transmitted light is measured by a photodetector. The absorption coefficient a(hw) is
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Variable
wavelength
light
source

Detector

Figure 3.24 Schematic for
optical absorption (transmission)
experiment.

related to the relative decrease of light intensity, <, as it passes through the absorption
medium, according to

1 d3 ;
=— 3.93
*T78 dx )
or
a3
. (3.94)
dx
The solution to this equation is
S(x) = Jje™™ (3.95)

where ; is thie intensity of the incident light. If the sample thickness is d, then the
intensity of the transmitted light falling on the detector is

Sy = Ye™™ (3.96)

The value of @ will depend on the photon energy or wavelength. For a semiconductor
of bandgap &,, photons of energy ko < &, pass unattenuated through the sample and
@ = 0. As shallow impurity levels and the bandgap energy are approached, « begins
to increase and rises abruptly at bandgap energy. The threshold of the absorption
profile gives the value of &,.

Photoluminescence is the optical radiation emitted by a material (in addition to
the thermal equilibriurh. blackbody radiation) resulting from its nonequilibrium state
caused by an external light excitation. Three distinet processes take place to result in
the light emission from the system: (1) absorption of exciting light and thus creation of
electron-hole pairs, (2) partial radiative recombination of these electron-hole pairs, and
(3) escape of this radiation from the system. Since the electron-hole pairs are generated
by the absorbed exciting light, their highest concentration is near the illuminated
surface of the sample; the resulting carrier distribution is both inhomogeneous and
nonequilibrium. To regain homogeneity and equilibrium, the excess carriers will
diffuse away from the surface while recombining radiatively and nonradiatively. The
emitted radiation is subject to self-absorption; thus, it will not propagate far from the
emission region. Most of the ptocesses are therefore occurring in a region within
an absorption length of the illuminated surface, and the emitted light escapes mostly
through the nearby illuminated surface.
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A typical photoluminescence measurement system consists of an excitation source,
a variable-temperature cryostat and sample holder assembly, a high-resolution scan-
ning spectrometer, and a detection system; a schematic diagram is shown in Fig. 3.25.
The excitation source for most III-V semiconductors can be an argon-ion laser capa-
ble of delivering 0~15 mW of power at 5145 A. A narrow band interference filter is
used between the laser and the sample because of the rather intense radiation from the
argon plasma. The laser beam is typically focused to a 100-500 pm diameter spot on
the sample surface. By varying the laser power and using neutral density filters, it is
possible to vary the power density on the sample in the range 10-10° W/ecm?, In order
to get the maximum amount of information from the radiative relaxation process, it
is necessary to cool the sample to cryogenic temperatures. This is accomplished by
mounting the sample with cryogenic thermally conductive grease on a gold-coated
copper cold finger of a liquid He cryostat equipped with optical windows. A Lamber-
tian distribution of the luminescence from the sample is collected by a suitable lens
and is focused on the slit of a high-resolution scanning spectrometer with a resolution

M Mirror
Laser i

Interference
filter

1|3 Chopper

|
Focussing
lens
Lock-in amplifier
Photomultiplier
or
solid-state
detector
: Low temperature
cryostat
. / Focussing
lens
bl | (==
£ € =1
s
1.0m Color 7
Recorder Spectrometer  glags P
filter 7
P
-~
Laser beam

L)
Figure 3.25 Photoluminescence measurement system.
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~ 1-2 A. The laser beam is incident at an angle on the sample so that the reflected
beam does not go into the collecting lens. For GaAs and GaAs-based materials such
as AlGaAs a liquid nitrogen-cooled photomultiplier tube is used to detect the lumi-
nescence signal. For longer wavelength (smaller bandgap) materials, Ge and CdS
detectors are generally used.

3.11 TIME-RESOLVED PHOTOLUMINESCENCE

With intrinsic photoexcitation electron-hole pairs are generally created at energies
much higher than the bandgap and the luminescence arises in the semiconductor after
the following processes have occurred: (1) a rapid loss (in approximately 5-20 ps) of
energy of the excess carriers by emitting phonons, (2) thermalization of the carriers,
and (3) radiative and nonradiative recombination of the carriers. The recombination
process is characterized by the rate equation

dn n

e G - (3.97)
where n is the total number of excess carriers in the well and G is the generation rate.
The time constant 7 is related to the radiative and nonradiative time constants 7, and
7 by Eq. 3.10. Recombination times in bulk semiconductors can vary between 500
ps and a few nanoseconds. In quantum wells, a faster recombination of the electron-
hole pairs is observed, compared to bulk semiconductors, due to the enhanced overlap
of electron and hole wavefunctions. Typical recombination times, depending on well
width, are in the range 300-800 ps. The time resolved photoluminescence technique
is used to measure these times. Tunneling of carriers out of a2 quantum well through
the barrier will affect these recombination times. The tunneling rates will depend
on transverse electric fields, due to the change the latter causes to the shape of the
barrier, and these tunneling rates can be very high. Tunneling times as low as 100 ps
is observed for barriers ~ 50-100 A. Time-resolved photoluminescence spectroscopy
is useful to investigate all such dynamical processes in the temporal range of 10 ps
up to a few nanoseconds.

A typical time-resolved luminescence measurement system is similar to that for
steady-state luminescence, except in the excitation source and detection system. Ex-
citation is provided by 1-5 picosecond pulses from a tunable dye laser, Ti: sapphire
laser, or tunable color center laser depending on the material under test. These lasers
are usually pumped by a mode-locked Nd:YAG laser, which has a repetition rate of
76 MHz. Typical output power characteristics of this laser are 10 W average power,
100 ps pulse width. The output is frequency doubled in a KDP crystal, giving an
average power of 0.9-1.0 W. The dye laser cavity is folded into a Z configuration,
with cavity length equal to that of the Nd:YAG pump laser, so that its repetition rate
is also 76 MHz. The wavelength is tuned with a birefringent filter, which consists
of three flat and parallel crystalline quartz platgs placed inside the dye laser cavity _
at Brewster angle. The birefringent filter has low loss for linearly polarized light at i
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Figure 3.26 Arrangement for picosecond luminescence measurements with a
synchronously pumped dye laser and a synchroscan streak camera.

a particular wavelength. The laser output wavelength is tuned. The output power of
the dye laser or color center laser varies in the range 10-100 nW,

The Iuminescence from the sample is collected by a suitable lens and is focused
on the slit of a high-resolution auto-scan spectrometer. The analyzed spectrum is
detected by a streak camera with a typical temporal resolution of 10 ps. Figure 3.26
shows the operating principle of the streak tube, which forms the heart of the streak
camera. The light pulse to be measured is projected on to the slit of the streak
camera. The slit image of the incident light is focused on the photocathode of the
streak tube via a relay lens where the photons are converted into electrons. The
electrons are accelerated by the strong electrostatic field between the photocathode
and the mesh-electrode, and conducted into the deflection field beyond which they
are swept at high speed in a direction perpendicular to the slit length by applying
a deflection voltage synchronized with the arrival of the electrons to the deflection
field. The electrons are then multiplied in a microchannel plate (MCP) by a factor
of approximately 3 x 10°. Electrons exiting the MCP then bombard the phosphor
screen of the steak tube and are converted to the optical image (called “streak im-
age”). As a result of this structure and the swegping system used, the time at which
electrons were released from the photocathode surface can be determined by their
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deflected angle (vertical position on the phosphor screen). Therefore, the time axis
of the incident light corresponds to the vertical axis on the phosphor screen, and
the intensity of the incident light can be determined by the density of the streak
image. Since it is necessary that the timing of the high-speed deflection is syn-
chronized to the arrival time of electrons at the deflection field, part of the incident
light is usually focused onto a PIN photodiode to generate a trigger signal for the
sweeping. Typical time-resolved luminescence data obtained from measurements on
GaAs-AlGaAs multiquantum wells are shown in Fig. 3.27. The excitation energy
is above the conduction bandedge of the AlGaAs barrier. The excess carrier there-
fore quickly reach the well. This contributes to the observed rise time. The decay
time reflects radiative and nonradiative recombination in the well and some tunneling
into the barriers. The different dynamical processes for electrons are illustrated in

Fig. 3.28.

Figure 3.27 Temporal profile of
the low temperature luminescence
(T = 10°K) intensity from a

15V 100 A GaAs quantum well with
ot 50 A Aly3Gag, As barrier at
- P 10V T different applied biases due to
{ photoexcitation with 10 ps optical
pulses of energy higher than the
AlGaAs bandgap. The decay times
are proportional to carrier tunnel
rates from the quantum wells (N.
Debbar, Investigation of Optical
Praperties of Quantum Wells for
; : Optoelectronic Device Applications,
0 500 1000 Ph.D. Thesis, University of

Time (ps) Michigan, 1989).
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Figure 3.28 Carrier dynamics in a
/—\ 3 quantum well upon photoexcitation
) at an energy above the AlGaAs
\ bandgap. The different processes

are (1) drift and diffusion,
(2) thermalization in the well by
\ phonon scattering, (3) thermionic
5 emission, (4) tunneling, and
(5) radiative and nonradiative
' recombination. Photoexcited holes
AlGaAs GaAs AlGaAs  undergo the same processes.
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PROBLEMS

3.1 An n-type sample of GaAs has 10" cm™ electrons in the conduction band
in equilibrium. Intrinsic photoexcitation is used to create 10?° cm—3.s7!
electron-hole pairs in the sample and the radiative lifetime is 1 ns. As-
suming that there is no nonradiative recombination in the sample, find the
energy position of the hole quasi-Fermi level in the energy bandgap un-
der photoexcitation conditions. Comment on the position of the electron
quasi-Fermi level. (Remember that under steady state conditions, Eq. 3.9
is valid.)

3.2 Absorption data taken from the literature for Ge at 300°K and 77°K are
given in Fig. P3.2. Analyze the 300°K data to obtain the value of the
direct bandgap, the indirect bandgap, and the phonon energy participating
in the indirect transitions. Which category of phonons participate in these
transitions?

Absorption coefficient (cm ™)

IO_ 1 1 1
0.6 07 0.8 0.9 1.0

Photon energy (eV) Figure P3.2

3.3 Alternate multiple layers of #(5 x 10'® em™) and p(5 X 10'*.cm™3)-type
GaAs, each 500 A thick, are grown by molecular beam epitaxy. What
does the band diagram of this composite material look like? What are its
special properties? What will the absorption and luminescence spectra of
the modulated structure look like? Comment on its radiative lifetime.

3.4 Photons with an energy hiw slightly less than the bandgap &, are incident
on a semiconductor material. Can an absorption edge spectrum still be
obtained? If so, mention the mechanisms by which this might be possible
in the case of a direct bandgap semiconductor and an indirect bandgap
semiconductor,

3.5 Intrinsic light is incident at one end of a 10-cm-long semiconductor sample.
If 15% of the light incident on the sample?s absorbed per centimeter,

Vizio EX1016 Page 0059



154 CHAPTER 3 Optical Processes in Semiconductors

calculate the fraction of the incident light that is transmitted through the
sample and the absorption coefficient of the material.

3.6 Discuss, with figures, the process of electroabsorption in bulk semiconduc-
tors, multiquantum wells, and superlattices. Remember that in the last case
the quantum wells are coupled (thin barriers).

3.7 Derive Eq. 3.68.

3.8 From the data of Fig. 3.11, calculate the bandedge emission spectrum for
GaAs at 300°K.

3.9 As we shall see in Chapter 11, the refractive index n, is uniquely defined for
transverse electric (TE) and transverse magnetic (TM) mode propagations.
In fact, n/® — nT™ = An, is directly proportional to the electro-optic
coefficients of the crystal. By approximating the heavy-hole and light-hole
excitonic resonances in the absorption spectrum of a semiconductor as 8-
functions, show that An, is directly related to the energy (€ — Enp)-

3.10 Discuss and illustrate the changes in the luminescence spectrum of n-type
GaAs (Np = 10" cm™3) at 4.2°K when

(a) the donor density is gradually increased
(b) when the compensation in the sample is gradually increased

3.11 Calculate the value of « for direct allowed transitions in InP at 2°K. Does
this value agree with the data of Fig. 3.11 after taking the temperature
dependence of bandgap in account?

3.12 Derive the relation between the real and imaginary parts of the complex
refractive index and the conductivity o.
[Hint: You need to start with Maxwell’s equations.]

3.13 Describe, with diagrams, the following processes:
(a) Auger recombination
(b) Shockley-Read-Hall recombination
(¢) radiative recombination
How would you minimize the rates of each of these processes?

3.14 Derive Eqgs. 3.80 and 3.81.
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4.1 INTRODUCTION

At the present time, p-n junctions have wide applications in the design and realization
of a host of electronic devices. This is because these junction diodes can, like vacuum
tubes, perform functions such as rectification and switching. When incorporated in
a bipolar transistor, amplification can be obtained. It will be seen in the following
chapters that p-n junctions are also crucial for the operation of most optoelectronic
devices. For example, in a photodiode, photogencrated carriers are separated and
collected by a reverse bias. In a solar cell, the photogenerated carriers create a short-
circuit current or an open-circuit voltage. In lasers and light-emitting diodes a forward
bias is used to inject and create a nonequilibrium population of minority carriers, which
then recombine radiatively with majority carriers. This chapter will therefore outline
the basic principles of p-n junctions in their simplest form as anisotype homojunctions.
The latter usually signifies a junction formed by the same semiconductor doped n-
and p-type in different regions. Two other kinds of junctions have assumed roles
of great importance in present-day devices. These are metal-semiconductor junctions
and heterojunctions. A heterojunction is formed with two dissimilar semiconductors
(unequal bandgaps), which can be either of the same doping type (isotype) or of the
opposite doping type (anisotype). The basic principles of these junction will also be
outlined in this chapter.

4.2 P-N JUNCTIONS

The simplest semiconductor junction diode is formed by “bringing together” a p-type
and an n-type semiconductor. The subject of p-n junctions has been extensively treated
and widely discussed in a number of texts. Therefore, only the aspects relevant to
optoelectronic devices will be described here. These are junction formation, electro-
static properties, and current voltage characteristics. Also of importance are practical
graded junctions and the case of high-level injection.

4.2.1 Junction Formation

The three common techniques of junction formation at the present time are epitaxial
growth, diffusion and ion implantation. The principles and techniques of epitaxial
growth have been outlined in Chapter 1. As an example, to form a GaAs p-n junction
by liquid phase epitaxy (LPE), an appropriately doped substrate is moved successively
over melts that have dissolved dopant species, usually in their elemental form. Typical
n- and p-type dopants for GaAs and AlGaAs are Te and Zn. To have n-type GaAs
the Ga-rich growth melt is nearly saturated with As and has an appropriate amount
of Te, whose incorporation may be described by

Te(l) + Vas = Te(s)" + e~ , @&1)

In this reaction Te reacts with an As vacancy in the liquid phase to give an ionized
substitutional donor on an As site, Te(s)*, and a free electron. The amount of Te to be
dissolved in the melt to obtain the required doping density is determined by the solid
solubility isotherm, which is independently determined by measuring dopant concen-

Vizio EX1016 Page 0064



158 CHAPTER 4 Junction T

heory

trations in the liquid phase (at a constant temperature) and in the solid crystal. The dis-
tribution coefficients of Te in GaAs as a function of temperature are shown in Fig. 4.1.
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Figure 4.1 The distribution
cocfficient of Te in GaAs as a
function of temperature (from

H. C. Casey and M. B. Panish,
Heterostructure Lasers, Part

B: Materials and Operating
Characteristics, copyright ©
1978. Reprinted by permission

of Academic Press, New York).
The data points are adapted from
H. C. Casey, Jr. et al., J. Phys.
Chem. Solids, Pergamon Press, 32,
571-580, 1971 and C. S. Kang and
P. E. Greene, Gallium Arsenide:
1968 Symp. Proc., 18, Inst. of
Physics and Phys. Soc., London,
1969.

The incorporation of dopants during molecular beam epitaxy (MBE) is achieved
by co-evaporating the dopant species, usually in elemental form, with the main flux
species. In the case of GaAs, for example, a p-n junction is realized from effusing
fluxes of Ga, As, Si(or Sn) (n-type), and Be (p-type). The appropriate dopant cells
can be shuttered on or off to form the junction. The effusion cell temperature and
dopant flux are decided by the equilibrium vapor pressure curve of the dopant species.
Figure 4.2 shows the measured p-type concentration due to Be doping in GaAs as a
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Figure 4.2 Hole concentration
versus Be oven temperature for
GaAs layers grown by MBE.
The solid line represents the Be
equilibrium vapor pressure curve
(from M. Ilegems, Journal of
Applied Physics, 48, 1278, 1977).
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function of Be cell temperature. The data agree fairly well with the Be vapor pressure
curve, also shown in the same figure, indicating a unity incorporation coefficient.
Most dopants exhibit similar behavior. Similarly, in organo-metallic vapor phase
epitaxy (OMVPE), the dopant source, usually in the form of a liquid, is vaporized
and introduced to the reaction mixture by hydrogen carrier gas. n- and p-type materials
are obtained by switching the dopant flows on and off by mass flow controllers.

A mention should be made regarding the abruptness of junctions obtained by
the three epitaxial techniques. In liquid phase epitaxy there is an inherent formation
of a compensated region around the metallurgical interface due to melt dissolution,
creating a doping profile shown in Fig. 4.3(a). Very abrupt junctions, as shown in
Fig. 4.3(b), can be obtained by MBE, since the fluxes are terminated by mechanical
shutters. Similarly, abrupt junctions can be obtained by OMVPE with mass flow
controllers and concurrent pumping to avoid memory effects in the gas lines.

tp-nl
p n
2 x
!‘ 0
k
[ @
F p Ip-nl n
f
0 X
Figure 4.3 (a) Nonabrupt doping
profile created near the junction
by melt dissolution and (b) abrupt
3 doping profile created by MBE or
: (b OMVPE.
i‘_ Diffusion of impurities is a common technique of doping in semiconductors, more

0 in Si than in III-V semiconductors. Compound semiconductor solar cells and the
heavily doped contact regions of lasers are commonly formed by the diffusion process.
Diffusion is a thermally activated random motion process, characterized by a diffusion
coefficient, D. The values of D for common impurities in GaAs are shown in Fig. 4.4.
The process of diffusion doping involves the substitution of a host lattice atom by
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the impurity atom. In other words, the lattice atom has to move from the lattice site
to make room for the diffusing impurity atom, which is until then in a nonlattice or
interstitial site. This substitution typically involves an energy barrier of 1 eV and
therefore temperatures around 1000°C are necessary to complete the diffusion process
in a time of 1 hour or so.

There are two types of diffusion processes, determined by the amount of source
(impurity) atoms. In essence there are correspondingly two types of boundary condi-
tions and two types of solutions to the diffusion equation (Fick’s second law):

oN 92N
S e J
ot dx?
where N is the concentration of the impurity. In the first, limited source diffusion, a
fixed quantity of the impurity species is deposited in a thin layer on the wafer surface.

This is modeled as an impulse function with the magnitude equal to the dose Q. The
solution is given by the Gaussian distribution:

N(x, 1) = (0/v/= D) exp [—(x /2«/5)2] “4.3)

4.2)

which is illustrated in Fig. 4.5(a). With increasing time, at any fixed temperature,
the diffusion front moves into the wafer with a corresponding decrease of the surface
concentration so that the area under the curves (dependent on the dose) remains
constant. The second type is constant source diffusion or error function diffusion,
where the impurity concentration is constant ovey time. In other words, an unlimited
supply of dopant species is provided. Under this boundary condition the solution to
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107 1 2 3x10%  Semiconductor Theory and Device
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the diffusion equation is given by
N(x,t) = N, erfc (x/2+/Dt) (4.4)

where N, is the impurity concentration at x = 0 (wafer surface). This solution is
illustrated in Fig. 4.5 (b), where the impurity profile moves deeper into the wafer with
increasing time, increasing temperature, or a combination of both. As an illustration,
the impurity concentration profile, formed by either type of diffusion, and the net
concentration profile of a p-n junction formed by diffusing acceptor impurities into
an n-type wafer are shown in Fig. 4.6. At any given temperature, the upper limit
to the amount of impurity that can be absorbed by the wafer is called the solid
solubility limit for that species. Also, it should be remembered that at these high
doping concentrations, only a fraction of the dopant species is electrically active (i.e.,
they are in substitutional lattice sites).

The third common technique of junction formation is ion implantation in which
high-energy ions are projected onto the wafer surface. This technique of doping is
more commonly used for the fabrication of electron devices such as metal-semicorni-
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Impurity concentration
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| Figure 4.6 (a) Diffusion profile ;

: N, of acceptor species into an n- :

| type semiconductor and (b) the 1

g corresponding free-carrier profile ,
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of the p-n junction. The point x;
corresponds to the metallurgical
(b) junction.

ductor field-effect transistors (MESFETs). It is also useful for dopant species that .
have very low vapor pressure and therefore cannot be effused during MBE. The
ions are directed in a nonchanneling direction to ensure that their collision with the
host lattice and their energy determine the average penetration depth, also called the
projected range. A typical ion-implanter consists of a source chamber, accelerator, !
mass separator, and target chamber. The implant profile obeys a Gaussian law. Typical
implant profiles for the case of single and multiple implants are shown schematically
in Fig. 4.7. The latter is used for obtaining large junction depths with a uniform doping
profile. The damage caused by the high-energy ions during implantation makes the

A

Figure 4.7 Schematic represen-
tation of implantation profile of
dopant species in a semiconductor
for (a) single implant and (b)
multiple implants at successively
Distance from surface Distance from sucface , higher energies. The typical range
(a) (b) of energies in GaAs is 50-200 keV.

Impurity concentration
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material almost amorphous. To restore single crystal behavior, the implanted wafer is
usually annealed, typically at temperatures ranging from 700° to 1000°C for periods
ranging from 1/2 to 1 hour. Presently a technique of flash lamp annealing is also
used in which the wafer is annealed at 1000°~1100°C for a few seconds in an inert
atmosphere with or without encapsulation. A last point to note is that for most device
fabrication, diffusion or implantation is done through on oxide mask to delineate the
device area.

4.2.2 Electrostatics of the p-n junction: Contact Potential
and Space Charge

A p-n junction is schematically shown in Fig. 4.8, which also depicts the equilibrium
impurity concentrations and carrier densities in the n- and p-type semiconductors.
The p- and n-type semiconductors have large concentrations of free holes and free
electrons, respectively. Once they are joined, there is a large concentration gradient
of holes from the p- to the n-side across the metallurgical junction and vice versa for
electrons. Diffusion of free carriers takes place by virtue of this gradient. There are,
however, two important points to take note of. First, we are dealing with the diffusion
of charged particles, and second, electrons leaving the n-region leave behind positively
ionized donor atoms and similarly holes leaving the p-region leave behind negatively
ionized acceptor atoms. There is therefore the formation of two regions, consisting
of immobile charge of opposite types, on the two sides of the metallurgical junction.
As carrier diffusion proceeds, the extent (length) of these regions increases. The two

c — —— . e e

|
|
I

(a)
In(p,n)
! 1 1
: e I
i_ FO | 1 nNO
1 1
| | Figure 4.8 Electrostatics of the
] I T p-n junction: (a) formation of
Tim—] I NO depletion region, (b) majority and
l« PO Y . . ali -
I 1 minority carrier densities in neutral
—;c 0 ;(n X region, (c_) space charge density,
P \ (d) electric field profile, and
(b) (e) potential profile.
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(e) Figure 4.8 (continued)

regions of immobile charges result in an electric field, which is directed from the
positive charge toward the negative charge. As this field builds up, it opposes further
diffusion of carriers across the junction. In essence, the electric field generates drift
currents of electrons and holes that exactly match the corresponding diffusion currents
in equilibrium. This is consistent with the fact that under equilibrium conditions, with
no applied bias, there is no net current flow. In equilibrium, the ionized region
consisting of positive and negative charges on opposite sides is called the depletion,
space charge, or transition region. The total depletion layer width W =x,, +x,,, where
x, and x, are the space charge layer thicknesses in the two regions. The extent of
the depletion region on each side is inversely dependent on the doping on that side.
As a typical example, in GaAs doped with n = 10" cm™3, the space charge region
is approximately 0.4 pm thick.

The built-in electric field is 2 maximum at the junction and goes to zero at the
edges of the depletion region on both sides. By virtue of this electric field E a
potential gradient develops, according to

3 Ve = — f Edx 4.5)

TR
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The bands bend in the depletion region by an energy gV, and this is called the
contact or built-in potential. Looking at the picture simply, majority carriers diffusing
due to contact formation are finally prevented from doing so because they cannot
surmount this energy barrier. It is important to remember that minority carriers can
easily go down the potential hills to the opposite sides, but these two components,
due to electrons from the p-side and holes from the n-side, must exactly balance
the majority carrier diffusion currents under equilibrium conditions. We are initially
assuming an abrupt junction, in which a step change in impurity type occurs at the
junction. Referring to Fig. 4.8, and the Gauss law, it follows that

qNaxp = qNpx, = €;6,E (4.6)

where €, is the static diclectric constant of the semiconductor and N4 and Np are
the doping densities on the p- and n-sides respectively. Also, full ionization of the
dopants are assumed for this analysis. Equation 4.6 signifies that the total ionized
negative charge per unit area on the p-side must be equal to the total ionized positive
charge per unit area on the n-side, and this is known as the depletion approximation.
From Poisson’s equation for the abrupt junction,

&V _ dE g

+ —
“IE T I S o PO -r@ NN -NiW] @D
Therefore,
d*v
~f ot Ny bexza 4.8)
X 6360
and
d*v
wE o Aoy n <0 (4.9)
x €€,
Upon integration, the electric field profile is given by
N
EG) = 220 — x,) (n-side)
6360
; N
:l ey e x +xp) (p-side) (4.10)
6_;60
- Integrating Eqs. 4.8 and 4.9 twice gives
¥ x2
1 Vx)=E —— 4.11
E (x) = Ey ( Zw) (4.11)
where Ej is the maximum field at the junction. From Eq. 4.11, the contact potential

distribution is obtained for different values of x, as indicated in Fig. 4.8, as
GNa

Vix) =.— 5 -sid
(x) ey (xp +x) (p-side)
N r
= 30D 2  (n-side) 4.12)
2€,€,
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and it follows that

Vi = ——— [Nax? + NpxZ] (4.13)

2¢€,¢,

At the metallurgical junction,

_aNax; _ gNpax;

= (4.14)
2€,.€, 26.€,

Vix) =

4.2.2.1 The Built-in Voltage. In equilibrium, when there is no further move-
ment of carriers and the built-in voltage Vj; is established, the electron and hole
currents have to be zero. That is, the drift and diffusion components of current for
both electrons and holes must cancel. From the current density equations (Eq. 2.139),
neglecting generation and recombination processes in the relatively thin depletion
region,

dn
e — gE Dg_ = 0
Je=q (nu + dx)

dp
= —Dy—1=0 4.15
Jh=4q (PM;E hdx) (4.15)

where, carrier flow is assumed in the x-direction. For zero net hole current, £ = % gg
and remembering Eq. 4.5, we get

Dy 1

Viiee = — [ —dp (4.16)
Kun J P
At any point x,
D )
—-V(x) = prne [In p|2s (4.17)
Thus,
D
Vi 2Ky WEC 4.18)
Mo Pno
Using the Einstein relation, Eq. 2.138,
kgT
Vi =2 ("—P‘l) (4.19)
q PNo
Similarly, starting with the equation for electrons,
ksT .
Ve lh ("”—0) (4.20)
q Rpo
from which it follows, "
npopPrPO =NNOPNO 4.21)
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The quantities in Eq. 4.21 represent equilibrium majority and minority carrier con-
centrations on both sides of the junction. Since in equilibrium the relation n,p, = n?
holds, Eq. 4.19 or 4.20 may be rewritten as

ksT :
W = ’; In("”opm) (4.22)

2
n;

Again, assuming full ionization of the dopant impurity levels on either side (i.e.,
pro = N4 and nyo = Np), one gets the familiar form,

Vi = k‘z E i (N"N 2 ) (V) (4.23)

n?

In this equation Vj; is expressed in terms of known and measurable parameters of
the materials forming the junction. The energy band diagrams of p- and n-type
semiconductors and a p-n junction are depicted in Fig. 4.9(a).

e W —=i

Figure 4.9 Energy band diagrams
of a p-n junction (a) in equilibrium,
(b) under forward bias, and (c)
under reverse bias. The quasi-Fermi
levels for the last two cases are also
shown.

An alternate and simple way of deriving an expression for Vj; is as follows. For
Fermi energies in the n- and p-type materials much larger than kg7, the Boltzmann
distribution function is valid. Assume the equiliprium majority and minority concen-
trations in the n- and p-sides to be nyo, pno, and ppo, pyo, respectively. Then with
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respect to Fig. 4.9(a),

gV =& —(Ec—Ep) —(Er —Ev) (4.24)
It follows from Eqs. 2.78 and 2.79,
aVir =Ei kT T2 4ieuT 1n 222 (4.25)
Nc¢ Ny

Again, substituting for the first term on the r.h.s. from Eq. 2.83,

NeNy nyo pPro
Vie = kgT [ In In In
q bi B ( n? + NC + Nl,.r‘

1}

— k3T In (710)

;

N ND) (4.26)

== g T 1n( "2
which is of the same form as Eq. 4.23. It is obvious that as N4 and Np tend to n;, Vj;
tends to zero. On the other hand as N, and Np increase, Vp; increases to a maximum
value very close to the bandgap energy £, under equilibrium conditions.

Finally, a simple way to look at the formation of the potential barrier is to consider
the motion of the carriers themselves, when the junction is formed. Holes diffusing
from the p-side leave it negatively charged, thereby raising all energy levels. Similarly,
electrons migrating in the opposite direction cause all levels in the n-type material to
be lowered. As a consequence, the potential hill of height V}; is formed. From the
energy levels shown in Fig. 4.9(a) and the Boltzmann distribution it follows that

nyo = Ne exp [—(E — Er)/kpT] (4.27)
and
npo = Nc exp [— {(Eg + qViu) — Ep} [ksT] (4.28)
Therefore,
nyo q Vi
ol o I 40 4.2
Rpo Xp (kgT ) ( 9)
or - .
ksT
Vo = CBo m(”—"ﬁ) (4.30)
q Rpo

which is of the same form as Eq. 4.20.

4.2.2.2 Depletion Layer Width. With respect to Fig. 4.8, in the space charge
region where Poisson’s equation is valid, the space charge density is equal to gNp
and ¢ N, on the n- and p-sides, respectively. Outside the depletion region, in neutral
material on either side, the space charge density is zero. For an abrupt junction, the

maximum electric field Ey; is given by
L3

€s€oEy =qNp X, = qNax, (4.31)

Vizio EX1016 Page 0075



Sec. 4.2 P-N Junctions 169

The area enclosed by the electric field profile is the built-in voltage, Vj;, which can
therefore be expressed as

E
V| = -Zﬁ(xn +x,) (4.32)
It follows that
W=x,+%;
2e5¢, 1 1
= i | 433
J p ( Ny NA) |~ Vil (4.33)

If Ny > Np, as in a one-sided step junction,

' — 2¢,€, 1_%;
, gNp

Similarly, for Np > Ny, Np is replaced by N4 in the denominator of Eq. 4.34.
Hence, the depletion layer extends more into the side with the lower doping. The
variation of W with doping in Si, Ge and GaAs one-sided abrupt junctions is shown

4.34)

TR et

in Fig. 4.10.
4
E
1.50 T T
;
1 1.00
: g
B
g
= 0.50 Figure 4.10 Depletion layer width
a of n*-p junction for GaAs, Si, and

Ge vs. the acceptor density at zero
external bias. The donor density in
the n* region is 5 x10'7 em™ and

" e e T = 300K (from M, Shur, Physics
of Semiconductor Devices, Prentice
Acceptor concentration (cm ™) Hall, Englewood Cliffs, NJ, 1990).

Until now we have assumed the depletion approximation to be true. In other
words, the free-carrier densities abruptly end as step functions at the depletion layer
boundaries on both sides. In practice, the free carriers have distributions as shown
in Fig. 4.11, which in turn produce a space charge distribution at the depletion layer
edge. For example, on the n-side, the space charge density is given by ¢[Np —n(x)]
instead of g Np. A similar equation holds for the p-side. As a result, it can be shown
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:I:; or Figure 4.11 Space-charge
dmﬁy distribution in a p-n junction with
large free-carrier densities.

that (Problem 4.5)

2¢,€, ZkBT)
W= Voi —
\/qNs ( . q

qui
= I, —2 "
D2 ( kT ) (4.35)

where Nz = Np or N4 and Lp is the Debye length given by Eq. 2.114. The effect
is therefore also called Debye tailing.

EXAMPLE 4.1
Objective.  To calculate the extent of the depletion region on the n- and p-sides of an abrupt
p-n junction in terms of the total depletion width W and the doping densities N4 and Np.

From Eq. 4.31 it follows that

% = E};\r"_i_u 5, = -":i” (4.36)
The total depletion layer width
W=x.4%
_ %E*i (Fv% 4 NLA) 437)
It follows from Egs. 4.36 and 4.37
WN, WNp

Xy = ————, X, = 4,38
Ny+Np' ™° W4+ Np k)
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4.2.2.3 Junction Capacitance. The depletion layer of a p-n junction can be
viewed as a parallel plate capacitor with its capacitance given by

€56, A

C= :
W (4.39)
where A is the junction area and W is the depletion-layer width. Using Eq. 4.33,
€s€,A
C = ==l 7 (4.40)
[3%6'1 (Voi — Va) ﬁ;&;%:[

where V, is the applied bias. For an asymmetric junction where N4 > Np,
€€, A

2e,€ 12
[;ﬁ;" (Vi — Va)]

Ca

(4.41)

These equations represent the bias dependence of the capacitance of a p-n junction.
Eq. 4.41 can be rewritten in the form

1
C2  gese,NpA?
Therefore, a linear plot of 1/C? versus V, can be obtained from direct measurements.
The slope of this line is inversely proportional to the donor concentration Np in a
p'-n junction, and its intercept on the voltage axis gives the value of Vj;. There are

other techniques, however, to determine the built-in voltage of a junction, such as
current-voltage and photoemission measurements.

(Vei + Va) (4.42)

EXAMPLE 4.2 :
Objective. To show that the peak field E,, is determined by the doping density of the
lightly doped side of a p-n junction.

From Eqgs. 4.34 and 4.38

2¢,6,V s
€5€0 Vi 1
R 23 4.43
l: gNp (1+ND/NA)} s
For a p*-n junction in which N, > Np,
~ (zeseovbi)uz
Xn = —
gNp
and
EM = 4 NDIH
Es€p
1/2
2qVyN
_ (Lu) )
€€,

Therefore, for N4 3> Np, E,z is proportional to N g 2. A similar result holds for a nt-p junction,

1
where EMcoNd"z. 3
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4.2.3 Current-Voltage Relationship
There are four components of current that can flow across the junction. These are |
P P T and JPT" Jy TP and JPTT are due to thermal generation of
minority carriers (electron-hole _paus) that travel down the hill by drift motion. J; "
and J2' 7 depend on the injection of majority carriers to the opposite side and their
subsequent diffusion and are therefore exponentially dependent on applied bias. Under |
equilibrium conditions, the electron and hole currents must exactly balance. Thus, |
p-—m Jﬂ > p and Je e ep—rn'

4.2.3.1 Junction under Forward Bias. Equilibrium is established at zero
bias due to formation of a potential barrier, which restricts the motion of majority
carriers. For any net current to flow, the barrier height Vj; has to be reduced, and
this is achieved by applying a forward bias to the junction. A bias V, applied to
the diode will almost completely drop across the depletion region because of its high
resistivity. So the effective bias across the depletion region for a forward bias V; is
(Vi — V¢) and the width of this region is also reduced. (Vi; — V) is defined as the
diffusion potential V. The band diagram of a forward-biased junction is shown in
Fig. 4.9(b). Current flows across the junctions as drift and diffusion currents are no
longer balanced. Majority carriers become minority carriers upon crossing to the other
side. It is the change in the minority carrier density on both sides that is significant.
The majority carrier densities are hardly affected. The diffusion of carriers cause
excess minority carrier densltles dn(x) and dp(x) on the p- and n-sides, respectively,
as shown in Fig. 4.12. These excess carrier densities can be determined from a solution
of the appropriate continuity equation (see Eqs. 8.59-8.62), governing the transport of

minority carriers. For example, for holes in the n-side, this equation at steady state, '
log (n, p)
pPO
n
NO

Figure 4.12 Injected carrier
densities in a forward-biased
X junction diode.
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neglecting drift, is of the form

= d?
E=Ferly” Ol (4.45)
Th dx2

where p, is the equilibrium concentration and 7, is the hole recombination lifetime
in the n-region. The solution is of the form

8p(x) = 8p, e/ (4.46)

where L, = «/73 Dy is the diffusion length for holes and 8py = 8p(0) is the excess
hole density at the edge of the depletion region. With applied forward bias there is
injection of both majority and minority carriers across the junction. With reference to
Fig. 4.12,

pvo = ppo e 9VulkaT (4.47)

which signifies that the minority carrier density in one side of a junction is given
by the majority carrier density of the other side and the built-in potential. In the
following it is assumed that the depletion regions on both sides of the junction have
negligible width compared to that of the neutral regions. The minority carrier density
pn(0%) at the edge of the depletion region on the n-side is given by

pn(0%) = pyo e?V1/HT (4.48)
By substitution of Eq. 4.47,
pn(0Y) = ppo e 1 Vu=Vr/kaT (4.49)
Therefore, the excess minority carrier density at the edge of the depletion region is
5p(0) = pn(0") — pyvo = po (27747 1) (4.50)
and from Eq. 4.46,
8p(x) = pyo (74T — |y >/t (4.51)
The diffusion current resulting from these excess carriers is given by
d
Jp(x) = —qDy 3*-31?(2:) (4.52)
x
At the origin, or the edge of the depletion region,
D ;
3(0) = Ji(0%) = L570E (ke ) (4.53)
h
Similarly, the current resulting from the diffusion of electrons on the p-side is
D
J0) = J.(07) = g—f”—‘i (e2%/keT — 1) (4.54)
e
And the total current due to forward bias injection is then
D n
J=J(ON + J.(00) = g ( "f""" £ *D‘L ”0) (e?Vr/keT _ 1) (4.55)
h e
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It is important to note the following. First, Jy(0") = J/~" — J; 7%, and J,(07) =
J. 7P — JP7T. Second, that the prefactor in Eq. 4.55 before the exponential term is

e

made up of parameters related to minority carriers.

4.2.3.2 Junction Under Reverse Bias. The band-bending in the junction
under reverse bias is shown in Fig. 4.9(c). Again, the applied bias V, drops almost
entirely across the depletion region. The potentials on the p-side are raised and those
on the n-side are lowered, resulting in a potential hill of increased height (Vy; + V,),
which is now the diffusion potential V;. Consequently, the depletion layer width is
also increased. In terms of Eq. 4.55 above, if Vy is replaced by —V, and | V| is large,

Je—g (D"p’”’ + D“’n”") = (4.56)
Ly L

where J; is termed the reverse saturation current of the diode. In terms of drift
and diffusion current components, J; = J,:' TP 4 JP7". Tn other words, the reverse
saturation current is composed of the drift current due to the thermally generated
minority carriers across the depletion region. The injection of majority carriers and
the associated diffusion currents are negligible, due to the large potential barrier. The
current-voltage relation of a diode can therefore be expressed as

Jime iy (eI BF = 1) (4.57)

where V, is the applied bias. Typically, for |V, | larger than a few millivolts, J = — J,.
A typical current-voltage plot of a p-n junction is shown in Fig. 4.13(a). The following
may be noted about the current-voltage characteristics. Under forward bias greater
than a few millivolts (usually > 3k T')

J = ], ¢?ValkaT (4.58)

An ideality factor ny is usually incorporated in the exponent as
J= 7 eqvaf"fkn'f (459)

For an ideal diode ns should be close to unity. Due to recombination and generation
processes in the depletion region of real diodes ny > 1. In fact, at low applied biases,
ny is usually larger than unity. Also, for large forward biases, there is a saturation
effect, shown by the dashed line in Fig. 4.13(b), in the characteristics of real diodes.
This is due to ohmic losses due to the finite resistance of the neutral n- and p-regions.

EXAMPLE 4.3
Objective. To find the electron current in the n-type region of a p-n junction under forward

bias.

The total junction current / is given by Eq. 4.55. The hole current on the n-side is obtained
from Eqs. 4.51 and 4.52 as

D !
hx) = qAT proe T (et/hT — 1) (4.60)
h

Vizio EX1016 Page 0081



Sec. 4.2 P-N Junctions 175
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%« Generation Figure 4.13 Schematic represen-
log s recombination tation of (a) diode current-voltage
Ve characteristics and (b) forward-bias
current-voltage characteristics in
(b) detail.

Therefore, the electron current in the n-region is

Lx) = I=1{x)

1l

gA [ED—: (1=e™) pyo + f—:npoJ (en¥r/%eT — 1) (4.61)

where A is the area of the diode. This current is the sum of two components. The first accounts
for the supply of electrons for recombination with injected holes, and the second is related to
the injection of electrons across the junction into the p-side. A similar expression can be written
for the hole current on the p-side.

4.2.3.3 Current Densities across the Junction. Consider an abrupt p-n
junction, in which the dopings on the p- and n-sides are ~ 10 cm™>. Then the
minority carrier densities in equilibrium are ~ 10* cm ™, assuming the semiconductor
to have a bandgap ~ 1 eV. We will examine the current components flowing across
the junction under forward bias injection conditions. We will analyze the injection
of holes in the n-side of the junction, and the situation on the p-side is exactly
complementary. Consider the edge of the depletion region on the n-side to be the
origin of the distance coordinates. At the injecting end (x = 0), there is a large
concentration and concentration gradient of exeess injected holes, whose density is
given by Eq. 4.46. At this end, therefore, the drift component of current is zero and
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the hole current J,(x) is essentially a diffusion current, J ‘;‘i £ (x). Therefore,

d(ap) GD;;SPQ -
h i s xf Ly
Jigr(X) = —qDy RN B £ (4.62)
Assuming the total current flowing through the diode is J,, we know that
Dydp,
By = J, = TF (4.63)
Ly

and

Tpp(x) =y (4.64)

Since the total current Jy = J.(x) + Jy(x) = J,, the nature of Jy(x) and J.(x) are
as shown in Fig. 4.14. Here J,(x) is the current carried by electrons. On examining
the nature of this electron current, it is clear that at the far end, where J.(x) tends
to saturate, it is a drift current, since for diffusion a concentration gradient is neces-
sary. However, closer to the origin, the electron current has both drift and diffusion
components. To calculate the diffusion component of the electron current, Jj; £f (x),
it is necessary to know én(x), which is not simple. However, for charge neutrality
to hold and to avoid the generation of high fields in neutral material, the condition
én(x) = dp(x) must be valid. Thus,

d(ép)

Jigr®) = qDe— = = —fplo ™" (4.65)
and n
Biy= —t= om0 (4.66)
Dy oy

in most semiconductors. Referring to Fig. 4.14, in the region OA there is an electron
diffusion current, which is of the same order of magnitude as the hole-diffusion current.
Therefore, Ji(x) is entirely a diffusion current and J,(x) has both drift and diffusion
components. The drift component of the electron current

Ji, =qnu.E = oE (4.67)

which is Ohm’s law. Here o is the conductivity of the n-region. Adding all the
current components,

oE — BpJ, et 4 J, e~ = g, (4.68)
from which
E = o +(Bp — 1)“—"-’- e */Lh (4.69)
o o
or
E=Es[l+(Bp—1)e "] (4.70)

where E is the electric field at the region far from x = 0, where the total current is
predominantly an electron current. The electric field, excess carrier density, and elec-
tron and hole-current densities are shown in Figy 4.14. Similar results can be obtained
by considering the injection of electrons into the p-side. The carrier distributions and
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T
(By- DI,
D-L o

Figure 4.14 (a) The electric field,
(b) excess carrier density, and (c)
electron and hole current densities
in the neutral n-region of a p-n
© junction under forward bias.

current densities in forward- and reverse-biased junctions are shown in Figs. 4.15(a)
and (b).

The nature of the electric field profile E(x), Shown in Fig. 4.14, merits some
discussion. Far from the junction the equilibrium value E, results from the apphcd
bias and in neutral material E, will have a small value. As the junction is approached
E(x) increases. The extra field is required to transport electrons from the bulk toward
the junction so that the electron density is approximately equal to the injected hole
density and the excess holes can recombine.

4.2.3.4 Temperature Dependence of the Reverse Saturation Current.
In accordance with Eq. 4.56,

4Dk pyo | qDenpo
I = . 471
s L, + L (4.71)
To examine the temperature dependence of J; we consider a p*-n one-sided abrupt
junction. The arguments presented below hold equally for a two- s:ded junction. For
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:tlhe p'-n junction pyo > npe and the second term in Eq. 4.71 can be neglected. In
the first term Dy, pyo and Lj are all functions of temperature. Thus,

~ 4Dn pno Dy n?
e S0 TR g L SR 4.72
s L, q % No (4.72)
\';@rhcre Np is the donor density on the n-side and for full ionization nyo = Np.
Assuming that the ratio Dy /7, has a temperature dependence of the form 77, where
t g p p _
¥ is an integer, and knowing that n; co (T3 e/ 2l

Jo(T)ooTCH7/2 g5/ kaT (4.73)

The temperature dependence of the T@+7/2) term is much weaker than the exponential
tgrm Therefore, the slope of the plot of In J; (T) versus inverse temperature is deter-
mined by the bandgap &,. Under reverse bias |J,| = J; oo e /%7, Under forward
bias J; > Je?"r/%T and the forward bias current is proportional to el=(&—9V)/ksT],

4.2.4 Quasi-Fermi Levels and High-Level Injection
Until now, we have mostly considered the motion and distribution of carriers in the
neutral n- and p-regions of the diode, outside the depletion region. As seen in the
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previous sections, the current-voltage characteristics can be determined by considering
the motion of these carriers. For the sake of completeness, it is important to know
what goes on within the depletion region. Under forward bias, as majority carriers
are injected to the opposite side, these carriers drift through the depletion region,
suffering some recombination. The lost carriers are replenished at the contacts, thereby
increasing the diode current. Similarly, under reverse bias, there is generation of
carriers in the depletion region. It is important to realize that within the depletion
region there is a state of quasiequilibrium. It is easy to see the situation under forward
bias, when there is a dypamic distribution of a large number of free carriers, both
electrons and holes, whose densities as a function of distance cannot be determined by
the equilibrium Fermi levels in the neutral materials outside the depletion region. The
situation is similar to that created by shining light on a semiconductor, which produces
an extra population of electron-hole pairs. Their density also, cannot be determined by
the equilibrium Fermi level in the dark. In Chapter 3, the concept of quasi-Fermi levels
was introduced to calculate the nonequilibrium density of photogenerated carriers. The
carrier densities in terms of the quasi-Fermi levels £, and &y, are given by Egs. 3.5
and 3.6. Similar conditions exist in the depletion region under forward bias, as seen
in Fig. 4.9(b). At equilibrium, &, = &, = Ef. In terms of the intrinsic Fermi level
EFis

Eri — &,
ni = N¢ exp (—EE—T—C)
B
Ev — Epi
= Ny exp (——-——VkBTF ) (4.74)
Combining Egs. 3.5, 3.6, and 4.74, we get
Ern — Epj
n = n; exp (—fﬁ‘?ﬂ) (4.75)
B
Epi— &
p = niexp (————F;BT f ") (4.76)

These are general relations that hold for any semiconductor region under nonequilib-
rium conditions. Note that n and p are different from the equilibrium concentrations
n, and p,. It follows from Eqs. 4.75 and 4.76,

2 En — Ep
np = n; exp( e ) 4.77)
Therefore, £, and £y, are separate energy levels that define the nonequilibrium elec-
tron and hole populations, respectively.

Under forward bias (&, — &p) > 0 and pn > n? and for a reverse bias
[Fig. 4.9(c)] (&rp — Ef) > 0 and pn: < n?. We have seen earlier from Eq. 4.49
that the minority carrier concentration at the edge of the depletion region on either
side of a forward-biased junction is equal to the corresponding majority carrier con-
centration on the other side of the depletion layer, reduced by an expopential factor
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exp [q (Vi — Va)/kgT], where (Vy; — V,) is the height of the barrier overcome by the
cartiers in crossing the space charge region. Thus, the quasi-Fermi levels do not vary
in crossing the depletion layer. In other words,

Epn(=xp) = Efnl(xn) (4.78)

Brpl=%)) = Eppls) (4.79)

where (x, +xp) is the total depletion layer width. Similar arguments can be presented
for the reverse-biased junction. It is interesting to follow the variation of the quasi
Fermi levels beyond the depletion layer edges. For example, the density of excess
holes on the n-side, shown in Fig. 4.12, is given by Eq. 4.46. As py(x) approaches
Pno, Esp varies linearly with x, according to Egs. 4.46 and 4.76. This linear variation
continues for several diffusion lengths. In fact, when &, crosses the intrinsic level
Eri, the excess hole density is only n;. Efn(xp) varies in a similar manner.

Under high-level injection conditions, the injected minority carrier densities be-
come comparable to the majority carrier densities, and a substantial portion of the
applied bias drops across the regions outside the space charge layer, which itself
shrinks. Therefore, both drift and diffusion components of current become important.
The current density equationis (2.139) combined with Egs. 4.75 and 4.76 and the fact

that E = ~é—d§fi,- give
1dEp; [ n d(‘:fn d&p;i |\
= il ksT -
e = gpan (q dx )+Lbe # (kBT [ dx dx
d&s,
= Rty (4.80)
dx
and
dé,
W) = pun—2t (4.81)
X

Thus, the currents flowing through the diode are determined by the gradients of the
quasi-Fermi levels. Appreciable gradients of these Fermi levels develop within the
dépletion region and outside, to account for the spatially dependent concentration of
carriers. If the quasi Fermi levels are constant throughout, there is no current flow.
From Figs. 4.9(b) and (c) it is clear that the separation between the quasi Fermi levels
increases monotonically from zero to a maximum value of V,. When the separation
is zero, pn = n?' and when it is nonzero

pn < n? g9ValksT (4.82)
If p = n, then
psn=p et At (4.83)

A
This condition holds for high-injection conditions also.
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EXAMPLE 4.4

Objective. A GaAs p-n junction diode has Np = 2x 10' cm™ on the n-side and N, = 3 x
10" em™ on the p-side. To calculate the forward bias at which the injected hole concentration
at the edge of the depletion region on the n-side becomes equal to the majority carrier (electron)

concentration.

The condition of high-level injection is py(0") = nyo. Using this equality and Eq. 4.49,
nyo = ppoe i ViV kel (4.84)
Substituting the values of Ny, Np and n; (for GaAs at 300K) = 6.5 x10° cm™* in Eq. 4.23

gives Vj,; = 1.35V. Substituting this value in Eq. 4.84 and knowing that nyo = Np, ppo = Na,
we get Vp = L.1V.

4.2.5 Graded Junctions
Practical p-n junctions made by diffusion are seldom abrupt. As we have seen earlier
in Sec. 4.1, this is due to the profiles of the diffusing species. Consequently, a
graded (doping) region is created on both sides of the metallurgical junction. With
ion-implantation, by greater control of the implant profiles, it is possible to achieve
near-abrupt behavior, and epitaxial techniques such as molecular beam epitaxy allow
us to realize ideal diodes. Nonetheless, it is important to know the parameters for
graded junctions. The analysis of such junctions is briefly outlined. We will consider
the simplest case, the linearly graded junction. In this case, the net doping on both
sides of the junction, and consequently the ionized charge densities in the depletion
region, vary linearly. The electrostatic parameters of a linearly graded junction are
depicted in Fig. 4.16.

For an impurity concentration gradient a; {cm“‘} we have, in the deplction region,

o2V oE q
SR ae R
= w w
= g g
eseoa',x' g =g o)
where W is the width of the depletion region. Therefore,
W/2)* — x*
B = 20 W % (4.86)
€€, 2
and the maximum field £, at x = 0 is given by
W‘Z
Bul = %2 (4.87)
€€
The built-in potential is given by
3
Wy = T (4.88)
12¢;¢,
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Charge density

Figure 4,16 Electrostatics of
linearly graded junction in thermal
equilibrium: (a) space-charge
distribution, (b) electric field
profile, (c) potential profile, and
(d) (d) energy-band diagram.

from which
1266, Vi \ /°
W o= (_M) (4.89)
qa;
Since the value of the impurity concentration at the edges of the depletion region are

a;W/2, by drawing analogy with Eq. 4.23, the built-in potential V}; can be approxi-
mately written as

Vi =

kT [(ﬂi W/ 2)2]
In =

q n;

ksT . [a; W7

= —1In 4.90
q [ 2n; ] Hs
The depletion-layer capacitance as a function of applied bias is given by

C =

W 12(Vei £ V,
The difference of these expressions, with those for abrupt junctions, should be noted.

2 1/3
€5€p » [ qaf(eseo) ):’ (Famd.cm-z). (491)
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4.2.6 AC Operation of Diodes: Diffusion Capacitance
The equivalent circuit of a reverse biased p-n junction is shown in Fig. 4.17(a). Here
r is the total resistance of the bulk n- and p-regions, C; is the bias-dependent depletion
layer capacitance, and g4 is the conductance (usually small) of the junction due to
the flow of the small reverse current. r, and gy are small compared to C;. Under
forward bias, however, the small-signal equivalent circuit changes to that shown in
. Fig. 4.17(b). The conductance changes to a different value G4, C; also changes and
' rp, remains fairly constant. However, there is an additional capacitance C,4, which
| results from the storage and motion of minority carriers on either side of the junction.
Remember that it takes a finite time, of the order of 1 nanosecond, for the excess
| charge to recombine and dissipate. High-frequency operation of the diode is therefore
: limited by this minority carrier storage time. All bipolar devices, such as the bipolar
junction transistor, suffer from this limitation. The operation of unipolar devices, such
as the metal-semiconductor Schottky diode to be discussed shortly, depends on the
transport of majority carriers only and are therefore not limited by minority carrier
storage.

G

;" 1t

E
1 !*I'WM_

MAA, 0

Gy Figure 4.17 Equivalent circuits
of a p-n junction under (a) reverse
(b bias and (b) forward bias.

4.2.7 Breakdown Phenomena in Junction Diodes

It is generally assumed that the reverse current of a diode remains at a constant, low
value for large values of reverse bias. We know that this is not true because of ongoing
generation-recombination processes in the depletion region, which increase the current
from the saturation value. In addition, there are ohmic leakage currents around the
surface of the junction, if it is not properly encapsulated. Such encapsulation is usually
done by the deposition of a dielectric such as SiO, or Si3Ny after junction formation.
Finally, and most importantly, at large reverse piases junction breakdown takes place.
When this happens, the diode current is mostly limited by the resistance of the external

Vizio EX1016 Page 0090



184 CHAPTER 4 Junction Theory

circuit. In what follows, the various breakdown phenomena will be briefly described.
Such breakdown usually depends on material parameters.

Zener breakdown occurs due to tunneling of carriers across the depletion region
and the process is independent of temperature. If the doping densities in the p- and
n-regions are high the depletion layer width is reduced and even at moderate reverse
biases carriers can tunnel through the depletion barrier and add significantly to the
reverse current. The process is shown Fig. 4.18(a). As the bias is increased, the
tunneling component increases, and the diode eventually breaks down. In the atomic
model it is the ionization of a covalent bond. It is important to remember that for
Zener breakdown to occur before carrier avalanching, the doping densities should be
high and consequently the depletion region should be narrow. If the diode is designed
properly, the current in the diode will be independent of voltage after breakdown.
Such diodes, usually called Zener diodes, are used as voltage regulators.

Figure 4.18 (a) Tunneling in a
degenerately doped reverse-biased
junction and (b) near-punchthrough
conditions in a reverse-biased

b diode.

Avalanche breakdown occurs in diodes with moderate doping density, so that the
depletion region is wider. With a large electric field across the depletion region, carri-
ers moving across this region will collide with the lattice. At low fields the momentum
and energy of the carriers are redirected, and such collisions are nonionizing. If the
energy of the colliding carriers imparted by the field is large enough, then the collision
can create an electron-hole pair by breaking a bond. In the band diagram the process
is equivalent to raising an electron from the valence band to the conduction band,
leaving a hole behind. It is important to realize that for the carriers to gain sufficient
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energy for ionizing collisions to occur, they must accelerate over some distance, and
therefore the depletion region needs to be wide. After a collision event, the original
carrier and the pair created by collision move in their respective directions under the
field and suffer more ionizing collisions. Thus, a chain reaction sets in, as a result
of which the reverse current increases and the diode eventually breaks down. The
bias at which this occurs is called the breakdown voltage Vzg. The variation of the
avalanche breakdown voltage as a function of carrier density in different semicon-
ductors is shown in Fig. 4.19. If the temperature of the diode increases, the lifetime
for lattice scattering decreases and that for ionizing collisions increases, resulting in
an increase in Vggr. The reverse occurs with lowering of temperature. Thus, unlike
Zener breakdown, the avalanche breakdown is a temperature-dependent phenomenon.
The process just described—impact ionization—is characterized by impact ionization
coefficients, &, and ay, for electrons and holes, respectively. The coefficients define
the number of ionizing collisions per unit length. It may be realized that due to this
bias-dependent carrier multiplication process, there is a net gain in the number of
carriers. For example, if a photon incident on a photodiode produces an electron-hole
pair, the gain is unity. But, if this pair creates many more by the avalanche multiplica-
tion process, then the external photocurrent is multiplied and a gain is obtained. This
is the principle of operation of the avalanche photodiode, which will be discussed in
detail in Chapter 8.

1000

GaAs<100>
One-sided
abrupt junctions

100 Figure 4.19 Breakdown voltage

as a function of doping for

one-sided abrupt GaP, GaAs, Si,

and Ge p-n junctions (from §.

M. Sze and G. Gibbons, Appl.

Phys. Lett., 8, 111, 1966). The

| ] ' tunneling mechanism is dominant

1014 1515 T ""%'017‘ e for the doping levels higher than

corresponding to the dashed line in

Impurity concentration N g(cm™) the low right corner of the figure.

T lIHFHI B
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Breakdown voltage Vgg(V)

| i I|II||‘

Punchthrough is a breakdown phenomenon dependent primarily on the diode
geometry. In a normal reverse-biased p-n junction, as shown in Fig: 4.18(b), holes
injected from the contact into the n-region usually recombine in the neutral region
before they reach the depletion layer. The same is true for electrons injected into the
p-side. Now if the doping is light or if the length of the diode is small, then at some
moderate reverse bias, the depletion layer may extend over the entire length. Under
these conditions, the minority carriers injected by the contacts cannot recombine and
build up in the depletion region and cause large increase of the diode current and
eventual breakdown. It is important to remember that this process critically depends
on device dimensions, which is not true for the breakdown mechanisms discussed
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earlier. For a simple analysis, assume an asymmetric p*-n diode in which N4 > Np.
The width of the depletion region, which then extends almost entirely in the » region,
is given by

a 142
W = [ £ (Vb;+vr)] (4.92)
qgNp

where Np is the doping density on the n-side. If the length of the n-region is [y, then
for Vg > V}; punchthrough occurs when

dese, Vo T2
W o dy = [ ;;;Dr] 4.93)
The punchthrough voltage, V,, is given by
Npl3
Vi = iz—c—g-"l. (4.94)
"5 S0

A nomogram for depletion layer width, junction capacitance and breakdown voltage
for GaAs abrupt junctions is shown in Appendix 5.

4.3 SCHOTTKY BARRIERS AND OHMIC CONTACTS

4.3.1 Introduction

These junctions are special cases of the more general class of metal-semiconductor
contacts, whose rectifying properties were first identified as early as 1874. It was re-
alized later that metal-semiconductor contacts prepared in a special way, or in which
the work functions of the metal and semiconductor have a required sign of difference,
could serve as regions through which connections could be made to external power
supplies, circuit elements, etc. A metal-semiconductor rectifying contact, or Schottky
diode, was first realized as a point-contact and presently made as evaporated metal
films on the semiconductor surface. The current-voltage characteristics of rectify-
ing metal-semiconductor junctions are very similar to that of p-n junctions, although i
there are important differences in the mechanism of current flow and carrier (type) {
participation. Both electrons and holes contribute to the current in p-n junctions,
whereas Schottky diodes are unipolar devices. The current is predominantly due to
the thermionic emission of these carriers over the potential barrier that is created at the ;
metal-semiconductor junction due to the difference in work function between them. :
We are more interested here in ohmic metal-semiconductor contacts, in which equal ‘
and large currents flow in both forward and reverse bias directions with small resis-
tances. In other words, the potential drop across the junction should be negligible.
The evolution of the I-V characteristics in going from a Schottky to an ohmic contact
is shown in Fig. 4.20. The subject of both types of metal-semiconductor contacts has
been discussed in detail in several texts. However, a brief discussion, covering the
essential principles, is made here.

Vizio EX1016 Page 0093



Sec. 4.3 Schottky Barriers and Ohmic Contacts 187

Ohmic

Rectifying

Figure 4.20 Evolution of the
current-voltage characteristics of
a diode from rectifying to ohmic
behavior.

4.3.2 Schottky Barriers

Figure 4.21(a) shows the equilibrium band diagram of a metal of work function ¢,
and an n-type semiconductor of work function ¢;. Note that in this case ¢, > ¢;.
The electron affinity of the semiconductor, measured in energy from the edge of
the conduction band to the vacuum level is y,;. The electron affinity is the energy
required to excite an electron from the bottom of the conduction band into vacuum.
The work function is the energy needed to excite an electron from the Fermi level into
vacuum. When a contact is made between the metal and semiconductor, electrons
are transferred from the semiconductor to the metal until the Fermi levels are aligned
(i.e., Egm = Eps). Exactly as in a p-n junction, a band-bending or energy barrier
and a depletion region are created in the semiconductor, as shown in Fig. 4.21(b).
The band-bending or built-in potential Vy; is equal to ¢,, — ¢, and the barrier height
¢y is equal to ¢, — x;. To maintain charge neutrality, the positively ionized donors
in the depletion layer of the semiconductor are exactly balanced by the charge of a
sheet of electrons in the metal at the junction. The barrier height ¢, is characteristic
of a particular metal-semiconductor combination. Measurement of barrier heights
have shown that ¢, is often almost independent of the metal species. Surface states
resulting from surface imperfections, foreign atoms on the surface, etc., create a double
layer on the free surface of a semiconductor, which tends to make the work function
independent of the electron concentration in the bulk. If contact is made to a metal,
the contact potential difference is compensated largely by a true surface charge rather
than by space charge, so that the barrier height is largely independent of the metal. In
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Figure 421 Band diagram of
metal and n-type semiconductor
: (dm > ¢;): (a) before contact,
: £, (b) at zero applied bias, and
©) (c) under forward bias.

the ideal case, without any surface or interface states, ¢, should be a linear function
of ¢, with a slope less than unity.

Assuming a uniform distribution of ionized impurities in the semiconductor, Pois-
son’s equation yields the one-dimensional parabolic potential energy barrier described
by

gNpx?

2¢;€,

$x) = W) (4.95)

for 0 < x < W as shown in Fig. 4.21(b). The depletion layer width W is related to
the total diffusion potential, Vy, in a forward biased junction [Fig. 4.21(c)] by

ng QNDW2
Vi = -2V =
q ¢ 2¢4€,

(4.96)

where Vy is the applied forward bias.

The current in a metal-semiconductor contact under bias is determined by the flow
of electrons from the semiconductor to the metal and vice versa. In equilibrium, these
two components are equal. Under forward bias, electron flow from semiconductor to
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metal is enhanced due to a reduced band-bending and potential barrier V;(V). The
flow from metal to semiconductor remains unchanged, since ¢, remains unchanged.
This results in a large net current flow from metal to semiconductor. Under reverse
bias, due to the increase band bending and barrier, electron flow from semiconductor
to metal is almost negligible, and therefore the nearly constant small reverse current
is due to the flow of electrons from metal to semiconductor over an unchanged barrier
¢p. The reverse current therefore flows from semiconductor to metal.

Current flow and rectification in a metal-semiconductor contact are adequately
described by thermionic emission theory, as opposed to drift and diffusion mecha-
nisms. For example, under forward bias, the current results from thermionic emission
of electrons over the potential barrier. There are, in general, three modes of current
transport: thermionic emission, thermionic-field emission, and field emission. These
processes are shown in Fig. 4.22. The latter two involve quantum mechanical tunnel-
ing through the barrier at energies below the top of the barrier and are more favored
in heavily doped semiconductors and large bias voltages. The barrier changes from
a rectifying to an ohmic one as these two modes of current transport dominate. In
addition, there is recombination in the depletion region, which becomes important
under reverse bias, and some recombination in the neutral semiconductor region. The
total current density J for ideal thermionic emission over the barrier is given by

J=J—J, = A* T exp(—qdu/ksT)(exp(gVa/ksT) —1)  (4.97)

where J; and J, are, respectively, the forward and reverse bias current densities,
A*™(= 8 A. em 2. K2 for Au-GaAs) is the effective Richardson constant for the
semiconductor, which takes account of the effective mass and some other corrections,
and V, is the applied bias. Departure from the simple thermionic emission model is
accounted for by introducing the ideality factor ny. Thus, under forward bias,

Joo exp (qVa/nsksT) for V, > 3ksT/q. (4.98)

Thermionic emission

Thermionic field emission

Field =—
emission

EFa'n

Figure 4.22 Possible conduction
processes in a forward-biased
A Schottky diode with a degenerately
€y  doped n-type semiconductor.
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In other words,

g [ (4.99)
nf = —— 1
P = kT \dInJ

For a good rectifier ny > 1. As shown in Fig. 4.13(b), the linear region of the In J —V
plot corresponds to ny = 1. At very low biases, the slope of the curve deviates and
ny — 2. Here the current is dominated by generation in the depletion region. Also,
for large forward currents, the voltage drop across the series resistance R, associated
with the neutral region of the semiconductor causes the actual voltage drop across the
depletion region to be less than the applied bias. Under these conditions the current
density is given by

Jooexp[q(V, — IR,)/ksT ]! (4.100)

where [ is the current through the diode. Under large forward biases, the voltage '
difference AV for any I gives the drop I R, across the neutral region. Therefore, a
plot of AV versus I R; gives the value of R;.

The discussion so far was related to a metal-(n) semiconductor junction with
¢n > ¢;. Itis seen that under these conditions a rectifying diode is obtained. Similarly
a metal-(p) semiconductor will be rectifying if ¢, > ¢,, and similar equations are valid.

EXAMPLE 4.5

Objective. An ideal Schottky barrier diode is formed on an n-type semiconductor with the
following parameters at 300°K: &, = 1.1 eV, N¢ = 2.5 x 10" em™, and Np = 10'® cm=>.
The metal work function is 4.5 eV and the electron affinity in the semiconductor is 4 eV. To
draw the equilibrium band diagrams and show the energy positions of Epy, Ers, Ec and Ey
before and after the diode is formed.

From Eq. 2.78, the energy (Ec—E&F) is 0.2 eV. The band diagrams are as shown in Fig. 4.23.

_ Vacuum level

atd 0= 0,3 s |
¢s= 42pV xsz 4.0eV ¢ r T ;
¢ =45eV I | 6,=05ev Wﬁ |
T 02eV I e e E; ‘
Fm '
ey |
% ¥ i
£

{a) Before contact (b) After contact

Figure 4.23 Metal-(n) semiconductog junction with ¢,, > ¢s.
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At this point it is important to discuss some important differences, including
current conduction, between p-n junctions and Schottky barrier diodes. In a Schottky
barrier diode made with an n-type semiconductor, the current under forward bias is
entirely carried by electrons, even if the doping level is low. In a p-n junction the
current is carried predominantly by the majority carrier in the heavily doped side.
High-frequency operation of p-n junction diodes is limited by the minority-carrier
storage problem. In other words, the minimum time required to dissipate the carriers
injected by the forward bias is dictated by the recombination lifetime. In a Schottky
diode, electrons are injected from the semiconductor into the metal under forward bias
if the semiconductor is n-type. In principle, these “hot” electrons can diffuse back to
the semiconductor on the application of a reverse bias. However, they thermalize very
rapidly (~ 107%s) by carrier-carrier collisions, and this time is negligible compared to
the minority-carrier recombination lifetime. Finally, Schottky diodes are more suitable
for low-voltage applications than p-n junctions. This is because of two reasons. First,
the thermionic emission process is much more efficient than the diffusion process
and therefore for a given built-in voltage Vj;, the saturation current in a Schottky
diode is several orders of magnitude higher than in p-n junctions. In addition, the
built-in voltage of a Schottky diode is smaller than that of a p-n junction with the
same semiconductor. These two factors taken together lead to the fact that to attain
the same forward current density, a smaller bias needs to be applied to the Schottky
diode than to the p-n junction.

4.3.3 Ohmic Contacts

The band diagram for a metal-(n) semiconductor junction with ¢; > ¢,, is shown in
Fig. 4.24. It is seen that there is no potential barrier, and equal currents will flow
under forward and reverse bias. The same is true for a metal-(p) semiconductor with
®m > ¢s. Such junctions are termed ohmic. Due to the absence of a depletion region,
the potential drop across these junctions is negligible at any bias and, therefore, they
provide useful regions for contacting a semiconductor device. Unfortunately, metal
and semiconductor combinations with the desired relationship between ¢,, and ¢; are
hard to come by, and therefore practical contacts cannot be conveniently realized in
this way.

n-semiconductor

>0

Figure 4.24 Equilibrium band
v diagram of metal-(n) semiconductor
contact with ¢; > ¢,.

As the doping in the semiconductor is increased, the depletion region becomes
narrower. With reference to Fig. 4.22 it is clear that under a reverse bias, when the
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depletion region becomes very narrow due to band-bending, thermionic field emission
and field emission may become dominant. This can result in a rapid increase of current
with reverse bias, which is analogous to Zener breakdown in p-n junctions. A similar
mechanism of conduction can prevail under large forward biases. These mechanisms
are utilized for realizing practical ohmic contacts. The common technique of forming
reliable ohmic contacts to semiconductors is to heavily dope the region under the
metal contact by diffusion, implantation, or alloying. For this, a metal alloy is first
evaporated and then heated above the eutectic temperature. For example, to realize
ohmic contacts to n-type GaAs, Au-Ge is evaporated and alloyed at ~ 400°C. Ge
diffuses into the region under the contact and dopes the semiconductor degenerately
n-type. A layer of Ni is usually evaporated on top of the Au-Ge to improve the
morphology of the contact.

What is important in an ohmic contact is the differential resistance around zero
bias, Rer = (dV/dI)y—o. For low doping, in the thermionic emission regime, Ry
is independent of Np, while for highly doped material Rcr is proportional to NB” .
and conduction is predominantly by field emission. For intermediate values of doping
thermionic field emission plays a dominant role. It has been found that in practical
contacts Reroo 1/Np. This has been explained on the basis of current spreading
through nonuniform metal-semiconductor regions that resemble protrusions.

More recently, epitaxial techniques such as MBE and OMVPE have allowed
the realization of graded bandgap nonalloyed ohmic contacts. For example, highly
doped graded In,Ga,_,As (0 < x < 1) is grown as the contact region and a metal
layer is evaporated on top. Such a contact does not require annealing, since the
highly doped, low bandgap semiconductor reduces the barrier heights sufficiently to
allow ohmic conduction. Low-resistance ohmic contacts are absolutely essential for
high-performance devices. For example, if the contact resistances of lasers are not
very low, the threshold currents are high, which lead to device heating and inferior
performance.

The measurement of contact resistance is technologically very important. The
total resistance Ry between a small top contact and a very large bottom contact of a
uniform piece of semiconductor is given by

Ry = Fspr + Rer + R, (4.101)

where ry,, is called the spreading resistance under the top contact and accounts for
the bulk sample resistance. Rcr is the contact resistance of the top contact to be
determined and R, is the resistance of the bottom contact, which is frequently ne-
glected. There are several techniques for measuring contact resistance and a common
one is known as the transfer length method, originally proposed by Shockley. For
a front contact resistance measurement with the geometry shown in Fig. 4.25(a), the
total resistance between any two contacts can be shown to be given by

d
Ry = "’; + 2Rer (4.102)
where Z and d are indicated in the figure and p; isithe sheet resistance in ohm/ 0.

The measured Ry is plotted as a function of d, as shown schematically in Fig. 4.25(b).
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(a)

—— slo; b

- pe = )
2 Figure 4.25 Schematic illustration

L2 of the transfer length method

T 2Ry (TLM) for measuring contact

o resistance: (a) test structure with

| 4 contact geometry and (b) plot of

ZLT ¢ total resistance as a function of

(b) contact spacing.

Typically L ~ 50um, Z ~ 100pum and d ~ 5 — 50pum. The intercept at d = 0 is
Ry = 2Rcy, giving the contact resistarice. The slope of the plot gives the value
of p;. A quantity Ly = +/pc/ps is defined as the transfer length, where pc is the
specific contact resistarice in ohm.cm?, which can also be approxitately expressed as
pc = RerLrZ for L > 1.5Ly. From these two equations, pc can be calculated by
eliminating Ly and knowing pg. A major limitation of this technique is the uncertainty
of the sheet resistance under the contacts.

4.4 SEMICONDUCTOR HETEROJUNCTIONS

4.4.1 Introduction
A heterojunction is forined when two semiconductors with different bandgaps and lat-
tice constants are brought together, usually by epitaxy. Heterojunctions form essential
constituents of almost all electronic and optoelectronic devices. For example, in semi-
conductor lasers heterojunctions provide both opfical and carrier confinement. In a
bipolar junction transistor, the incorporation of a hieterojunction drastically improves
the emitter injection efficiency and the current gain of the device. A heterojunction
forms a two-dimensional channel of carriers at the interface with superior transport
properties, which has been exploited to make high-performance ficld-effect transistors.
A heterojunction is formed by chemical bonding at the interface. In general,
the lattice constants of the two seiniconductors are different. If the heterojiinction

TFor a more detailed discussion, see D. K. Schroder, Semiconductor Material and Device Charac-
terization, Wiley, New York, 1990.
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is formed by epitaxy, as is usually the case, then there is a misfit between the two
semiconductors, A and B. We are more interested in the perfect heterostructure, in
which the lattice constants of semiconductors A and B are perfectly matched. The
Al,Ga; _,As alloy system, for the entire composition range, 0 < x < 1, is almost
perfectly lattice matched to GaAs. It therefore forms a useful and important het-
erostructure system. Lattice matching can also be achieved by growing the appro-
priate semiconductors with the right compositions. As we have seen in Chapter 1,
the ternary alloys Ings3Gaga7As (€, = 0.74 eV) and Ings;AlpsgAs (€, = 1.45 eV)
are lattice matched to InP (€, = 1.35 eV). Therefore, very important heterojunctions,
useful for optoelectronic devices working in the 1.3—1.6 pm range can be formed with
these semiconductors.

4.4.2 The ldeal Heterojunction

Before analyzing a heterojunction in accordance with the model developed by Ander-
son, we will first qualitatively examine some interesting features of an isotype n-N
heterojunction, formed, for example by n-type GaAs and n-type AlGaAs with a larger
bandgap. The band diagrams of the two semiconductors, with their Fermi energies,
work functions ¢, and ¢, and electron affinities y; and x,, are shown in Fig. 4.26(a). —
Once the heterojunction is formed, electrons transfer from AlGaAs, because of its
smaller electron affinity, to GaAs creating a depletion region in the former and an
accumulation region in the latter. The formation of this depletion-accumulation re-
gion at the interface region is characteristic of heterojunctions. The band diagram of
the heterojunction is shown in Fig. 4.26(b). The band offsets A& and AEy in the
conduction and valence bands, respectively, will be discussed later. It is important
to note that the accumulation region in GaAs, depending on the density of electrons
transferred from AlGaAs, forms a triangular potential well with a lateral extent of
100-150 A. The electrons in this well form a two dimensional electron gas. and their
energy is quantized, just as in a rectangular quantum well. For a p-type isotype het-
erojunction, a two-dimensional hole gas will be formed in the well created by the
valence band discontinuity.

We will now analyze a heterojunction in accordance with Anderson’s model,
which assumes an ideal interface free of interfacial defect states. A p-N or anisotype
heterojunction is considered, consisting of a small bandgap p-type semiconductor and
a large bandgap n-type layer. The band diagrams of the two semiconductors before
joining, together with the vacuum level, work function, electron affinity, and Fermi
energy, are shown in Fig. 4.27(a). The band diagram after formation, with respect to
the vacuum level, is shown in Fig. 4.27(b). The band-bending at the junction is equal
to the built-in potential V3;, which is given by

qVei = 1= = (g +x1 — Aép1) — (X2 + Ary)
= En +Ax —Err — AER (4.103)

!
IR, L. Anderson, Solid State Electronics, 5, 341, 1962.
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Vacuum level

| ]
; | l _f
A I ¢
‘Cl ¢' : == —~Ee
| Er-'z
s [
E'(:: !
1 2 PR = =\ X
l EFI I tg?.
L el n : N
.: " |
1 Vi |
3 i 2
] | vz
(a)
Accumulation

e +— Depletion—t

N Figure 4.26 The isototype
AevI heterojunction: (a) two n-type
semiconductors with bandgaps &,
and &g, before junction formation
and (b) equilibrium band diagram
(b) after formation,

According to the Anderson model, the conduction band offset, AE,, is given by

Al = x1—x2 = AX (4.104)
Then the valence band offset is given by
Afy = (a+&p)— (i +En) = A& —Ax (4.105)
Therefore,
Ao+ AEy = A& (4.106)

An important and interesting case, applicable to heterojunction bipolar transistors, is
as follows. If x; = x», the offset in the conduction band disappears, and Ay = AE,.
In this case

qVii = Eg1 — AEp — Ay

N
= €y —kpT In (%) L kgT In (—pi) (4.107)

Vizio EX1016 Page 0102



196 CHAPTER 4 Junction Theory
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width, W -i Figure 4.27 Band diagrams of
p-N anisotype heterojunction(a)
(b) before and (b) after contact.

where n and p are the free-carrier concentrations in the n- and p-type semiconduc-
tors, respectively. Equation 4.107 for the built-in voltage is identical to that for a
homojunction. However, there is one important difference in this case. The barrier to
hole injection is increased by AEy = AE&,, compared to a homojunction. Therefore,
the electron injection over the barrier is a much more efficient process than hole in-
jection. This effect is utilized in the design of heterojunction bipolar transistors and
phototransistors, to be discussed later. '

" The total built-in voltage Vy; at the junction is divided between the p- and n-

regions
Vit = Wi+ Ve 4.108) |

where

W o o _aNp .

B = E?_ND"‘E[NA "

egNg
Viig =—~————V5i 4.109
bi., aNp L e, ( )
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The corresponding depletion layer thicknesses in the p- and n-regions are given by

. [ 2e1€260Np Vi ]1/2
dp —
# | gNa(eaNp + €1N,)

C 2e169egN 4 Vi L%
i 2 1€2€0N 2 Viyi ] 4.110)
| qNp(e2Np +€1Ny)

The capacitance-voltage relationship is

:r ) = [ g€1€260NaANp

. 2(e1Na + €Np) (Ve — V)
It is assumed here that the n- and p-regions are uncompensated and there is full

3 ionization of the donor and acceptor centers in these regions. Note that these relations

reduce to those for a homojunction when the dielectric constants (and bandgaps) of

the two semiconductors become identical (i.e., €; = €3).

The interfacial spikes, produced by the band offsets, may sometimes be undesir-
able for ideal device operation. Their magnitude can be reduced by compositional
£ grading at the interface, which reduces the electron affinity difference at the interface
) and therefore the field magnitude. This is shown in Fig. 4.28 for an n-P heterojunction.

1/2
] (Farad-cm™2) (4.111)

Figure 4.28 Gradual smoothing of the interfacial spike of an n-P heterojunc-
tion by compositional grading.

4.4.3 Current-Voltage Characteristics

Under applied forward or reverse bias, the change in the band diagram of a hetero-
junction at the interface region is very similar to that of a homojunction. Complexities
are introduced, however, due to the band offset spikes, and the interfacial defects and
traps that are present due to lattice mismatch. There is therefore some uncertainty
concerning the current transport mechanism. These include thermionic emission over
the barrier, interfacial recombination, and tunneling through the spikes and defect
3 states. Assuming thermionic emission over the heterojunction barrier to be the domi-
1 nant mechanism, similar to that in a Schottky diode, the current-voltage relation can

be expressed as

b

; gA™T Vi —q Vi (an

.; i e = | 4.112
3 s A=l iRk

b S

Vizio EX1016 Page 0104



198 CHAPTER 4 Junction Theory

For a more accurate formulation of the current-voltage characteristics, tunneling, drift,
and diffusion effects need to be taken into account.

4.4.4 Real Heterojunction Band Offsets

Anderson’s model for band offsets assumes a perfect heterojunction without any inter-
facial defects. The model states that the conduction band discontinuity is given by the
difference of the electron affinities of the two semiconductors. The electron affinities
of the common compound semiconductors are listed in Table 4.1. A quick exami-
nation reveals that the band offsets measured experimentally are very different from
those obtained from the electron affinity rule. The “common anion rule” was proposed
to explain experimental data. This rule states that the valence band discontinuity A€y
at the interface will be “very small” for semiconductors with the same anion arising
from the fact that the top of valence band states are predominantly anion states. This
rule also failed to explain experimental results. What has been observed, however, is
that in heterojunctions made up of two semiconductors with different anions, such as
Ing 53Gag47As and InP (lattice matched) or GagslngsP and GaAs (lattice matched),
A€y > AEc. The trend is in accordance with the common anion rule.

TABLE 4.1 BANDGAP
AND ELECTRON AFFINITY
OF SOME IMPORTANT

SEMICONDUCTORS.
EgeV) x (eV)
o GaAs 1.43 4.07
AlAs 2.16 2.62
GaP 221 4.3
AlSb 1.65 3.65
GaSb 0.73 4.06
InAs 0.36 4.9
InSb 0.17 4.59
InP 1.35 435
ZnTe 2.26 35
CdTe 1.44 4.28
ZnSe 2.67 39
CdS 242 4,87
Ge 0.66 4.13
Si 1.11 4.01

_ More recently Tersoff! has proposed a model, based on analogy with a metal-
metal junction, which states that the conduction band discontinuity is given by the
difference in the Schottky barrier heights of the two semiconductors forming the
heterojunction. In other words,

Alc = ¢p1 — Pi2- (4.113)
1
1. Tersoff, Physical Review, B30, 4874, 1984,
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In this model, it is postulated that a dipole layer is formed at the interface due to
electron tunneling from one material into the energy gap of the other. Reasonable
agreement with this model has been observed for lattice-matched GaAs/Al,Ga; . As
heterostructures.

Experimentally, early determination of the band offsets was made by Dingle and
co-workers in which the band offsets in GaAs/AlGaAs quantum wells was derived
from analysis of exciton recombination energies in the luminescence spectra, The fits
suggested AEc/AE, = 0.85 for this heterostructure system, and this 85:15 (A&¢ :
A&y) rule prevailed for sometime. However, closer examination showed that other
fractions may fit the data better and, more significantly, that the fit is quite insensitive
to the choice of band offset. A considerably smaller value of Afc/AE, = 0.6 was
later found by analyzing excitonic energies in photoluminescence excitation spectra
from parabolic and square quantum wells. This 60:40 distribution of the discontinuity
between the conduction and valence bands has been corroborated by the results of
several recent electrical measurements.

Measurements of the conduction band offsets in In,Ga;_, As/Aly3Gag7As quan-
tum wells were made by the author by treating the quantum well as a deep-level
trap. The thermal ionization energy of electrons trapped in the well are measured and
the band offset is derived from them. Figure 4.29 shows the measured variation of
A&c/AE, with In composition x. It should be cautioned, however, that the quantum
wells are biaxially strained and pseudomorphic. The contribution of this strain to
‘L the measured data is not known exactly. The offsets are in close agreement to the

60:40 rule.

100
90 : Alo_3G&0‘?ASf[nxGal,xAS
g L
W™ 80 |-
b i
we 70
q -
. ﬂ | |
F Figure 4.29 Conduction band
50 offsets of In,Ga,_, As/Aly3GagsAs
E quantum wells measured by the
40 PSSR RS ! ESY S S S author and co-workers (from N.
002 004 008 012 016 020 Debbar et al., Physical Review,
X B-40, 1058, 1989).

4.4.5 Application of Heterojunctions to Bipolar

Transistors
In Chapter 9 we will be discussing the operating principles of phototransistors. The
optical gain of this device is the product of the current gain B and the quantum
efficiency of the device. It is therefore important that the current gain of the device is
reasonably high. In order to put the subject in proper perspective, we will reiterate a
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few definitions and relations for a p(emitter)- n(base)- p(collector) bipolar transistor.
The schematic of a bipolar transistor is shown in Fig. 4.30, where ig, ip, and i¢ are the
emitter, base, and collector currents, respectively. The emitter-base junction is forward
biased, while the collector-base junction is reverse biased. Holes are injected from the
emitter to the base and after traversing this region they reach the collector where they
contribute to the collector current. There are at least three mechanisms that contribute
to the base current iz, but the dominant one is due to the replenishment of electrons in
the n-type base region that recombine with the holes injected from the emitter. Also,
electrons emitted from the n-type base region to the p-type emitter must be replenished.
The terminal currents can be related by several important factors. Neglecting the
collector junction reverse saturation current and recombination in the base-collector
depletion region, the collector current is made up almost entirely of holes injected
from the emitter, which do not recombine in the base region. In other words,

ic = Brigy (4.114)

where ) ) )
g = LE(p) T LEW) (4.115)

taking into account the electron and hole injection at the forward-biased emitter junc-
tion. By is the base transport factor and the emitter injection efficiency, yg, is given by

i
g st (4.116)
LE(p) +1E®m)

We also define the current transfer ratio as

ar = Brys (4.117)
Finally, we define the current gain,
Ic o
L= o= —— 4.118)
ip 1 —ar

Therefore, for high-current gain «y, By, and yz should all be as close to unity as
possible. Kroemer defined another measure of transistor performance as the injection

deficit given by

1 . :

1 o EH 4.119)
VE LE(p)

In a good transistor the injection deficit should be small. It is possible to lower the in-

jection deficit by use of a heterojunction (i.e., by using an emitter material with a wider

Emitter Base Collector
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Figure 4.31 (p) emitter- (n) base
heterojunction with A& = AE,.
qV, and gV, are the potential
barriers for electrons and holes,
respectively.

bandgap than the base material). The reason becomes clear on considering Fig. 4.31.
The potential barrier for electrons flowing from the base to the emitter is larger than
the barrier for holes flowing from the emitter to the base. For an applied bias V,,

. qDnpo qV.
LE(p) = B [@KP (kn;) == 1]

; __ qDen, qVa
B = L. [exp (kBT) 1] (4.120)

where Dy, and L, are the diffusion constants and diffusion lengths, respectively, for
holes in the base and D, and L, are the same parameters for electrons in the ‘emit-
ter. n, and p, are the equilibrium minority carrier densities in the emitter and base
regions. Therefore, .

":E(n) = D.Lyn, (4 121)
1E(p) DyL.p,
We know that ) 5
ne ne
n, = —£, p,=-& (4.122)

Nis' “°  Np
where n;r and n;p are the intrinsic carrier concentrations in the emitter and base re-
gions, respectively, and Ny and Np are the majority carrier (doping) concentrations
in these regions. Furthermore,

2 * * 3/2

“E (meE mhﬁ) -

i N xp|—AE,/ kT (4.123)
”:;B Myp My [ J ]

where m} and mj are the effective masses in the two regions and A&, = Egp — E;p.
Therefore,

iE(m) _ D,L,Np (m:E m,“,‘E
ipp)  DnLeNa \mipmjp
Remembering that for a homojunction
LE®m) _ D.LyNp
the injection deficit in a heterojunction transistor is largely controlled by the expo-
nential factor. For example, even for AE, =, 0.2 eV, at room temperature, with
kgT =2 0.025 eV, the injection deficit is decreased by a factor of almost 3000.

3/2
) exp [~AE,/ksT] (4.124)

(4.125)
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There are other advantages of having a heterojunction at the emitter-base junction.
One can afford to greatly increase the base doping and decrease the emitter doping,
without sacrificing the emitting injection efficiency. As a consequence of the higher
base doping the base spreading resistance in the direction transverse to current flow is
lower. The lower emitter region doping makes the emitter-base junction capacitance
small. Both these factors contribute to a higher speed of operation of the transistor.

PROBLEMS

4.1 (a) Discuss in a few words the following:
1. quasi-Fermi levels
2. Debye tailing in a p-i-n junction
(b) Sketch the hole quasi-Fermi level in the quasi-neutral n-region of a
pt-n junction at
1. equilibrium
2. reverse bias
3. forward bias

4.2 A semiconductor sample is composed of two regions as shown in Fig. P4.2.
Consider regions I and Il to be far away from the p-n junction, so that these
regions are in equilibrium, At a particular temperature the hole concentra-
tion in region I is determined to be p; = 1.1 x 10 ¢cm™3,

(a) Find the intrinsic concentration n; for the semiconductor at this tem-

perature.
(b) Find the equilibrium electron concentration n in region II at this
temperature.
i T
1 | | I
16 3 | 1 15 3
NA= 10 cm | ND=5 x10 cm
| I
p-type i | n-type Figure P4.2

4.3 Aly;Gag7As is doped as a n; — ny step junction shown in Fig. P4.3, where
Npy < Npa. Draw the energy band diagram of such a junction and indicate
V,: on this diagram. Also draw the charge density and electric field profile
for such a junction.

4.4 A Si p-n junction diode has a rectangular cross-seclional area of 0.5 mm x
1.0 mm and the thickness of the p- and n-regions are 1.0 mm each. Cal-
culate the forward bias necessary to drive 1 mA and 10 mA through the
diode. What is the voltage drop across the bulk p- and n-regions for these
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D2

Dl

0 X Figure P4.3

forward currents?

[Given: Js = 107" A/em?, Ny = 10 em™2, Np = 10" cm™.]

4.5 Derive Eq. 4.35 under the conditions of Debye tailing in the depletion layer
of a junction diode.

4.6 An abrupt p*-n junction is formed with InP having Np = 10" ¢cm™>. The
avalanche breakdown voltage is —80V. What is the minimum thickness of
the n-region to ensure avalanche breakdown rather than punchthrough?

4.7 (a) Draw the band diagrams of a metal-n semiconductor (¢, > ¢;) under
a small forward and a large reverse bias. Show clearly the positions
of the Fermi level and the different potentials.

(b) A metal and p-type Si (¢, > ¢,) are brought together to form a
junction. \Will the junction be ohmic or rectifying? If the doping in
the Si layeris p = 10" em™, ¢, =3 eV, x, =2.5¢eV, & (Si) = 1.1
eV, n; = 1.5 x 10'° cm™?, calculate: (1) Vi, (2) @s.

4.8 Alternate heavily doped p-type and n-type layers of the same semiconductor,
each 100 A thick, are grown by molecular beam epitaxy. Draw the energy
band diagram of this structure and discuss some of its special properties,
including electron-hole recombination rates.

4.9 List and explain the differences in the operation of a p-n junction and a
metal-n (semiconductor) Schottky diode with ¢,, > ¢;.

4,10 Consider a p-n junction with the following parameters:
conductivity o, > o, = 1(Q — cm)”!

D, = S0cm?/sec

Wy = 1000cm?/V.s.
Ly = lem

I = 100mA

V > kgT/q

Area A = 1.25 x 10 %em?

You may assume that L, is of the same order of magnitude as L;. Is the
low injection assumption valid for this device? Explain in detail, including
analytical and/or numerical calculations to justify your answer.
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4.11 We know that the capacitance of an abrupt p-n junction varies as V,”'/?
for V, > V,; where Vj; is the built-in potential and V, is the reverse bias
applied across the junction. The capacitance of a linearly graded junction
varies as V; . In a certain application a capacitance that varies as v
for V, > V,; is needed. Qualitatively, discuss the general form of doping
profile needed. Indicate in each of the three cases the variation of the
depletion-region width with bias,

4.12 Using the Shockley-Read-Hall theory discussed in Chapter 2, derive an
expression for the generation current of a reverse-biased p-n junction diode.
What is the temperature dependence of this current?

4.13 In an experiment with a Schottky diode, its current-voltage characteristics
are measured as a function of temperature. What parameters can be ex-
tracted from such data? Is there any difference between forward-bias and
reverse-bias data? If so, explain why,

4,14 Schottky diodes are majority-carrier devices, and therefore can operate at
higher speeds compared to p-n junctions. There is still a preference for
the p-n junction over the Schottky diode. State what you think may be the
reasons,

. 4.15 The capacitance C of a Schottky diode of | cm? area is measured as a
function of forward and reverse biases. A linear relationship is found that
can be expressed as 1/C? = A — BV, where V is the applied bias and A and
B are constants. Derive expressions for built-in voltage V,; and the donor
density Np(cm ™) in the semiconductor,

4.16 A p-n junction diode has a small alternating voltage superimposed on a
steady state forward bias applied to it. Assuming small signal conditions
and a low frequency of the modulating bias, derive an expression for the
diffusion capacitance Cy.
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5.1 INTRODUCTION

The light-emitting diode (ILED) was discovered in 1904. The only semiconductor
diode in existence at that time was the silicon carbide (SiC) point contact recti-
fier. Needless to say, the level of light emission from such devices was very small.
Since then, light emission from semiconductor devices has attracted the interest of
researchers all over the world. However, it is only recently, with the development
of wider bandgap III-V compounds, that visible light emission from a biased p-n
junction has been demonstrated. The LED has found wide applications in the form
of indicator lamps, display elements, and sensors.

In a junction LED photons of near-bandgap energy are generated by the process
of injection luminescence or electroluminescence, in which a large population of elec-
trons, injected into a normally empty conduction band by forward bias, recombine
with holes in the valence band. The device emits light by spontaneous emission,
which is different from stimulated emission operative in junction lasers. The sponta-
neous emission process requires a smaller forward bias, and therefore LEDs operate
at lower current densities than lasers. An LED also does not require an optical cavity
and mirror facets to provide feedback of photons. The emitted photons have ran-
dom phases, and therefore the LED is an incoherent light source. The linewidth of
the spontaneous emission is approximately equal to the photoluminescence linewidth,
which is a few times kg7 and is typically 30-50 nm at room temperature. Thus,
many optical modes are supported and therefore the LED is a convenient multimode
optical source, suitable for use with multimode fibers.

Some of the obvious advantages of the LED as a light source are simpler fabrica-
tion procedures, lower cost, and simpler drive circuitry. Light-emitting diodes are, in
general, more reliable than lasers because they operate at lower powers and therefore
do not suffer catastrophic degradation or even gradual degradation prevalent in lasers.
Ideally the LED exhibits a linear light output—current characteristic, unlike that of an
injection laser, and is therefore very suitable for analog modulation. The light-current
characteristic is also less sensitive to temperature than that in a laser. Some of the
obvious disadvantages are the low power output, harmonic distortion due to the mul-
timodal output, and a smaller modulation bandwidth. However, superradiant LEDs
are being developed, which have output powers comparable to that of lasers.

5.2 THE ELECTROLUMINESCENT PROCESS

The LED converts input electrical energy into output optical radiation in the visible or
infrared portion of the spectrum, depending on the semiconductor material. The energy
conversion takes place in two stages: first, the energy of carriers in the semiconductors
are raised above their equilibrium value by electrical input energy, and second, most
of these carriers after having lived a mean lifetime in the higher energy state, give
up their energy as spontaneous emission of photons with energy nearly equal to the
bandgap &£, of the semiconductor. If the semicohductor can be doped p- and n-type,
then the energy of the current carriers can be increased by applying a forward bias to
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a p-n junction. As we have seen in Chapter 4, under forward bias, minority carriers
are injected on both sides of the junction and these excess minority carriers diffuse
away from the junction, recombining with the majority carriers as they do so. This
process is illustrated in Fig. 5.1. The excess hole concentration in the n-side, away
from the depletion region, is given by Eq. 4.46 and a similar equation is valid for
excess electrons on the p-side. Most of the excess minority carriers on both sides
of the junction recombine radiatively with the majority carriers to create photons of
frequency v given by W 2 g 5.0
A small fraction of the excess minority carriers do recombine nonradiatively, and the
excess energy of these carriers is dissipated as heat in the lattice. The rate of radiative
recombination is normally proportional to the forward bias injection rate, and hence to
the diode current under such conditions, given by Eq. 4.55. Most of the recombination
occurs close to the junction, although some of the minority carriers diffuse away and
hence recombination can occur in regions further away from the junction. The internal
quantum efficiency of the device is defined as the rate of emission of photons divided
by the rate of supply of electrons. As mentioned above, all the injected electrons
do not recombine radiatively with holes, and therefore the quantum efficiency may
be less than 100%. Under reverse bias applied to the diode, no injection takes place
across the depletion region, and consequently no light is emitted.

P n
I
o0+
S R 000
~{-e00e0e .
fio ~VV LT
_______ — I V4 VL0 ) Figure 5.1 Injection of minority
OEOO®® L carriers in a forward-biased p-n
PPO® 000 € junction leading to spontaneous
i @@ emission of photons.

In using a semiconductor material for light emission, a wavelength (or energy)
of emission close to the bandgap is of importance. As we have seen in Chapter 3,
the transitions of interest are band-to-band, impurity-band, donor-to-acceptor, and
excitonic transitions. The peak in the density distribution of electrons in the conduction
band occurs at an energy kpT/2 above the band minimum. Therefore, the band-to-
band transition energy is slightly larger than £,, and some of the emitted photons are
reabsorbed. This self-absorption does not exist in indirect bandgap semiconductors
due to the involvement of phonons. However, because of phonons participating in
the radiative transition in indirect semiconductors, their radiative efficiency is low.
Fortunately, most radiative transitions involve energy levels within the bandgap for
which the emission energy is smaller than the bandgap.

Impurity-induced radiative transitions are usually impurity-band and donor-accep-
tor transitions, both of which have been discusse¥ in Chapter 3. However, there is an
interesting aspect of impurity levels, which is important for the operation of LEDs.
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A carrier in an impurity state is “trapped” in the potential of the impurity, and is
therefore localized in space. As the impurity level becomes deeper, or its binding
energy increases, the localization of the carriers is enhanced. It may be noted that the
impurity potential is Coulombic for shallow levels and more like a delta function for
deep levels. In either case, as a consequence of the Heisenberg uncertainty principle,
a spatial localization of the carriers in the impurity levels causes a spread in their
momentum (or k) values. The spread of the impurity states in k-space is sufficient
to allow a significant rate of transitions between the impurity states and the band 1
edges without the involvement of phonons. This, in effect, increases the radiative
efficiency of indirect bandgap semiconductors. An example, which is of tremendous
commercial importance, is the presence of O and N increasing the radiative efficiency
of GaP. Oxygen produces a deep donor level 0.8 eV below the conduction band,
while N produces a shallow isoelectronic trap. The impurity-related fransitions are
the most important ones for LED operation, since most junction LEDs are made of
doped materials. Since the radiation resulting from impurity-related transitions has a
lower photon energy than the bandgap, it is not subject to reabsorption to the same
extent as band-to-band transitions.

Excitonic transitions have been discussed in Chapter 3. Since the design of LEDs 1
involves doped materials, the radiative transitions of interest are those involving bound
excitons. The binding energy of the bound exciton centers depends on the binding
energy of the impurity to which the excitons are associated with, and is given by

gex -"____\: 0'181 (5-2)

where &; is the binding energy of the impurity level. Again, the excitons can be bound.
to neutral or ionized impurities depending on the doping level and the temperature of
the sample. Bound excitons may also be sufficiently localized so that electron-hole
recombination can take place in indirect bandgap semiconductors via these states,
without involving phonons to conserve momentum.

Having described the various near-bandgap transitions via which electrons and
holes may recombine radiatively, it is important to answer the question Which transi-
tion is dominant in the operation of a junction LED? As one may guess at this point,
all the transitions described above may be involved, depending primarily on the dop-
ing in the sample and also to some extent on the impurity levels and the bias applied. ;
Values of the spontaneous recombination coefficient, B,, in indirect semiconductors
are significantly lower than those in direct bandgap materials. Thus band-to-band
transitions are not efficient in indirect semiconductors and usually impurities produc-
ing deep levels are incorporated to increase the radiative efficiency. An example, as
already mentioned, is O in GaP and GaAsP.

TP e .

5.3 CHOICE OF LED MATERIALS

The wavelength of light emission required usual ly, dictates the semiconductor materials
required, in terms of their bandgap energy. An equally important factor is the ability
to heavily dope these materials n- and p-type and thereby fabricate a junction diode.
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Lower bandgap materials are required for infrared and far-infrared applications, and
larger bandgap materials are needed for a light source in the visible part of the spectrum
(around 2 eV). The higher the bandgap, the higher is the melting point of the material,
and the lower is their structural stability. Also, the higher bandgap materials have
higher resistivity and cannot be easily doped to high levels, as may be desirable for
LED fabrication.

The most important III-V compounds for application to LEDs are the binary com-
pounds GaAs and GaP, and their ternary derivative GaAs,_.P,. The properties of
these materials were discussed in Chapter 1. GaAs has a direct bandgap of 1.43 eV (A
= 860 nm) at room temperature and therefore emits in the near-infrared region. Light-
emitting diodes are usually made by Zn-diffusion into pulled n-GaAs or Si-doping of
{ solution grown GaAs. Si, being amphoteric in nature, can incorporate into the GaAs
b crystal as a donor or acceptor, depending on growth temperature. In Zn-doped de-
vices, the main radiative transition is a band-to-band process, and consequently there
is a large reabsorption of the emitted radiation. The emission wavelength of Si-doped
L diodes is ~ 940 nm and reabsorption is much less severe. Here the main recombination
3 transition is from an (impurity-related) defect to the conduction band, and the complex
defect behaving as an acceptor is believed to have a binding energy of ~ 0.1 eV. Typ-
ical external quantum efficiencies of these diodes are of the order of 10%. However,
Si-doped GaAs LEDs are more expensive to manufacture than the Zn-doped ones.

GaP is an indirect bandgap semiconductor with £, = 2.26 eV (A = 549 nm), and
therefore impurity levels in the bandgap are needed for it to be used as an efficient
light emitter. GaP is commonly used for red and green emission. Nitrogen acts as a
donor-like-isoelectronic trap in GaP with a binding energy of 8 meV, remembering that
it belongs to the same group in the periodic table as P. This isoelectronic trap forms
a bound exciton, which emits at a near-bandgap wavelength of 550 nm (green). The
quantum efficiency is, however, even smaller than [%. It has been found, however,
1 that higher levels of N doping (> 10'* cm ™) give rise to defect levels in the bandgap
' due to the formation of N-N molecular complexes. The corresponding emission is
at 590 nm (yellow). Red emission is obtained from GaP simultaneously doped with
Zn and O, which occupy, respectively, substitutional Ga and P sites in the lattice.
Oxygen as an impurity in GaP gives rise to a deep donor with a binding energy of -
0.8 eV. However, when Zn and O atoms occur as nearest neighbors in the lattice,
they form an isoelectronic trap with a binding energy of ~ 0.3 eV. The bound exciton
associated with this trap level recombines to produce emission at A = 690 nm.

The ternary GaAs;_ P, changes from direct to indirect bandgap material for x
= 0.45, at which composition & = 2.1 eV. Thus, the direct bandgap and indirect
bandgap materials with N doping can be used for the fabrication of diodes to emit
red (GaAsggPgo.4), orange (GaAsgssPogs : N), and yellow (GaAsg.isPggs : N) light.

For longer wavelengths in the near-infrared region of the spectrum, InP-based
compounds such as the ternary Ings3Gag47As and the quaternaries InxGal_xP},ASI_),
are important. These are newer materials, and studies are in progress to fully un-
derstand their radiative properties. Devices made of these materials operate in the
1.1-1.6 wm range, which overlaps with the spectral region of low loss and minimum
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dispersion in optical fibers. They are therefore important for optical-fiber communi-
cation. For the far-infrared region of the spectrum, the antimonides such as GaSb,
InSb, and their alloys will eventually be important. However, the use of these com-
pounds is hampered by the lack of suitable lattice-matched substrates. Similarly at
the other end in the range of bandgaps, the binary gallium nitride (GaN) (&, = 3.5
eV) is extremely important for emission of blue light, which would be useful for
satellite communication. However, doping the material p-type is a problem. Other
promising semiconductor materials that are being developed for making blue LEDs
are the IV-IV compound silicon carbide (SiC) and the II-VI compounds. The mate-
rials and device technology of SiC are difficult due to its mechanical and chemical
properties. The high melting point makes growth of the compound difficult. Doping
with Al, B, Be, and Sc give rise to emission in various parts of the spectrum and
currently yellow-emitting LEDs are commercially available. Diamond as an LED
material also has considerable potential. The II-VI compounds such as ZnS and ZnSe
have promise as visible LED materials, but p-type doping of these compounds still
eludes success. Similarly compounds such as CdTe, HgTe, ZnTe, and their ternary
derivatives with which heterojunctions can also be formed are under intensive study
and will be applicable for commercial visible LEDs.

5.4 DEVIéé CONFIGURATION AND EFFICIENCY

The schematic of a typical surface-emitting LED is shown in Fig. 5.2. The junction is
usually formed by diffusion, or the whole structure is grown by epitaxial techniques.
The device is usually designed such that most of the radiative recombination takes
place in the side of the junction nearest the surface whereby the probability of reab-
sorption is greatly reduced. This is ensured by arranging most of the current flowing
across the diode to be carried by those carriers (type) that are injected into the surface
layer. As shown in the figure, such conditions are achieved in an n*-p junction where
the p-layer is closer to the surface.

The processes occurring in a junction LED can be divided into three stages. The
first is the excitation or injection process, in which the energy of carriers is raised
by forward bias injection. Next is the recombination process, during which most of
these carriers give up their excess energy as photons. Finally, the generated photons
must leave the semiconductor and provide the desired optical stimulus to the eye or
produce a photocurrent in a detector. This is the extraction process. Each of these
processes have a characteristic efficiency, and the overall device efficiency, n,, may
then be expressed as o e Sl (5.3)
where 1;,, n-, and 7, respectively are the injection, radiative recombination, and
extraction efficiency. », can also be termed the external conversion efficiency.

5.4.1 Injection Efficiency
In an asymmetric n*-p junction diode, such as thé devices shown in Fig. 5.2, electron
injection is much more dominant than hole injection. For small carrier diffusion
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Light output
Dielectric
A - layer
Ohmic_ x
contacts
S 2
S | n' substrate |
(a)
Light output
Epitaxial 4; i / !
layer =
Ohmic
i’ substrate contacts
Figure 5.2 Planar surface-emitting
LED structure made by (a) diffusion
b) and (b) epitaxial growth.

lengths, which is usually the case in most [II-V compounds, it is almost impossible
to determine the injection efficiency experimentally. However, n;, can be calculated
from junction theory seen in Chapter 4. The fraction of the total diode current that is
carried by diffusion of electrons being injected into the p-side of the junction is given
by

Denpo

Le
Min = Denpo < Dupro : G4

Lc Lh

from which we get

DyL.pno ) = 5.5)

mo= |1
e ( * D.Lynpo

where the terms are as defined in Chapter 4.
Using the Einstein relation and the equality n,p, = n?, Eq. 5.5 becomes

L -1
- (1 P s '"') (5.6)
ety o Loy

where, for full ionization ppp = N4, the acceptor doping on the p-side, and nyo =
Np, the donor doping on the n-side. In most ITII-V compounds s, > w4 and L,
is of the same order as L;. Under these conditions n;, = 1. From Eq. 5.6 it is
evident that a high-injection efficiency can be ensured by making Np 3> Ny (ie., an
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asymmetric junction). It should be noted that, in calculating the injection efficiency
the recombination in the space charge (depletion) layer of the junction is neglected.
From Shockley-Read-Hall theory the current due to space charge recombination is
given by

W
[rec = %SI?;hNTH;A (quf/ngT — 1) (5?)

where s and N7 are, respectively, the capture cross section and density of the recom-
bination center or traps that are present, %, = (3kzT/m*)'/? is the thermal velocity
of the carriers, n; is the intrinsic carrier concentration, A and W are the area and
depletion-layer width of the diode, respectively, and V; is the applied forward bias.
In small bandgap materials the recombination current is negligible due to a lower
density of deep-level traps. Note that the product (s, N7) is equal to the inverse
of the lifetime of the deep-level recombination center. As the bandgap increases this
component of current density increases and can be as high as 1072A/cm? in large
bandgap materials. Also, under certain special circumstances, such as in the presence
of a large density of interface traps caused by impurities, or dislocations as in a lattice-
mismatched heterojunction, space charge recombination may represent a significant
shunt path at low forward biases. In general, L, and L are functions of N4 and Np,
respectively. For example, in GaAs, L, and L, are faitly constant for N4, Np < 10'8
cm >, but for higher doping, L. and L, are inversely proportional to the respective
dopings. In GaAs, values of n;; ~ 0.8 can be easily achieved, while that in GaP
ranges from 0.6 to 0.8. However, n;, is not important in determining 7,, since its
value is higher than the other two efficiencies in Eq. 5.3 and a moderate variation in
its value does not have a significant effect on the value of 7n,.

5.4.2 Recombination Efficiency

The operation of the junction LED relies on the spontaneous emission of photons and
the absence of any optical amplification process through stimulated emission, as in
a laser, limits the internal quantum efficiency (n;) or radiative efficiency (n,). The
latter is defined as the ratio of the number of photons generated to the number of
injected electrons. The radiative efficiency will increase if the possible nonradiative
processes can be eliminated. The main nonradiative processes that are operative in an
LED structure are Shockley-Read-Hall recombination, band-to-band and trap-assisted
Auger recombination, and recombination via surface states.

In direct bandgap materials the radiative recombination efficiency is usually ~
50% for homojunction devices. In indirect bandgap semiconductors this efficiency is
usually very low unless, as we have seen earlier, recombination can take place via
an impurity level. In order to achieve a reasonable radiative efficiency in dn indirect
semiconductor with a substitutional impurity, carriers must be tightly bound to the
core of the impurity atom. This requires a deep level in the energy gap and a transition
related to such a level will be at a wavelength much larger than that corresponding to
the energy gap. For III-V compounds such as GaP or GaAsP, this implies emission
in the near-infrared or infrared parts of the spgetrum. The best measured values of 7,
for GaP: Zn, O, and GaP: N are 30% and 3%, respectively.
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Nonradiative surface recombination is more important in direct bandgap materials
than in indirect bandgap materials. However, with the use of double heterojunction
(DH) structures, as in lasers, the radiative efficiency or internal quantum efficiency
can be as high as 60-80%.

5.4.3 Extraction Efficiency and External Conversion
Efficiency

It is ultimately the amount of light emerging from the device that determines the
overall external efficiency of the device. This efficiency can be low in spite of high
values of injection and radiative efficiencies if the light is not extracted efficiently.
Several factors determine the extraction efficiency. The absorption coefficient of the
semiconductor at the emission wavelength plays an important role. This is dictated,
to a large extent, by whether the material has a direct or indirect bandgap. The
absorption and luminescence spectra of GaAs and GaP: Zn,0 are approximately shown
in Figs. 5.3(a) and (b). In GaAs the absorption coefficient at the peak of the output is ~
10° cm™!, which implies that after passing through as little as 2 wm of material about
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i luminescence spectra of (a)
hv (V) GaAs and (b) GaP:Zn,O at room
(b) . temperature.
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half of the emitted radiation is reabsorbed, since ¢ (x) = ¢ e % = p,e "6 = ¢, /2 for
a =3 x 10° cm™!. This may be contrasted with the case of GaP: Zn,O in which o ~ 3
cm™! at the peak of the emission spectrum and the reabsorption in a few microns of
material is negligible. The obvious answer seems to be to place the light-emitting
junction very close to the surface in a direct bandgap device. Unfortunately, surface
states will reduce the radiative recombination efficiency as the junction approaches
the surface. As we shall see in the next section, the use of a heterojunction alleviates
this problem to a large extent.

Another cause for the lowering of the external quantum efficiency is the radiation
geometry of the LED, which emits through a planar surface. The intensity distribution
of the radiation is Lambertian, as shown in Fig. 5.4(a), in which the power radiated
from a unit area into a unit solid angle, expressed in units of W sr~! m~2 is constant
in all directions. However, most of the emitted radiation strikes the semiconductor-
air interface at angles greater than the critical angle, 6., and so remains trapped by
total internal reflection. The high dielectric constant (refractive index) of compound
semiconductors makes the critical angle very small. The critical angle is given by

8, = gin! ( ""2) (5.8)

Rry

where n,,(air) = 1 and n,; is the refractive index of the semiconductor. Therefore
light originating near the junction will be radiated isotropically, of which only that

Iy

1(6) = Igos 0

Figure 5.4 Intensity distribution
of radiation from a light-emitting
NSRS diode: (a) Lambertian and

®) Y(b) directional.
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within a cone of semi-angle 6, will leave the device surface. It can be shown that the
transmission Fr (light radiated to the total light generated) at the semiconductor-air
interface is approximately given by (Problem 5.2):

Ll /n 2 % n .1 — Ny .
Fp = - Lo _L_’_) 5.9
! 4 (nrl) |: (nrl + 1y T
Two techniques that can be used to increase Fr are shown in Fig. 5.5. In the first,
shown in Fig. 5.5(a), the semiconductor surface is shaped as a hemisphere. This is,
however, expensive and impractical for most applications. The second, and cheaper

technique, shown in Fig. 5.5(b), is to use dielectric encapsulation shaped as a dome
with a transparent material of high refractive index. For example, with n,; = 3.6

Contact
leads @)

- Encapsulation
LED
= :
Figure 5.5 Two types of LED
- construction to enhance light
= transmission from device: (a)
. hemispherically shaped device
Lo e . surface and (b) encapsulated device
(b) or dome LED.
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and n,, = 1.6, a fivefold increase in light output is obtained over the planar semi-
conductor/air interface. These are called dome LEDs, and are useful for high-volume,
low-price applications such as intruder alarms, displays, calculators, etc. Some planar
and dome LEDs are also used in optical communication in the near-infrared with fiber
bundles. The radiation patterns from these structures are much more directional, as
shown in Fig. 5.4(b).

The external power efficiency, or conversion efficiency, 7,, is defined as the ratio
of the optical power output P, to the electrical power input P,. In other words,

Ne = —% x 100%. (5.10)
P,
It may be noted that the losses encountered in the extraction process is included in
no. Typical values for 7, in common LEDs are in the range of 1% to 5%.

Finally, in an LED for daily and common applications it is important to take into
account the physiological impact of the device. For this purpose it is more appropriate
to express the performance in photometric units, which normalizes the output spectrum
of the device with the eye response. Thus, the luminous efficiency, or luminosity, is
expressed as

f, V)P, ()
[, P, (V)dA

where P,(L) is the LED emission spectrum and V(A) is the eye response shown in
Fig. 5.6. It is apparent that a diode emitting at the peak of the eye response in the
green or yellow will appear much brighter than a device emitting an equal amount of
energy in the red or blue. As an example, a green-emitting LED (A = 515 nm) will
appear nearly 30 times brighter than an LED emitting in the red (A = 630 nm) but
having the same quantum efficiency. Taking the eye response into account

nL 00 (5.11)

Nlo = MNinMrNeNL (5.12)
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5.4.4 Coupling Loss

In most practical devices the light output is coupled into a fiber. This process in-
troduces a further coupling loss. Consider the geometry shown in Fig, 5.7. The
acceptance angle 8, of a step index fiber with core index n,; and cladding index r,;
(n,1 > n,3) is given by (Problem 5.3):

0, = sin"(n?, —=n%)? = sin~'(A,) (5.13)

where A, is the numerical aperture of the fiber. It is assumed that all the light
incident on the exposed end of the fiber core within the angle 6, is coupled by
internal reflection. Also, for a Lambertian distribution of the radiated intensity,

(@) = J,cos0 (5.14)

Considering a device that is smaller than, and in close proximity to, the fiber core,
and assuming a cylindrical symmetry, the coupling efficiency n. can be expressed as

6 =

" X(6) sin 9o
; ne = f,‘;ﬂ S (5.15)
* [7773(6) sin6do

which, by substitution of Eq. 5.14 becomes
| [% 3, 5in20d0
Ne =

; [T, sin20d6
;‘ = sin® 6. (5.16)

Figure 5.7 Geometry of light
coupling into an optical fiber.

EXAMPLE 5.1
Objective. To determine the coupling characteristics of a silica optical fiber with core and

cladding refractive indices of 1.48 and 1.50, respectively.

From Eq. 5.8, the critical angle €, is equal to 89.6°. From Eq. 5.13 A, = 0.244. Therefore,
the acceptance angle of the fiber, §, = 15.7°. A
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5.5 LIGHT OUTPUT FROM LED

We will now calculate the amount of light emitted by an LED due to forward-bias
injection. The photons are emitted, with respect to Fig. 3.2(a), due to the recombi-
nation of an electron at energy £(k”) = &, with a hole at energy £(K') = &£;. We
assume that K’ = k' = k and (&, — &) = hv = £, the energy of the emitted photon.
From Eqgs. 3.28 and 3.29, we can write

:
h?.
where m? is the reduced mass given by Eq. 3.36. Therefore, near the bottom of the
conduction band

K =

€ ~&) (5.17)

m*
& = E+—(E—&) (5.18)

Emission of a photon involves the density of states in both the conduction and valence
bands. Conservation of energy and momentum forces the photon to interact with
electrons and holes of specific energy and momentum. This interaction is described by
the joint density of states, N;(£). Equation 5.18 describes a one-to-one correspondence
between &, and the photon energy £ and allows us to write the incremental relation

N(&)dE, = Ny(E)dE (5.19)
from which it follows that
Ny (&) = E—EN (&) (5.20)
Substitution of Eq. 2.53 for N (&;) leads to )
Ny(€) = (22—:2,;(8 —E'* (V) hem™) (5.21)

for parabolic electron-hole bands. The spontaneous emission rate ry,(£) and total
spontaneous emission rate Ry, per unit volume, taking the selection rule into account,
are defined by

rp(€) = PenNs(E) @I — fp(ED]  (s7".(eV) ™ em™)
Ry = f rp(€)dE  (s7hem™) (5.22a)
£

or in an alternate form’

" 4 25 1
Ry = [ o2t { [ G rbysEato - 100 - &)

2
3me,m2hc?

X fa(E2)[1 — fp(gl)]] (5.22b)

L

13, Singh, Physics of Semiconductors and Their Heterostructures, McGraw-Hill, New York, 1993.
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where the integral over d°k assures that all occupied electron and hole states are
included and the §-function assures that energy is conserved. The integration therefore
gives the joint density of states, and Eqs. 5.22(a) and (b) are equivalent. The quantity
P, is the emission probability given by

n,qzzﬁ'pév(l 4 ug)

5.23
3we,m2h*c? B2

Pem ==

from Eqs. 3.42-3.44. P,, also includes the factor ng, which is the photon mode
density, as defined in Appendix 4. It should also be noted that the emission probability
has a factor (1 + ug) where ug is the number of photons per mode, or the photon
occupation, as defined in Appendix 4. In the case of spontaneous emission, where
the photons created by recombination escape, ug is very small and the factor is unity.
For example, in GaAs, where 2ng/mo =23 eV, and assuming £ = 1.5 eV, we get
P.,, = 1.8x10% . Thus, the recombination lifetime 7, = 1/ P, = 0.6 ns. The Fermi
functions in Eq. 5.22(a) and (b) ensure that a state in the conduction band is filled and
a state in the valence band is empty. The distribution functions f,(&;) and f,(£;) are
defined by Eqgs. 3.1 and 3.2 and involve the electron and hole quasi-Fermi levels &,
and &g, respectively. For example, under thermal equilibrium conditions, the quasi-
Fermi levels merge into a single Fermi level within the bandgap. The equilibrium
distribution can then be used. Furthermore if the Boltzmann approximation is valid,

then £, (&)1 — £,(E1)] = exp( ) Under these conditions,

*33/2 £ £og p
@) = (e - gV e (57) (5.24)

Next consider the case of weak injection in an LED, such that the quasi-Fermi levels
are still several kT away from the bandedges and are within the bandgap. The
distribution functions are then given by the exponential approximations of Egs. 3.3
and 3.4. Under these conditions
(zm*)3,:'2
2 2?:3
A plot of this function is shown in Fig. 5.8. The total photon flux is obtained by

rp() = ST (o _ gy () () (5.25)

135(€)

Figure 5.8 Spectral distribution
of the injection ele¢troluminescent
rate. Also see Problem 5.11.
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integration of Eq. 5.25:

@, =V, f rep(E)dE

Vi m* 372 Epn—Epa—Ey "
= (%) el (526)
where V; is the active region volumie. In performing this integration P,,, a function
of photon energy £, has been replaced by 1/t,. This is because the effect of the
value of £ is small compared to the change in (£ — &;). When the injection level
is increased, the quasi-Fermi levels move into the bands and the probability function
fa(E)[1 = fp(&1)] increases. As a consequence the light output increases.

The responsivity, R, of an LED is defined as the ratio of the emitted optical
power P, = ®,hv to the injection current /. In other words,

D,k h
R = - = ‘70_”’
I q
1.24n,
= W/A 5.27
s, W4 (527)

EXAMPLE 5.2 _
Objective. To calculate the responsivity of an LED with n, = 3% at A = 1um.
R =003x124
=372uW/mA

According to Eq. 5.27 the output power is proportional to drive current. In this range
the responsivity has a constant value. As the injection current is increased, saturation
effects take over, and the slope decreases.

5.6 LED STRUCTURES

The structures being discussed here are used in a variety of applications where both
low and high radiance are required.

5.6.1 Heterojunction LED

The devices shown in Fig. 5.2 and discussed until now are simple homojunctions.
There are two main problems with this structure, which limit the internal quantum
efficiency. First, the surface states on the p-layer close to the light-emitting junction
give rise to nonradiative recombination. If the surface is far removed from the junction,
then the probability of reabsorption is enhanced. Also, the electrons injectéd from the
n* region into the p-region as minority carriers diffuse away from the junction and
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gradually recombine with the majority carriers. Thus, the same number of photons
are created in a greater volume of material, thereby reducing the internal quantum
efficiency and enhancing reabsorption. Both these problems can be solved in a double
heterostructure diode, whose schematic and band diagram are shown in Fig. 5.9. The
advantages of this configuration are obvious. The GaAs layer into which electrons are
injected from the top n* AlGaAs layer can be kept thin (~ 1000-2000 A), and these
electrons are contained within this thickness by the potential barrier of the p-GaAs/p-
AlGaAs heterojunction. The top AlGaAs layer serves several important functions.
First, the interface state density at this lattice-matched junction is orders of magnitude
lower than the free surface state density, thereby drastically reducing nonradiative
recombination. Second, being of a larger bandgap, it acts as a window layer in which
the emitted photons, with energy close to the GaAs bandgap, are not reabsorbed.
Finally, the injection efficiency is higher. These factors help to increase both the
internal and external quantum efficiencies. Such heterostructure LEDs are usually
realized by epitaxial growth and have also been made with InP-based materials such
as InGaAsP/InP or InGaAs/InGaAsP/InP, which emit at longer wavelengths.

GaAs
Al Gay  As (aciive) Al (fa 1S

@
P S hV
@@ @\—'&)
@ D @ @ Figure 5.9 Device structure and
® @ band diagram of a forward-biased

A double heterostructure (DH) LED.
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5.6.2 Burrus Surface-Emitting LED

This structure was conceived and realized by Burrus and Dawson in order to obtain
high radiance and efficient coupling of the emitted light to a fiber. It is essentially

a double heterostructure, and is shown schematically in Fig. 5.10. The bottom p*
GaAs and top n* GaAs layers are included for the realization of low-resistance ohmic
contacts. However, to avoid reabsorption of the emitted radiation in the top n-GaAs
layer, a deep well is etched to reach the top n-AlGaAs layer. This can be done
conveniently by a selective etchant that etches GaAs but not AlGaAs: The well is
also used to support the fiber, which is butt-coupled to the device and is held in place
with an epoxy resin of appropriate refractive index to enhance the external power
efficiency of the device. The thin SiO; layer at the back isolates the contact layer
from the gold heat sink. Photons are generated in the thin p-GaAs region and emission
from the top surface is ensured by the heterostructure and reflection from the back
crystal face. Thus, the forward radiance of these devices is very high. The top n-GaAs
contact layer ensures low contact resistance and thermal resistance, thereby allowing
for high current densities and high radiation intensity. The fiber is properly aligned
to optimize coupling of the emitted radiation. Nonetheless, there is some loss due to
the Lambertian distribution of the radiation intensity and the coupling efficiency is
typically 1%—2%.

Light output

1(- —— Multimode optical fiber

Metal tab

Etched neAlGaAL

~50m L~ __,;:; p-GaAs
_L ¢ 5] —E—— p-AlGaAs
AN p GaAs
Metallization

Gold stud — 7
Figure 5.10 The structure of an

Al1GaAs DH surface-emitting LED
Primary light emitting region  (Burrus type) (from C. A. Burrus

S0, Contact -
50pm and B. L. Miller, Opt. Commun., 4,
diameter 307, 1971).

s T

Several other types of lens coupling are used with surface-emitting heterostruc-
tures to improve the coupling efficiency. These are schematically shown in Figs. 5.11
(a)—(c). Figure 5.11(a) shows the end of a fiber that is polished into a spherical lens.
This collects and collimates the divergent radiation from the LED. The same purpose
is served by a glass microlens inserted between the device and the fiber, as shown
in Fig. 5.11(b). An integrated lens structure is obtained by etching and polishing the
top surface layer of the LED into a spherical lens, as shown in Fig. 5.11(c). This
procedure does away with a lot of cumbersome fixing and alignment, but is-difficult to
implement. It is important to realize that in spite of Yhe problems associated with large
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~—— Fibsr

Active
region

)
L

(a)

——[hEr

———— Microlens

Active
region

(b)

Figure 5.11 Different schemes of
Active  lens-coupled LEDs: (a) spherical-
region  ended fiber-coupled device,

(b) microlens coupling, and

(c) integrated semiconductor lens
(c) structure.

divergence and coupling of the radiant beam, surface-emitting structures will remain
important not only for large-volume, low-cost applications, but also for short-distance
chip-to-chip communication where surface-emitting sources are essential. For opti-
cal computing applications also, surface-emitting sources may play an important role.
With the different techniques of lens coupling discussed above, coupling efficiencies
of 5%-15% have been achieved.

5.6.3 Guided Wave or Edge-Emitting LED

The surface-emitting LEDs just described are useful for common and less demand-
ing applications. However, in optical communication, where tight coupling of the
emitted light to a fiber or waveguide is required, a more collimated light emission
is desirable. The basic edge-emitting LED is shown in Fig. 5.12. Generally for
superradiant LEDs, a stripe geometry is incorporated, as in a junction laser, to im-
prove the injection efficiency. The active layer is usually lightly doped or undoped,
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D:c!ec[rlc
n-In _ ,
(::mtla\wg3151)((:?)47 \ Ohmic contacts
“‘-~7‘,_: p" in(mA\P
Carrier /l—f" it l;}QaAqP
confinement and = < 't P . - -
guiding layers - \ _ ~._ Optic:
/ n' InP Substrate cladding
layers

Figure 5.12 Schematic illustration of the structure of a stripe geometry DH
InGaAs/InGaAs/InP edge-emitting LED.

and a very large population of carriers for recombination is created in this region
by forward-bias injection. The two InGaAsP layers on both sides serve as carrier
confinement layers, on the outer sides of which are doped InP layers. These serve
as the cladding layers, and the region in between forms an optical waveguide. Thus,
the wide bandgap layers serve the dual purpose of optical and carrier confinement.
The photons are generated in the very thin active region and spread into the guid-
ing layers, without reabsorption, because of their larger bandgaps. It is important
to realize that the edge-emitting structure allows a thin active region without sac-
rificing the radiative recombination efficiency, in comparison with a homojunction
surface-emitting LED. The stripe geometry, made by selective metallization on the
top surface through a window opened in an SiO; layer, allows higher carrier injection
densities for the same drive current. In other words, the power conversion efficiency
is improved.

It is clear that the edge-emitting LED is very similar to a junction laser. However
it does not have a feedback cavity and is still an incoherent light source. Most of the
light is made to come out of one edge of the structure. This is ensured by cleaving
and putting a reflective coating at the nonemitting end and putting an antireflective
coating at the emitting end. The waveguide vastly reduces the divergence of the
emitted radiation. In the direction perpendicular to the plane of the layers, the half-
power width is approximately 30°. However, in the plane of the layers the output is
still Lambertian and the half-power width is approximately 120°. Optical confinement
in the transverse direction can be created by selective etching and regrowth of a higher
bandgap material. This technique is more common in laser fabrication and will be
discussed in Chapter 7. The waveguiding and reduted beam divergence allows more
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efficient coupling of the radiated beam into fibers. The larger operating current density
in a smaller structure can cause heat-sinking problems. However, it is anticipated that
edge-emitting LEDs with InP-based materials will play an important role as high-
power sources in short-distance optical communication, where dispersion in the fibers

will not be too severe.

5.6.4 Drive Circuitry
The LED is operated under forward-bias injection conditions. The amount of forward

bias depends on the forward cut-in voltage, which, in turn, depends on the bandgap of
the semiconductor. Typical biases are therefore between 1 and 2V. Under operating
conditions the current drawn by the LED is ~ 100 mA. An LED can be operated
by a direct current (dc) or alternating current (ac) drive circuit. A simple dc drive
circuit is shown in Fig. 5.13(a), where the current through the diode provided by the
voltage source V is limhited by the series resistance Rg. Under operating conditions,
the voltage drop across the LED is V;, the operating voltage of the device. If the
operating current is [z, then the circuit can be described by

Vo<W o TR (5.28)

It may often be desirable or necessary to place an LED in an ac circuit. There can be
several kinds of circuits, depending on the application, and a common form is shown
in Fig. 5.13(b). Here a diode with reversed polarity is placed in parallel with the LED
to prevent it from high reverse bias voltages. A capacitor and current-limiting resistor
are in series with the two diodes. In this circuit, for current of both polarities the
voltage drop across the diode is restricted to a small value. Then the current flowing
through the circuit is approximately the supply voltage divided by the impedances
due to the resistance and capacitance. The series resistor also prevents the LED from

high turn-on transients.
Rs /usn
JLj v %E la¥aves
b

(@)

i 11( Figure 5.13 Simple (a) dc

and (b) ac drive circuits for
light-emitting diodes.

For most communication applications a high-frequency signal is impressed upon
the cw output of the light source. This is usually done by internal or external mod-
ulation, In external modulation, a modulator is placed in the path of the cw signal
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from the source, and the signal coming in as an electrical input varies the transmission
of the modulator at a high speed. The properties of such optical modulators will be
discussed in Chapter 11. Here we will discuss internal modulation, which is usually
achieved by varying the drive current of the LED with the signal. Hence it is also
called current modulation. In Fig. 5.14 a simple modulation circuit is shown, in which
the signal is applied to the base circuit of an n-p-n transistor connected in series with
the LED and a current-limiting resistor. It is advantageous to use the transistor be-
cause of the gain it provides. The variation of the base current with the signal varies
the current flow and thus the forward injection of the LED. A modulated light output
is obtained from the diode. The circuit is usually operated such that both the LED and
the transistor operate in their linear output regimes. Under these conditions changes in
the current flowing through the LED are directly proportional to input signal voltage
in the base circuit.

Modulating

electrical

signal Modulated
light output

n-p-n
transistor

Figure 5.14 Current (internal)
modulation circuit for light-emitting
o- diode.

5.7 DEVICE PERFORMANCE CHARACTERISTICS

Once an LED is fabricated, measurements are made to determine its electrical and
optical characteristics. For commercial diodes, these characteristics are sometimes
provided by the manufacturer. A typical set of performance curves for stripe-geometry
AlGaAs and InGaAsP double heterojunction LEDs are shown in Fig. 5.15.

5.7.1 Spectral Response

The spectral response of the AlGaAs LED is shown in Fig. 5.15(a) and is the plot
of the relative output intensity against the wavelength in nanometers. The peak in-
tensity is approximately at 835 nm. The spectral linewidth, measured in units of
wavelength between the half maximum intensity points—termed the full width at half
maximum (FWHM)—is around 40 nm. This is typical of LEDs operating around
0.8 wm. In LEDs emitting at longer wavelengths (1.1-1.6 pm) the material used is
typically InGaAsP/InP, and the linewidth of the spectral response is broadened by
alloy scattering. The linewidth is also shifted and broadened by heavy doping in
the active region. Therefore, in surface-emitting LEDs where the active region is
more heavily doped, the emission wavelength moves to longer wavelengths (lower
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Figure 5.15 Typical performance curves of AlGaAs and InGaAsP light-
emitting diodes (courtesy of D. Pooladdej, Laser Diode Inc., New Brunswick,
NI).

energies) and the spectral response curve is broadened. Fluctuations in temperature
also affect the response characteristics. The bandgap of most III-V semiconductors
decrease at a rate of 5 meV/degree increase of temperature. The linewidth of the
spectrum also increases with increase of temperature due to a larger energy spread of
the carrier distribution and phonon scattering. Therefore, for applications where the
emission wavelength and linewidth need to remain invariant, heat sinking and cooling
arrangements are incorporated with the device.

5.7.2 Output Power-Time Characteristics
The lifetime of an electroluminescent device ‘or a source for communication ap-
plications is an important parameter. Therefore, curves such as the one shown in
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(mW) 19
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Fig. 5.15(b) are important. This curve, for the AlGaAs LED, shows a power loss of
a few percent after operating for 8,000 hours.

5.7.3 Light(Power)-Current Characteristics

These are perhaps the single most important characteristics of an LED. The char-
acteristics of an edge-emitting LED is shown in Fig. 5.15(c). The linearity of the
light-current characteristics is important for modulation in analog transmission. Some
LEDs can exhibit nonlinearity depending on material properties and device configura-
tion. It is also important to note that edge emitters radiate less optical power into air
than surface emitters, although the radiation intensity at the emitting face can be very
high in the former. This is because interfacial recombination and reabsorption can
play a more dominant role in edge-emitting LEDs. However, because of the higher
radiation intensity from them, coupling into fibers with smaller numerical apertures
is more efficient. The light-current characteristics shown in Fig. 5.16 illustrate the

above points.

L
{power)

(a)

@W) 1o Figure 5.16 (a) Schematic
illustration of linear light-current
characteristics of LED, (b) an
Al1GaAs surface emitter with a
50pm diameter dot contact, and (c)
and A1GaAs edge emitter with a 65

O o a8 O

100 200 300 w0 20 300 pm wide stripe and 100 wm length.
1(mA) 1(mA) (D. Botez and M. Ettenburg, IEEE
Trans. Electron Devices, ED-26(3),

(b) (@) 1230, ©1979 IEEE).

5.7.4 Diode Current-Voltage Characteristics

These describe the electric operating characteristics of the device. Typical current-
voltage characteristics are shown in Fig. 5.15(d). For efficient operation it is important
to know the forward threshold voltage, the reverse breakdown voltage and the reverse
leakage current at breakdown. It may be noted that the reverse breakdown voltage
(5-15V) in LEDs is not very high, since the junétion is usually formed of heavily
doped materials.

ik g

sbagae e ek as
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5.8 FREQUENCY RESPONSE AND MODULATION BANDWIDTH

The efficient utilization of a communication system calls for minimizing the trans-
mission time. In other words, the maximum amount of information needs to be
transmitted in the least possible time. Rapid transmission of signals can be achieved
if the signal changes rapidly with time. A common and convenient measure of sig-
nal speed is its bandwidth, which is the width of the signal spectrum in frequency
domain. High-speed communication calls for wideband signals to represent the infor-
mation and wideband systems to accommodate the signals. In optical communication
a high-frequency lightwave is modulated by the wideband information signal, thereby
reducing the fractional bandwidth and simplifying equipment design. For everyday
commercial applications and in particular as display devices, the response time of an
LED to a drive current pulse is not a limiting factor. The response time of most com-
mercial LEDs is < 1us and this is more than adequate. However, for communication
applications in which high-frequency internal modulation of the LED as a source is
desirable, response times of the order of a nanosecond or less are desirable. Therefore
it is important to understand the processes that limit the response time and to explore
techniques to reduce it.

There are two main factors, extrinsic and intrinsic, that limit the response time of
a LED. The extrinsic factor is the junction capacitance of the diode. This capacitance,
together with the resistance in the diode circuit, gives rise to a characteristic RC
time constant. The capacitance can be decreased by decreasing the diode area and
increasing the reverse bias. The latter is related to the doping. The intrinsic limitation
to the response time arises from the charge storage and diffusion capacitance of a p-n
junction under forward bias. When the applied bias to the diode is modulated at high
speed, the stored charge cannot respond. The excess injected charge during forward
bias is removed by diffusion and recombination with minority carriers. Therefore, the
recombination lifetime in the junction material plays a major role in determining the
modulation bandwidth. As shown in Appendix 6, the frequency response is given by

1

@ = Tyoen

(5.29)
where r(w) is the response (power output) at angular frequency @ and 7 is the minority
carrier lifetime in the injected region. It is evident that for good high-frequency
response the recombination lifetime 7 should be made small. As we have seen in
Chapter 3, the value of 7 is also related to doping and injection level. For low-level
injection into a p-type material, the value of t (= 7, if nonradiative recombination
is negligible) is given by Eq. 3.23. Thus, 7, decreases with increasing doping and
the best value that can be obtained is approximately 1 ns. The limit is set by the
breakdown and leakage current of the diode and the solubility limit of the dopant
specie. An alternate approach is to operate in the bi-molecular recombination regime
in lightly doped material. For example, for h‘igh-level injection into a thin active
region, the value of 7, is expressed by Eq. 3.22: Under these conditions the injected
carrier density An into the active region is much greater than the equilibrium value. A
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simple expression for 7, as a function of the injection current density J can be derived
as follows. If J is entirely a recombination current, then the number of recombinations
per unit volume per second in an active region of width d is J/qd. This must be equal
to An/t,. Therefore, by using Eq. 3.22,

1/2
_ (44
L (JBF) S

Thus, 7, may be reduced by reducing d and increasing J. However, a very high
value of J may lead to heat-sinking problems and distortion of the modulated signal.
It should also be remembered that in conventional surface-emitting LEDs with thin
active regions, the recombination lifetime is limited by the surface recombination rate.
Edge-emitting LEDs with a thin undoped active region, operating in the bi-molecular
recombination region promise the best high-frequency response. It is important to
note that all the material and device parameters that are to be adjusted for realizing
the best high-frequency response are interrelated.

An alternate way of expressing the response of an LED to a high-frequency
current drive is the modulation bandwidth. This is defined as the frequency at which
the output optical power received at a detector is reduced by 3 dB with respect to
power transmitted. As the modulation frequency increases, the LED does not emit the
total amount of light, since all the injected carriers cannot recombine. If we assume
a linear light(power)-current relationship for both the LED and the detector, then we
may define the bandwidth as follows:

Pout ()

AF(@B) = 101og;, ~24Y)
f 810 5 (dc)

lr(?!.(I' )

where [,,, is the current at the detector. The 3 dB point occurs when the ratio of
the currents is equal to 1/2. The bandwidth is schematically shown in Fig. 5.17. It

Lout (F).
Tout (d0)

I
|
I
|
|
|
1
Y

|~—— Electrical bandwidth ——+ Frequency % Figure 5.17 Frequency response
k——— Optical bandwidth ——— of a light-emitting diode.
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is sometimes also possible to define an electrical 3 dB bandwidth as the ratio of the
electrical powers. The 3 dB bandwidth occurs when [1yy; (£/1,4, (dc))*> = 1/2 or o
(B Iour (dc) = 0.707. Therefore, the electrical bandwidth is smaller than the optical
bandwidth.

In conclusion, the modulation bandwidth of an LED depends on the device con-
figuration (surface- or edge-emitting) doping level in the active layer, the lifetime of
the injected carriers, and the parasitic capacitance and resistance in the circuit. Fi-
nally, it may be remembered that in LEDs the photons are generated by spontaneous
recombination, and the radiative lifetime under these conditions is always longer than
that under stimulated emission, as in a laser. Therefore, lasers have higher modulation
i bandwidths. Nevertheless, bandwidths over 1 GHz can now be obtained in practical
" LEDs. The intensity modulation by variation of the drive current can be applied
with both analog and digital signals. The former requires a larger signal-to-noise
: ratio and is therefore more suited for short-distance applications. Digital modulation

has better noise immunity and is therefore more suited for long-distance optical-fiber
communication.

5.9 MANUFACTURING PROCESS AND APPLICATIONS

Il The LED represents the simplest and most robust of the electroluminescent devices.
: The cross section of a standard red-emitting LED is shown in Fig. 5.18. The device
| consists of layers of GaAsP grown on a GaAs substrate. Some LEDs (orange-emitting,
1 for example) are grown on GaP substrates. The substrate material is the same as that
used for other electronic and optoelectronic devices and is grown in ingots by the
Horizontal-Bridgemann or Czochralski techniques. For P-containing compounds, the
b resulting pressure at the melting point is very high (e.g., 40 atmospheres for GaP).
Also, the B»O3 used for encapsulation introduces B impurities in the single crystal.
For high-quality substrates the defect density varies in the range 10°-10° cm ™2,

The epitaxial layers are grown by LPE or VPE. For red LEDs, the n-type layer
is doped with Te and for the orange LED the dopant is S. For p-type layers, Zn is the

[ best dopant. NHj3 is used for creating N isoelectronic traps. If Zn-O pairs are needed
y Au
c dwi

A i Zn-diffused

contact —_

. Y p-layer
: 81 N—" = Sum
- n-GaAsy . Py 4 :Te 15-25um
Graded n - GaAsy_(P ,:Te 15-25pm

nt Si-doped GaAs substrate

| : AuSn

contact

Figure 5.18 Schematic of a red-emitting daASg‘ﬁPo,q, LED with typical di-
Mensions.
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to create isoelectronic traps, then Ga,Os is passed through the material, which has
already been doped with Zn. GaAsP grown on GaAs substrates may produce mis-
fit dislocations, and therefore graded composition layers are sometimes incorporated
between the substrate and the active region. Also, as shown in Fig. 5.18, an n-type
substrate and a top p-type Zn-diffused layer are the most common configuration due
to the relative ease with which Zn can be incorporated by diffusion. This diffusion
is done selectively through an Si3Ns mask to form the p-n junction. Contact layers
are usually formed of Al and AuSn on the p and n sides, respectively. Alternately,
AuBe and AuGe are also used on the p and n sides. Contact to the bias source is
made via gold bonds, as shown. To make the light scatter and radiate uniformly from
the junction, the metallization on it is made such that the current distribution over the
active region is uniform.

The completed LED is encapsulated in a dome, as shown in Fig. 5.5(b), for
display and counting applications. For visible LEDs the bottom surface can cause
spurious reflections, and therefore a special coating is applied. The most common
application of visible LEDs are as lamps and displays. The choice of an LED as a
lamp is decided by the color required for the particular application and the require-
ments of luminous intensity, uniform visibility from all directions, and a contrasting
background. LEDs have proved to be very useful for pocket calculators, where red-
emitting LEDs are generally used. For this application, several individual chips are
required, and each of them should be capable of forming all the numerals. To reduce
the size of each chip and yet keep the numerals large, a lens or reflector is used,
as shown in Fig. 5.11. In addition, a narrowband filter is placed in the path of the
radiated light to improve the contrast ratio. In the fabrication of these devices cost is
an important factor.

In applications such as pocket calculators, parallel connections of many small-
area LEDs are used to display alphanumerics. Two schemes are generally used. In
the first scheme, shown in Fig. 5.19(a), a seven-segment system is used, where each
segment can consist of several LEDs. A digital logic control system is used to feed
current to the desired segment. The negative terminal of all the LEDs is connected to
a common ground terminal. In the second scheme, shown in Fig. 5.19(b), a matrix of
LEDs is used, and logic control directs current to specific LEDs to produce a specific
display. In both schemes, failure of one or a small number of LEDs will not ruin

EEEEN
5 MO0
L mCIOC0]
0. L1 1 | . .
2 7 W] Figure 5.19 (a) Segment architec-
B]]OC]  ture and (b) matrix architecture of
BEMNEME LEDs for alphanumeric display. In
y ;

the first, each segment consists of
(a) ()] multiple LEDs.
B
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the display. There are competing technologies, such as liquid crystal displays, which
have also found wide applications in computing machines and watches.

For sensing and communication applications, infrared LEDs are generally used.
For the former GaAs is the most common material. InP-based devices are being used
for the latter.

5.10 DEFECTS AND DEVICE RELIABILITY

One of the foremost requirement of LEDs, both for common and specialized applica-
tions, is reliability over a long lifetime. Unlike junction lasers, which operate under
much larger drive currents, LEDs generally do not suffer catastrophic degradation.
But their performance characteristics are known to change with time, and they exhibit
gradual degradation. There are two classes of defects that are known to degrade the
performance of these devices. The first is dislocations, which may propagate from
the substrate during epitaxy into the active region. Currently the dislocation in doped
substrates is ~ 10-10> cm ™2 and the density in the active layer can be reduced by
small geometry and incorporation of appropriate buffer layers, that act as dislocation
filters. The second is deep-level defects in the forbidden energy gap. Deep levels
can arise from point defects such as vacancies, interstitial defects, impurity atoms, or
complexes formed from combinations of these.

Dislocations in the active area give rise to dark line defects and dark spots,
which cause a more rapid degradation of the device. In essence, the dislocations
form absorbing regions. The degradation is dependent on the operating or device
temperature, injection current density, and impurity concentration in the active region.

Deep levels, as we have already seen, reduce the radiative efficiency of the
LED. In addition, point defects and impurity migration into the active region may
be created or enhanced by the recombination process. These give rise to a slow or
long-term degradation.! The degradation rate is related to the activation energy & of
the degradation process by an Arrhenius equation:

Ya = Cexp (—€4/kpT) (5.32)

where y; is the degradation rate (s~') and C is a proportionality constant. The
activation energy £; represents an energy barrier to impurity migration or defect
generation. Consequently, the larger is the value of £, smaller is the degradation rate.
&4 is related to materials parameters, epitaxial techniques, and the device processing
and geometry. The radiant output power as a function of time, P(¢), may then be
expressed as

P(t) = P(0)exp(—yat). (5.33)

Based on these equations and values of &; in the range of 0.6-1.0 eV, operation
lifetimes of ~ 10°-10° hours of continuous wave (cw) operation can be expected,

A

8. Yamakoshi et al,, IEEE J. Quantum Electronics, .QE—J’?(Z), 167-173, 1981.
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depending on the material system. The realization of these lifetimes depends on ma-
terials synthesis and device fabrication, and operation with very efficient heat sinking.
Without the latter, the junction temperature can quickly become much higher than the
ambient temperature.

EXAMPLE 5.3

Objective, A GaAs/AlGaAs LED has an activation barrier of energy & = 0.6 eV (o long-
term degradation. If the value of C is 2 x 10*Ar~", to find the time after which the radiant
output power will fall to half its initial value for room temperature operation.

From Eq. 5.32, y4 = 7.6 x 10~%hr~'. Substituting this value in Eq, 5.33,

O _ oy — wite -9
PO) 0.5 = exp(=7.6 x 107°¢) (5.34)

from which ¢t = 9 x 107hr.

It must be remembered, however, that there are other modes of degradation, which can
further reduce the operation lifetime.

PROBLEMS

5.1 Discuss the different processes and their efficiencies that combine to produce
the external conversion efficiency of an LED. Which one(s) are the most
significant? Give reasons for your answer.

5.2 Derive Eq. 5.9.
5.3 Derive Eq. 5.13.

5.4 Without knowing too much about injection lasers at this point, briefly dis-
cuss some of the advantages and disadvantages of LEDs in comparison with
lasers for long-haul optical-fiber communication.

5.5 A GaAs p-n junction LED has Ny = Np = 10'® cm™>. Light emission
predominantly results from electron injection and its recombination in the
p-region. Calculate the radiative lifetime. A deep-level recombination cen-
ter with a lifetime of 5 x 107? sec is also present in the active region.
Calculate the electron lifetime in the p-region and the radiative recombi-
nation efficiency. Assuming that the hole lifetime is equal to the electron
lifetime, calculate the electron injection efficiency n;, if D, = 120 cm?/s
and Dj, = 0.01D,. What will be the value of n;, under a forward bias of
1 V if the recombination current /.. due to the deep level is also taken in
account?

[Hint: Taking [,.. into account, n;, =
B = 72x107% cm?s1]

Ie

Tt Also, use a value of
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5.6 For the LED of Problem 5.5 and under identical operating conditions (ne-
glect I,,.) determine the value of the extraction efficiency n,, if the overall
device efficiency is one percent.

5.7 The Zn-O transition is used for light emission at 6900 A in a GaP LED.
Zinc impurities give tise to an acceptor level with £4 = 40 meV and O
atoms give rise to a deep donor with £p = 0.8 eV. Estimate the average
spacing between the donor and acceptor atoms. From this result can you
estimate the approximate doping levels of Zn and O?

5.8 List the parameters that need to be optimized and the techniques to maximize
4 the external quantum efficiency of an LED.

5.9 Show that the numerical aperture of a step-index fiber is approximately
given by the relation

Ay = L 2n,1 An,
L)
where n,q is the index of the medium from which light is coupled, n,, is the
index of the fiber core, and An, is the difference of the indices of the fiber
core and cladding (n,;). A GaAs LED is coupled through air (n, = 1) to
a step-index glass fiber (n,; = 1.55). Is the acceptance angle for rays still
inside the LED affected by using a dielectric medium (n, = 1.55) instead
of air? What is this angle for An, = 0.025?

5.10 A planar GaAs LED exhibits an external power efficiency of 2% when

driven with a current of 40 mA. The voltage developed across its terminals
!'-' is 2.2 V. Estimate the optical power generated within the device assuming
transmission into air,

5.11 Using Eq. 5.25, determine the energy at which the spectral distribution of
rsp(€) shown in Fig. 5.8 attains a peak value. Also calculate its full width
| at half-maximum (FWHM).

5 5.12 Describe the LED structures commonly used for optical-fiber communica-
' tion and discuss their merits and disadvantages.

5.13 Light-emitting diodes are made of Si and GaAs. The device dimensions and
doping levels are identical. Which one do you expect to exhibit a larger
modulation bandwidth and why?

5.14 With reference to Eq. 5.29, explain why edge-emitting LEDs promise high-
modulation bandwidths.

: 5.15 Design a simple dc biasing circuit with a 9V battery for an LED that has a
t maximum forward current of 2 mA at 2 V.,
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