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- s ABSTRACT

In this thesis we eQaluate the séreening, the Fermi energy and the
absorption coefficien£ in a heavily doped semiconductor. The specific
éggse of a heavily dopéd n ané p type-GaAs is considéred because of
‘%aAs's . relative simplicity and because experiments -and other
célculations are available- for testing the results, The present
cglculations are based on the quantum mechanical theory of the density
of electron states (DOS) in the energy band tail region of heavily doped
semiconductors developed by Sa-yakanit. This theory provides the DOS and
the wave functions (harmonic) of the .localized electrons in the band
\

tall. A method of determininﬁ these and the screen;ng length- self-
consistently was developed by Sa-yakanit and Glyde (SG). These
properties, the DOS, the wave functions and the screening provide the

-

essential input to the evaluation of absorption.

We, firstly, test SG's DOS by calculating, self—consi§tently, the
screening constant and the Fermi energy of heavily doped n type Gahs.
We present some numerical results for the SG DOS and inFlude some higher
order correction terﬁs to improve the DOS at higher energies. We_}
compare SG's DOS with the only direct measurement of the DOS by Mahan

and Conley. The calculated DOS agrees well with experiment.

Next, we calculate self-consistently the secreening constant and the
Fermi energy for heavily doped n and p type GaAs. These are needed in
the calculation of absorption. The doping concentrations are chosen to

be the same as those used by Casey et - al in their experiments and by

-iii-



Casey and Stern in their calculations so that comparisons with
eﬁperiments and other calculations can be made. The screening constant
is used 1in the DOS- determination and the Fermi energy is used in the

absorption cecefficient calculation.

-

By making use of the SG DOS and the localized harmonic Qave funetion
from the SG theory, we create a new wave function for heavily doped
semiconductors. It is 1in the form of a Bloch function modulated by a
localized harmonic wave function. Wé then establish a matrix element of
transition and find its asymptotic values. The absorption coefficients
of both n and p type GalAs are determineq using SG's DOS and the matrgx
élement'with and without the béndgap shrinkageydue to many-body effects,
The bandgap shrinkage “is deterained using Casey and Stern'é empirical
formula, and using Inkson‘g more fundamental Thomas—Fermi approximation.
Qur results need approfimately a factor of 1.45 to bring it into
agreement with experiment. Our overall absorption coefficients are also
very similar to those of Casey and Stern. This suggests that, while
several features of the present calculation are more fundamental, the
agreement with experiment 1is not significantly better than obtained by

Casey and Stern

"

L]
The sensitivity of the absorption coefficient to several physical

quantities used in the calculation is also tested. We find that it is
sensitive to the DOS and the bandgap shrinkage; with the latter quantity

playing the most important role in the absorption process.
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6.1 The present matrix elements for three fixed photon energies

can be determined for both light-hole and heavy-hole bands. The

diagram is for the p type GaAs with p=1.2x1018 em™3

-3 18

(ND=3.ox1o-17cm and N,=1.5X10 em ) at T=297K. This matrix

elements are determined by fixing the mobility edges at nominal

band edges and without taking into account the bandgap shrinkgge

due to many-body effects.

6.2 Absorption ccefficient for the p type GaAs with p=1.21(1018a':m-3

(ND=3.OX1017cm-3 and NA=1.SX1018cm'3) using the present matrix
element without taking into account the bandgap shrinkage 1is
compared to that obtained using Eagles' constant matrix element

and the standard—parabolic absorption coeffieient.

6.3 Absorption coefficients determined without taking inte
aceount the bandgap shrinkage are compared with the experiment.
Curve A is _caleulated by determining the k values ‘for both bands

by letting Emc and Ehv be "mobility edges" as shown iq -5.1A.

Curve B is calculated by determining -the k values by the same’

method but-Emc is moved upwards by 10% of Eg.
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-
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CHAPTER 1
Introduction

With the development of Esaki diodes and semiconductor lasers, the

heavii&‘doped semiconductor has become a sensitive and active part of a
device, Much attention .has be pald to the transport and optical
properties of heavily doped semiconductors. In this thesis, we cons;der
only the absorption near fhe band edges in heavily doped GaAs crystal

since it 1is the semiconductor which has the most available absorption
. r-
experimental data. The basic theory of heévily doped semiconductors are

given by Bonch Bruevich(1966) and Fistul(1969). By definition, a heavily

a

doped semiconductor is formgdUWhen an 1mpurity band and a parent band
2o

are merged. From a microscopic point of view, it is formed when the

overlapping of electronic wave functions is large compared to impurity

separations.

It has beeh well known since the last two decades that an absorption
tail is observed when a semiconductor is heavily doped [Pankove (1965)].
In 1975, Casey et al(1975) presented a set of experimental absorption
coefficients for heavily doped GaAs. Their n type data showed an
appreciable shift to higher photon energiles when the doping

concentration is inerea

. This shift is called the Burstein shift.

Their p type dat showed larger absorption tails when the doping
concentration is increased. In the following year, Casey and Stern(1976)
proposed a theory to predict the absorption coefficients in which the
initial and final wave functions were in the form of a Bloch function

superimposed by a hydrogen-like envelope function, In their theory, they

e



i

—_—
scaled the Kane(1963) analytic expression for the density of states

(DOS) to fit the Halperin ana Lax(1966) tail DOS which was derived usfh&\H
a full quantum mechanical approach. Casey and Stern's absorption !

coefficients were, however, too small compared to experiments.

A few years later, Sa-yakanit (1979) used Feynman's path integration
method and Halperin and Lax's ideas to create a new theory and was able
to get an analytic expression for the DOS instead of that given in
numerical tables of Halpeﬁin and Lax. 1In the following year, Sa-yakanit
and Glyde (1980a,b) applied Lloyd and Best(1975)'s variational principle
to Sa-yakanit's theory to inprease the acecuracy. We [Sritrakool, Glyde,
and Sa-yakanit {1982)1] tested the Sa-yakanit and Glyde DOS by
calculating the Fermi energies and t@e screening constants of heavily
doped n type GaAs with different compensation ratios. We [Sa-yakanit, .
Sritrakool, and Glyde (1982)] also presented some numerical results and
included more higher order correction térms in the calculations. The
only difect experiment available for the DOS 1is from the Schottky
Junction tunnelling experiments .done By Mahan and Conley(1967).
Takeshima (1983) compared his DOS, which was derived from the Green
function method, with that experiment. It fitted the experiment quite
well. We also show in this thesis thét the Sa-yakanit and Glyde DOS
does also it the experiment. We point out that the difference cannot be
observed by comparing with this experiment whieh is glven in 1linear
scales. . -

Here we mainly wuse the one-eleqtron approximation. We restrict

ourselves to the photon energy range from 1.35 to 1.55 eV. This rahge

—2a



covers transitions between band edges of heavily doped GaAs only since a
pure GaAs crystal has a direct bandgap of 1.424 eV at room temperature.

A simple parabolic band can then be assumed instead of its complicated

 band structure because of the small énergy range being considered. All

impurities are assumed to be shallow, i.e, totally ionized at room
temperature, so that the number of free carriers can be estimated.from
donor and acceptor conqentrations. The approximation used in determining
the screening constant 'Q is the Thomas-Fermi approximation which
requires a slowly varying potential field. The absorption coeffiecient

is determined within a simplified band structure and. the one—electron

approximation., Many-body effects manifest themselves in this.calculation

through the bandgap shrinkage mechanism,

We make a calculation of the absorption coefficlent similar to that
of Casey and Stern by using the DOS from the Sa-yakanit and Glyde theory
[eq.(3-1)j and by creating new initial and final wave functions for an
absorption transition by means of the localized harmonic wave function
which comes out simultaneously with the DOS. The asymptotic value of our
matrix elements [eq.(5-31)] is investigated and found to approach the
matrix element for two plane waves porrectly. The absorption coefficient
is calculated with and without the bandgap shrinkage due to many-body
effects. We evaluate the bandgap shrinkage using Inkson's Thomas-Fermi
calculation and wusing Casey and Stern's empirical formula in order to
see the effect of the shrinkage on the absorption coefficient. We find
that bandgap shrinkage must be included to obtain good agreem?nt with

the observed absorption coefficient. The bandgap shrinkage, therefore,

plays an important role in the absorption process. We also test the



‘sensitivity of the absorption coefficient to some physical quantities
used in our calculation, e.g. the DOS, the effective mass, and some

barameters involved,

In the next chapter, we review the basic theory for the absorption$
- Some reviews on the DOS.for the band tail and the Sa-§akanit and .Glyde
théory will be described in chapter 3. The DOS for heavily doped GaAs
and a comparison with experiment is also presented. 1In chapter 4, the
method of caleulating the screening constant Q for the-DOS and the Fermi
energy for the absorption “self-consistently within the Thomas-Fermi
appr;ximation is explained. Some results for heavily doped n type GaAs
and the results for the absorption caleculation will be presented. In
chapter 5, we describe some available matrix elements of transition and
our present matrix element. In the last chapter, we present and compare
our calculations for the absorption coefficients to ex;;}iments and

those of Casey and Stern. The bandgap shrinkage will be discussed.

Finally, in the Epilogue, conclusion to this work is given,

=l



CHAPTER 2

Basic Theory of Absorption

=

2.1 Introduction ' . ’

There are many excellent reviews of the basic theory of absorption in
semigonductors frgk both -a microscopic and macroscopic point of view.
These are given by, for example, Stern(1963), Bassani(1966),
Johnson(1967), Pankove(1371), Ziman(]1972), Abeles(1972), Wooten(1972),
Bassani et al(1975), and Abram et al(1978). The macroscopic theory
describes the absorption using Maxwell's classical theory of
electromagnetic waves sp explain how waves propagate through a medium;
while the microsptopic theory begins with an electron in that medium then
uses a quantum mechanical approach to describe the behavior of the ~—w
electron under the time-depenﬁent perturbation of > the incoming
electromagnetic wave. The decay of the propagating waves in a medium is
directly related to the ébsorption of that medium. The absorption
coefficient is defined as the fractional décrease in ineident inténsity

with distance in the absorbing medium.
2.2 Macroscepic Theory

Various materials have different optical properties. Some are
transparent and eléctromagnetic waves can pass through, 3Some are cpaque
and electromagnetic waves can only partially pass through. By means of
classical Maxwell's equations, the electromagnetic waves propagating

through a medium with dielectric function & and magnetic susceptibility

H can be described by the four well-known Maxwell's equations :



_ - € - -
. VxH = _j_gg + 470 E {2-1 a)
[ ] C
vE o -u 3B :
c 9t (2=1 b)
7-H =0
{2-1 e)
v-E =0
{2-1 d)

-
where ¢ 1s the conductivity and ¢ is the speed of light. Since we will
not consider any magnetic effects, we take U =1. A solution for the

electric field from above equations is

”///ijij//, F:-f exp[i(f;?Lmt)]

0 (2-2)

- - -
where K is the complex propagation wave vector defined by §=E1+i§2 which

ié related to the angular frequency « by the relation ?-K: sz/c. The
dielectric function ¢ can be complex. It is defined in terms of the real
part elfand the conductivity o by k£ :el+iez= El +i4m o/w ., In the
medium, the refractive index N 1is also complex and defined as
N= n+ik = e!‘i where n is the real refractive-index and k is the imaginarny
refractive index which is the so-called’ extinétion coefficient. The

latter quantity describes the absorption of electromagnetic waves by the

medium. The relationship between these physical quantities is :

2 .2

EI =n —k. ) - (2-3)
€, = 4T0/u = 2nk &-m
K = (nw/c)+i(kw/e) = K1+iK2 _ . {2-5)

Inserting K into eq.(2-2) and taking only the z component gives the .

solution for the electric field to be



t = Eoexp[iw(nz/c—t)Iexp(—kmz/c) : L . (2-6)

The phase velocity of the wave 1is reduced to o/n and the wave is
attenuated by the factor exp(-kuz/e¢), The abscorption coefficient which

describes the fractional decrease in intensity with distance, is defined

in the z direction as

a4 = -

Ou
L]
-

1 (2-7)
I

[a W)

z

where I 1s the intensity. Since the intenslty is proportional to the the

wave amplitude squared, we find from eqs.(2-6) and (2-7) that

. (2-8)

a = 2w k/ec = mezfnc

The absorption coefficient is a function of the incident wave frequency.
We conclude that the absorption and other physical characters of the

medium are functions of the frequency of the incident electromagnetic

wave,
2.3 Microscopic Theory

In this section the quantum mechanical theory of absorption will be
reviewed. The interaction between a radiation field and the electrons in
a2 medium will be studied using standard quantum mechanics. Some basic

approximations needed will be mentioned first.

2.3.1 Basic Approximations

The kinetic‘eneréy of a system of N electrons in the presence of an

electromagnetic field is

N s
1 >  eA(r,t).2
L [55 Py e ) :l (2-9)

i=1



where ;EIEm is the kinetic energy an individqal free electron, e is the
absolute value of the electronid charge and % is the vector potential of
the electromagnetic field. The choice of the Coqlomb gauge implies thaé
v.4 #0; Fufthermore all terms non-linear in the vectbr potential are
also negiected. The Hamiltonian describing the interaction of the
electrons with the radiation field is then
N
H'=e [ A(F 0.3, . . (2-10)
me i=1

This term is trea%pd as a~ time-dependent perpurbation on the electronic
states and will cause electfons to make transitions between occupied
bands and empty bands. From the transition probaﬁility rate, the
relationship between the electronic structure and‘opfical constants can
be derivéd. . .

fr o n {

Basic gpproximations used since the beginning dre the adiabatie
scheme, ﬁhe §ne—e1ectr$n approximation,”\Koopmans' theorem, and the
effective mass app;oximation. These approx;ggtions can simp{@fy the
complicated many-body problem into a solvable eigenvalue equation,
Many-body .effects resulting from electron-electron interactions are not
; éreated rigorously in this work. Rather emphasis will be on the one-
electron approximation which is a good approximation provided the
electron-electron interaction can be incorporated into an effective
single electronic potential. Sinee the pure GaAs crystal has a direct
bandgap é@d we copsider cnly a small range of photon energies which
covers transitions only between band edges, the indirect transitioné and

other transifions will be disregarded here.



2.3.2 Quantum Theory of Absorption

If the perturbation term is L exp(*iwt) and the time-dependence is
completely contained in the exponent, the transition probability per
unit time from the initial state [|i> with energy Ei to the final state

13> with energy ;j is T
P'= (21T/f1)|<j|Lli)526(Ej-Eitﬁm) . (2-11)

The perturbatigﬁ‘L exp(-iwt) iﬁduces a transition with absorption of a
photon of energy fiw while L exp(iwt) induces a transition with emission
of é pho£on of energy T%w . The Dirac delta function indicates the
conservation of energy. Since we conside} the absorption only, we will

neglect the emission term from now on.

We now 1limit ourselves to transitions from the valence band to the
conduction band. The ground state of the electronic system can be
written as a Slater determinant composed of all one-electron states in
the valence band. When the interaction Hamiltonian (2-10) is introduced
it is assumed that only one electron goes to an excited state in the
conduction band. The Slater determinant describing the excited state
will therefore consist of (N-1) one:electron states in the valence band
and only one one-electron state iq\phe conduétion band. Hence the matrix
element of transiti@n from the ground state to the excited state due to
the radiation field is just the transition from a one-electron stgpe in
the valence band to a_one-electron state 1in the conduction band. If we
define ?kv and wkc-to-bEGQne—electron wave functions in the valence and

conduction bands respectively where k's are their corresponding wave

vectors, then we have the matrix element of the transition

-9-
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5 ' ol .+ . —-—
<HIH'IL> = ce/mc)wkc!it pwkv>65v,s_c : (2-12)

where sv and sc¢ label the spins of the twé wave functions respectively.
From now on we will'ignore the spins and treat the energy state as a
single state. 'Spin will be re-introduced when we arrive at the final
expression for the absorption coefficient. The vector potential can be

~

written in terms of the frequency and the polarization vector e which

1s in the direction of the field as
A, = Aoe exp[i(E-F— wk}] + c.c. ' (2-13)

where E is the wave vector of the radiation and c.e. 1is the complex

conjugate of the previous term. As before we will not consider the c.c.

which is the emission term. The transition probability per unit time is -

Nnow

- -

+ > . :
P'= (2n/f)(eh /me)21<y. |e 3 Te.Blw. >126(E ~E -Fuw) (2-1%)
0 kc c v

kv

-
-

where Ev and EC are the corresponding energies to the states for the

valence and conduction bands respectively. The maénitude of a typical

-

photon wave vector 1s small compared to the-magnitude of the wave
vectors for the electronic wave functions whose magnitude 1is of the
order of 108cm_l. Thus the exponential term in eq.(2-14) becomes unity

and

pro (Zw/ﬁ)(eﬁblmc)ziz;-ﬁ (R B )128(E E ~Fw) (2-15)
cVv c v c v

~

her M (X K )= <¥. je-Rlv. > . Th itude of M__ in th
weeecv C'V_ .kcep. . emagn uce o CVl e e

>

direction is

T T . A e e o < i
Hcv = e J?kc(kc,r)(—1ﬁV)Vkv(kv,r)dr . {2=-16)

Q
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We now keep in mind that Ec is a funection of gc and Ev is a funetion of
Kﬁ. To obtain the rate of the transition per unit volume W{w), we must
sum eq.(2=15) over all possible states in the unit volume, i.e. we must
sum over all wave vectors.ﬁg and ﬁv (and over spin degeneracy). If there
is more than one valence band or more than one conduction band we must
aiso sum over all those bands. Since ﬁ; and ﬁ; are confiqed to the first

Brillouin zone with a density /(273 (2 being the volume of the

erystal), thé transition rate per unit volume is

_ 2 -+ - 2
W(w) = (27/f)(edy/me) QJ QEC3I gkvaMcvﬁ(Ec—Evrﬁm) . (2-17)
T gz Mg M
The absorption coefficient is also defined as the energy absorbed in
unit time and in unit volume divided by the energy flux, The average
energy density u in a medium of radiation field described by the.vectcr

potential 1in eq.(2-13) is related to the optical constants by the

reiation
u = n2A%m2/2nc . (2-18)

This 1is also the energy density assoclated with a single photon of
energy fiw . If we ignore the dispersion of the index of refraction n,
the product of the average energy density u and the velocity of the
propagation in the medium c/n is the energy flux [see Stern{1963)

p.309]. Hence the absorption coefficient is simply written in terms of

Wiw) as
alw) = Aw Wlw)/ule/n) {(2-19}
or a(w) = szezﬂj dk J dk M2 §(E -E -hw) . {2-20)
m — cv c v .

_—t3 3
gz (?7)° p7(2m)

-11= .



In heavily doped semiconductors, translaticnal symmetry is broken by
the randoqﬁ_}ﬁﬁﬁrity potentials and the wave vector can no longer be
regarded as a good quantum number. Thus the integration over all wave
vectors must be converted to the infegration over all energies. Usinﬁ
one of the definitions of the density of states p(E)=(1/873)d%/dE and a
property of the delta funcﬁion, one can rewrite eq.(2;20) as

N = 4mlelq 2 -
e (' EZEE;"JdEpV(E)pC(E+ﬁm)Hcf (2-21)

This shows that the absorption coefficient depends ﬁpon the density of
states at the initial energy, the density of states at the mapping
energy, and also the matrix element linking the initial and the final
statgs through th interaction Hamiltonian <(or momentum operator 1in
another words). Therefore there‘aré two basic physical quantities needed
for the determination of the absorption=™ coefficient 6f heavily doped
semiconductors; the density of states and the matrix element of

transition.

It should be noted that eq.(2-21) &is valid at absolute zero
temperature only. This means that all the valence band states are
occupied and ail the conduction band states are empty and there is no
thermal excitation. The experimental data given by Casey et al (1975)
and the work'done by Casey and Stern(1976) are both for heavily doped
GaAs at room tempe}ature. In order to compare our results with theirs,
the thermal factor which describes the occupancy at that temperature
must also ., be introduced to the expression for the absorption
coeffiecient. This thermal factor is also called éhe occupancy factor
and it is defined in terms of the Fermi function as

=
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FE)[1=f(E+Buw} J-f(E+Nw) [1-f(E)] = £(E)-f(E+fw) . (2=22)

Multiplying the integrand in eq.(2-21) by this factor gives

L=
[+

alw) = 4v2e29JdE pv(E)pc(Eq-ﬁm) Mgvtf‘(z)-r(mwn N . (2=23)
necnw

There 1s another factor inside the Fermi function that must be
established, This is the chemical potential known as the Fermi level or
the Fermi energy ip semiconductor physics. The Fermi énergy can be
determined self-consistently with another quantity called the screening
constant Q which deseribes how the impurity potential decays in the
medium, ,One of the methods  available for this is Thomas—Fermi‘
approximation. This method can give a reasonable result within certain
limits. The details will be described in the next chapter. This
screening constant 1s also needed to determine the densities of states

for both bands.

Finally, it should be noted that the spin degeneracy of each single
state must be included in the DOS's used in the final expression for the

absorption coefficient [eq.(2-23)7.
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CHAPTER 3

The Density of States
3.1 Overview &

A review on the electronic density of states {(DOS) of a heavily doped
semiconductor will be described. This consists of the parabolic DOS of
an undoped semiconductor, Kane's DOS, Halperin and Lax's DOS [HL's DOS],
and the recent Sa-yakanit and Glyde DOS {SG's DOS] which we pay more
attention to in the present work. SG's DOS is essentially the DOS in the
deep tail energies plus Kane's DOS at high energies. A mathematical
representation for it will be given by eq.(3-1). More details on these

DOS's will be given in following sections.

It is well known that a heavily doped semiconquctor is a disordgred
system composed of randomly located impurities in g&ﬁost medium which is
assumed to have a constant static dielectric function. An electron in
the semiconductor is then in a potential created bf the overlapping of
those impurity potentials. This random overlapping is referred to as
the potential fluctuation. To study how the heavy doping affects the
physical properties, one usually starts with the DOS since it can be

used to calculate most physical quantities.

For an undoped semiconductor, an electron is assumed to be in an
averaged crystal potential within the framework of the effective mass
approximation. Electrons in the valence and the conduction bands have
thelr E-ﬁ' dispersion relations like free electrons with .different

effective masses so that the densities of electronic states vary as the

—14=



square root of energy. When the crystal is doped, the impurity sites in
the doped crystal are assumed to be located randomly throughout the
system. The éistribution function seleﬁped to deseribe the randomness
depends upon how high the doping concentration is. In heavily doped
semiconductors, theg impurity concentration is so high that the impurity
band merges with the parabolic energy band of the unperturbed crystal,

thus an energy band tail is formed.

The DOS associated with energy band tailing has been studied for
years by many workers using different approaches. The perturbation
approach fails to explain the states near the band edges because the
impurity disorder cannot be regarded as sméll. A better description is
to allow for charge carriers to respond more completely to the impurity
random potentials than appears to be possible with‘perturbation methods.
Kane(1963) and Bonch-Bruevich (1963, 1966a,b) independently developed a
semi-classical theory of the band. Since the semi-classical theory does
not take into account the kinetic energy of localization properly, it
overestimates the tall DOS. A quantum mechanical theory which includes
the kinetiec energy of localization was developed by Halperin and
Lax(1966,1967). Their first paper deseribes all the main ideas of the
theory, while the second one focusses on higher order corrections. Since
the theory is valid in the very deep energy tail region only and gives
the DOS in numerical tables as a function of the potential fluctuation,

it leads to some difficulties in practical use,

In 1974 Samathiyakanit [or Sa-yakanit] used essentially the same

ideas as Halperin and Lax but exploited Feynman's path integration
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formalism to attack the problem and could set up an equation for the DOS
for the whole range of energies. Sa-yakanit(1979) studied the specific
example of a disordered system having a gaussian or screened Coulomb
impurity potential and ineluded the Lloyd and Best(1975) wvariational
prineciple which was especially proposed for the disordered system. The
expression for the DOS at the tail region was established and some
analyses were made and compared to those given by Halperin and Lax. Sa-
yakanit and Glyde(1980a,b) devoted their work to the DOS of heavily
doped semiconductﬁrs and could set up an analytic expression which was
valid in the whole rangé of energies, An analytic expression forx%he
tail DOS was also derived from the full expression for the DOS. Their
numerical value of the tail DOS gives a little better resulf at higher
eﬁergies than that of Halperin and Lax, and it also crosses Kane's semi-
classical DOS.  Although Sa-yakanit and Glyde have set up the full
expression for the DOS of heaQily doped semiconductors, it has not been

. !‘
possible to evalbate the full expression exactly at all energies

“ )

because of man}“buflt—in essential singularities. Efforts are underway

to evaluate the full expression of the DOS for a better result.

We [Sa-yakanit, Sritrakool, anqﬁclyde] use that theory to evaluate
the tail DOS for heavily doped semiconductors at %our different values
of potential fluctiations. We simplify the variaticnal expression for

) the wvariational parameter by writing it in terms of the well known
imeomplete gamma function. Some higher correction terms are ineluded in
the tail DOS expression., Our present numerical results are compared to
previous methods. The chosen DOS for all eneréies is thus our tail DOS,
01{E)' matched with Kane's DOS, DK(E), in higher energies, i.e.

"

—16-
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P(E) = o (E)[1-H(E-E") T+o"(£)H(E-E") . (3-1)

where E' is the energy at which pI(E) crosseﬁ pK(E) and H(x) is the
heaviside step function.equal to 1 for x>0 and equal to 0 for x<0.
Since the idea of matching is first made by Sa-yakanit and Glyde(1980a),
the DOS in eq.(3-1) is simply callfa;the SG DOS. The DOS will be used

in our calculation for the optical absorption coefficient.

3.2 Free Electron DOS

In a perfect erystal, an electron sees the same potential everywhere
provided the potential variation is so small Fhat the "~ potential can be
smeared out and be represented by 2 single mean value. The potential
variation is considered to be the second orderreffect to the electronic
states. The E-E dispersion relation of the electron is like a free
electron with different effective mass depending on the crystal
structure, The number of states paving energy up to é can be obtained by
summing all possible wave vectors which label the states. For a large
system with volume & the number of states N(E) is

N(E) = @ deé ) . (3-2)
(2m)*. :
This leads to the DOS which defined as the number of (single spin)

states per unit energy per unit volume, i.e.

o312 51/2

Y2 m2n3

Thus the free electron IOS varies as the square root of energy. Using

p(E)Y =1dN(E) =
OdE

. (3-3)

Thomas-Fermi approximation, eq.(3-3) can be generalized to be

o(B) = axl?  (gpl/? . (3-4)
/5 2R3
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where V is a slowly-varying potential. The DOS has a parabelic shape

with V as a reference energy level so that it 1s always called. the

"parabolie™ DOS.
3.3 Kane's Theory

For a heavily doped semiconductor, a high density of impurities is
expected to create an impurity band tail in the bandgap (the léw energy
region) and the DOS is expected to remain nearly free electron like
higher in the band (the high energy region). The tail of the DOS is
anticipated to decay exponentially as a function of energy. After
perturbation approaches [Parmenter(1955), Nolff(1962a,b), Bonch-Bruevich
and Miranov(1962)] failed to explain this tailing phenomena in
disordered systems, Xane(1963) and Bonch-Bruevich (1963, 1966a,b)
independently developed "2 semi-classical theory to attack this problem.
Bonch-Bruevich has given a formal mathematical description of the
method, but in this section we adopt the physical intuitive view of

Kane,

Kane's theory iIs a semi-classical <{reatment of an electren in a
disordered system. The main idea is to assume each electron to have the
same kinetic energy everywhere in the system independent of the local
potential Y(?). The DOS is simply proportional to the square root of E-
V(¥ by means of the free electron theory. Since the local potential is
random in position, the DOS for the system must be averaged over the
randem potential. Since it 1is assumed that scatterers are weak and
‘dense, the probability distribution funetion 1s then a gaussian

funetion. ‘ Sa-yakanit and Glyde(1980a,b) wrocte the averaged result of
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the DOS in terms of the parabolic cylinder function Dp(z) [see Appendix

B] as H
X ) ~i(E-v.)2/¢ \
e (B) = _£ g7 e V0 fop | [a(ev 3/ VE ] (3-5)
27 ‘
with £z ax/? . (3-6)
/5 1252

Here VO is che averaged potential, and & is the potential fluctuation
which has the "unit of energy squared [§ =2we2;§ with N being impurity
concentration, see definition in eq.(4-7)]. K For large E, eq.{(3-5)
approaches the limit of free electrons, i.e. Kane's DOS varies as the

square root of energy. The Kane DOS at very deep tail region where E-VO

is large and negative is a funection of exp(—Ez).

It should be noted that the wvalidity of Kane's Fheory depends upon
the assumption of weak and dense scatterers. The Kane DOS may be written
in a different form from his original paper. The 1linkage between them
has been verified by Sa-yakanit and Glyde(1980b). We will mention

eq.(3-5) as the Kane DOS.
3.4 Halperin and Lax's Theory

Halperin qnd Lax(1966) presented a quantum mechanical theory for the
tail states. Their method is only valid for deep tail states even though
the kinetic energy of localization is properly included. The main idea
of the theory is to include the response of the electrons under the
potential fluctuations, In the regions of deép and narrow potential

wells the electrons will be highly localized and the kinetice energy will

-19-



be large. Including the kinetic energy of localization, the total
electronic energy will be larger than in Kane's theory where the kinetic
energy variations are neglected. Thus the DOS for the band tail region

. in this theory is expected tc be smaller than in the semi-classical

theory.

Basically, Halperin and Lax find the DOS by counting the number of
allowed energy states 1in a unit volume and-?veraging the DOS over all

random potentials V,i.e.

0(2) = = [ Be-£, (M (3-7)
v

where Ei(V) are the exact energy states of the electrons under the
potential V. Since the determination of Ei is very complicated, only
the main ideas will be discussed and then the 'final DOS will be
"presented. To treat the states quantum mechanicall;ﬁ they use a

variational method in which the eigenvalue is optimized with respect to

an assumed real and normalized trial wave funetion.

Halperin and Lax assume that an eigenstate of the system may be
associated with each local energy minimum. At these minima, the energy
is close to but greater than the energy of the true eigenstate. Since
the trial function gives a higher energy than the true eigenvalue, the
DOS is expected to be smaller than the true value. Therefore the best
trial function must be chosen to maximize the DOS. The maximization
leads to a Hartree-Fock like equation from which the trial fuﬁction can

be solved if the impurity potential is assumed,
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Halperin and Lax use the screened Coulomb potential in their expliecit
calculation of the tail DOS. The result, expressedwin terms of the
dimensionless energy V i(VO-E)/EQ where EQ=ﬁ2Q2/2m* is the energy

assoclated with the screened Coulomb potential, is -

p(v) = _ Q% a(wexp[-b(v)/2¢'] . (3-8)
E Ev2 .
Q
Here P
§' = £ = B8rNm?z2et (3-9)
2 465.2
EQ R™Q EO

with Z being the impurity charge compared to the perfect crystaI: X
being the impurity concentration, and eo being the static dielectric
funetion of the medium. The a(v) and b(y) are universal dimensionless
functions given numerically by Halpé}in' and Lax(1986). These two
functions are not dependent on any otﬁer physical quantity except
energy. It can be seen from eq:(3-8) 'thaél HL's DOS also decays
exponentially as a functién of eneréy. Generally speaking, it decayslas

a function of exp(-E®) with n varies from 1/2 {(for short-range potential

with large Q) to 2 (for long-range potential with small Q).
3.5 Sa-~yakanit and Glyde's Theory

Even though Halperin and Lax presented a better tail DOS than the the
semi-classical Kang DOS, there are tweo disadyantages in practical uses.
Firstly, the DOS is given in numerical tables and seéondly the theory is
valid only in the energy tail region and cannot be extended to higher
energies. To obtain a DOS at all energies.an interpolation between HL's

DOS and the parabolic DOS is wusually made [Hwang(1970a,b), Hwang and
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Brew§(1971)]. To obtain an analytic expression, the only potential
fluctuation parameter in Kane's theory may be scaled until the tail DOS
fits to'HiiE:th and Lax's result [Stern(1971), Casey and Stern(1975)1,
or Halper;ﬁ and Lax's result may Ue fitted by a single simple (but

rough) analytic expression [Zee(1979)].

Sa-yakanit(1974,1973) developed-a new theory -based upon the Feynman
path integration formalism which could successfully explain the polaron
problem [Feynman(1955)]. Sa-yakanit and Glyde(1980a,b) derived an

explicit expression, for the DOS esﬁgg;ally for heavily doped
—Iv, ; »
* 7 semiconductors using the theory develope bxtsa-yakanit, again using the

.path integration method. Reviews and azpplications of the Feynman path
integration methods are given  in Feynman's original paper
[Feynman(1948)] and 1in some textbooks [Feynman and Hibbs(1965),

Feynman(1972), Schulman{(1981)].

The model used by Sa-yakanit is like that in Halperin and Lax's

theory. The main idea of hfs theory is also to inciude the response of -
the electfons ﬁnder potential fluctuations. The potential fluctuations
form non;lbcal potential wells andh each we;l his modelled by a sfﬁgie
harmOAic well, ' The shape of the harmonic well -is .of the form
. chéracterized by a vériational parameter which must be determined by a
;éfiational prineiple. Sa-yakanit and Glyde(1980a,b) employ the Lloyd
and ﬁest(LQfS) variational principle for a disordered system to

determine the variational parameter.

In the Feynman path integration method, a retarded pfopagator
!

- ’ f R
G(;g’;iit) describing the propagation of an electron from position ¥, to

W
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-
position rs and at time t can be found by summing over all possible

paths Jjoining the two positions. This can be written in Feynman's

notation of infinite integration D(F(1)) as

G(¥é,;1;t) = JD(?)e(i/ﬁ)SE (3-10)
where S£ is the action defined as
t
32 -
Sp = Jdrﬁgﬁ r_(r)—VO—V(r(T)?] . (3-11)
2.
0

The DOS can be related to the diagonal elements of the propagator G
through the relation [Sayakanit(1974), Schulman(1981)] -:
® .
P(E) = 1 Re Jdt eiEt/ﬁ<§(¥l,¥ ;e . (3-12)

- 1

TR 0 v
To find the diagonal elements, one must average the retarded propagator
in eq.(3-10) and reduce it for the diagonal elements. We define random

averaging by

- -+ . - > - > e .
G = G(rz,rl,t) [%51 ............ J%EN G(rZ’?l’t)
it
" JDG(T))Q(U a (3-13)
where for a. gaussian random-potential the action is
t . t
->2 ' -+ - '

S = |dt{m* r (1)-V +i [dt'W(r(t)-T(z"))}

0 0

To proceed, the full action S in eq.(3-13) is modelled by a nonlocal

harmonic trial action

t .
So = Jdr{gf;z(r)ﬁgig?ldt'I;(T)-;(T')!2} . (3-15)
0 2 4t 0
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Essentially, W the correlation function is modelled by a single nonloecal

harmonic well with the steepness of the well characterized by the

variational parameter w ., By writing eq.(3-13) in terms of S., one

0
obtains jD o (L/B) (S +(5-5)))
Z - J'D L(1/)S,
JD REVIAEN
Lo LR (5-5 ) -
5 e 0 >S (3-16)
0 .

where the average is made with respect to the trial action. Making a
cumulant expansion of eq.{3-16) and keeping only the. first cumulant

gives the first order approximation of‘E as

G, = Go[éxp (1/ﬁ)<§—so:> ] . (3-17)
s .
0 _ .
For the case of gaussién-random screened Coulomb potentials, E& can be

evaluated exactly [Sa-yakanit(1979)] and the diagonal elements can be
found. This leads to the full expression for the DOS which is valid for
all energiés

t

_ m* ko wt 3 |_i(Vv_-E)t
py(E) = L Re Jdt[(ZTriﬁt) (o1 )] e’“’[ 5 0

nwt
T z
e t = 5 -
_._l_.igzjdx de ye Y j(X,Y)-j72f§(E£po§9£flq
262 /7 0 o ¢z 2 (3-18)
wnere  j(x,y) = y+_ifi [siqei sing(t—x)/siqgg] . (3-19)
n*w 2 2 2
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The subseript ™1™ in the DOS in eq.(3-18) denotes that only ﬁhe first
&

cumulant .expansion is used. It is the full expression for the DOS which

cannot be evaluated exactly at the moment because there are many built-

in essential singularities especially in the cotangent term.

The asymptotic 1limit of eq.(3=-18) wvalid 1in the tail region ' can be -
found by taking t to infinity [Feynman and Hibbs(1965)]. By writing it

in terms of the dimensienless energy as Halperin and Lax, the result is

p]_(v’z) = Q3 a(v,z) e_b(U’Z)/4£ D3/2(Jb(\?,2)/5') (3_20)
+3/4 b(v,2)
EQE
where z=(2quﬁm)Si is now a new variational parameter, a(v,z) and b(v,z)

are universal dimensionless functions defined by  Sa-yakanit and

Glyde(1980a,B) as

a(v,z) = (T+v)3/2/ [Sﬂfﬁ'zsexp(zzlz)gg(z)] ’ (3-21)
and  b(v,z) = (T+v)2// [2/2—exp(zh[4)g3(;z)] (3-22)

with T:(3/u)ﬁw/EQ=3/2z2 being the electronic kinetic energy of

localization in wunits of E.. To see the correspondence between this

Q

theory and Halperin and Lax's, we consider the asymptotic expansion of

the parabolic cylinder function for large x [see Appendix B] -

-

xp[l—g(g—l) L terreeniinn., -
2 2

X

2/4

D (Z) = Ex .' (3-23)
p ]

For the very‘deep tail limit with large b(v,z)/E', we ignore the term in

1/x2 and get

pl(v,z) = 93 alv,z) exp[—b(v,i)/ZEq

12
EQE -

whnich is in the same form as eq.(3-8) in Halperin and Lax's theory.

(3-24)
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The DOS in eq.{3-20) also approaches Kane's semi-classical limit_if

we take t to zero [Feynman and Hibbs(1965)], i.e.

sC 2 '
Py ) = A 5'9/4 e ° /4g D

8/2 n2 Dajp (WI7E") (3-25)

or in the real energy notation as

o3e) = g5 £ It

272 Dy /o[- (E-v) 1/E ]

. (3-26)

It should be noticed that the semiw.classical DOS is independent of the
variational parameter z. Eq.(3-26) has also the same asymptotic values
as Kane's DOS in the high and low energy 1imits. It behaves at high

energies like the parabolic DOS.

To determine the variational parameter z, Halperin and Lgx maximized
the DOS but Sa-yakanit(1979),and Sa-yakanit and Glyde(1980a,b) used the
Lloyd and Best{1975) variational principle which was especially suited
for this kind of disordered system. Lloyd and Best considered a many-—
Fermion problem in which the single-particle eigensﬁates of interest are
filled up to some Fermi energy. They wrote the pressure of the system as

a funetion 6f the DOS
E E'

P(E,z) = JdE' JdE"pl(E",z)
E
= J(E-E')pl(E:Z)dE' . (3-27)
or P(v,z) =—ES J(v-u')pl(uiz) dv! {(3-28)

hY)
and proposed that this pressure should be maximized instead of the DOS.’

They reason€d that the actual many-Fermion systemﬁbas a fixed chemical
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potential, temperature (zero) and volume so that the thermodynamic
potential- teo be minimized is that of the grand canonical ensemble,
namely -PQ, and this leads to the pressure P to be maximized. Maximizing

. the pressure with respect to z gives the variational equation for 2z

o«

Jdv'(v—v')a(u',z)e-b(v"z)/zg' 21_)4(3) -1.T

—_— =(— +2)
v 93(2) - 2 Tyt
"b(\)‘,Z) 94(2) _ 22-3 o
2E D, ) (T+v') . (3=29)

If only the DCS is maximized, the varlational equation reduces to
setting the terms in the curly brackets equal to zero. It should be
noted that the variational equation (3-29) results from using the DOS in
eq.{3-24) which is obtained from using only the leading term in the
expansion of the Parabolic cylinder function [see Appendix B] in

eq.{3-23).
3.6 Numerical results for-the tail DOS

The expression in eq.(§—2u) for the tail DOS has been deriﬁfd using
two approximations éo the full expression of DOS, retaining only the
icontribution. from the electronic ground states and using only the
Eleading term in the expansion of the parabolic cylinder function [see

Appendix B]. We [Sa-yakanit, Sritrakool, and‘Glyde(1982)] refer the
result as the "deep tail approximationm. We also simplify the
variational expression in eq.(3-29) by writing it as a function of the

well-known incomplete gamma function r(a,y) as
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D, (z) D, (z) -3
2_1-4""4..7, 3477 2 2z 75,08, (3-30)
{z 4 23(2)}r(4 y) + [4 23(2) z T+u] I‘(2 y) 0
where y = b(v,z)/2 €' k1 (3-31)
and T'(a,y) = J ds st 78 . (3-32)

Y
In that paper we used the DOS in eq.(3-20) instead of (3-24) and

included the term x—2 in the Dp(x) expansion, The new variational

equation for this case is

- oo

D, (z) 12
L =4 ] r X /4 1
413()dexe D3y &x"

[ @

2 (Z) -3 12
+_3...i___£_z_J defex /&

X

D3/2(x') =0 (3-33)

_ with X = [b(u,z)/g'] E . (3-34)

We compare our result which will be called "the full ground-state DOS"
to the results of the "deep tail approximation™ and of Halperin énd Lax
in Fig.3.1 for a fixed potential fluctuation £'=0.5. Comparison
numerical results for four values of E£' are given in Tables 3.2 to 3.5.
We can see from Fig.3.1 that our tail DOS is just a little higher than
the previous result., This DOS will be joined with Xane's result at
higher energies and the total DOS will be referred as 3G's DOS in the

-
future use,

3.7 DOS of Heavily Doped Gahs
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Since Sa-yaéanit and Glyde(1980a) have shown that their tail DOS
crosses Kane's DOS, the DOS chosen for our work is the combiﬁétion of
these two DOS's. A mathematical representatioh is given by eq.(3=1).

For a pure (GaAs crystal, the DOS's of the conduction and valence
bands ére assumed to be parabolic and to be separated by the energy gap

Eg‘ Usually we set the valence band edge at Ev=0 and the conducticn band

edge at Ec:Eg' Hence the DOS's of the two bands are

_ /2
oc(E) = fc (E-Eg) H(E Eg) (3-35)

and 0, ® = £ (B2 n(-p) . (3-36)

where f_. and f are constants defined by eq.(3-5) with effective masses

for the conduction and valence bands, respectively,

"~ When GaAs becomes heavily doped the two band edges change to E; and
Eé because there is a rigid shift due to the average impurity potential,
" The reference pdints used for the determination of the DOS for this case
are not the same as the zero points of the undoped case, Since the
relative shift of ©both bands due to the averaged impurity potential is
still unchanged [Fig.6.7A,B], we can use the band edges in case of the
pure crystal as the reference points. _In fact, the energy shift, Eyy is
due not only to the average impuritf pétential but alse the many-body
interactions. This energy causes the bandgap shrunk to Eg'=Eg-Ex. fhe
mechanisms of bandgap shrinkage are discussed by Auverge et al (1975),
Berggren and Sernelius (1981) etc. Bandgap shrinkage is the effect of

unequal shifts of energy bands. The valence band is assumed to be fixed
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and the shift occurs only at the conduction band [Fig.6.7C]. The energy
Ex for this case can be found only approximately. A rigorous treatment
of many-body effects must be taken into account to get a2 better value of
Ex. Another faect 1is that, we are considering an interband absorption
attributed to the relative energy between the two Bénds.'thus the
absorption will change only if the band separation is changed, For these
reasons we will use the band edges for the pure crystal as gur reference

points.

To obtain the DOS of heavily doped GaAhs, we must calculate self-
consistently the screening constant Q (and the Fermi energy) for a given
doping concentration. In our work we choose concentrations similar to
those used by Casey and Stern(1976) to determine the DOS's in both bands
for the absorption calculation. In fact, there are three dggenerate
valence bands, the heavy-hole band, the light-hole band and the split-
off band, The last 6ne is ignored Dbecause of the small contribution it
makes to the absor;tion in'the energy range being considered. The light-
hole band 1is claimed by many authors to contribute about one third but
actually the contribution depends upon the energy range being
consideréd. In Figs.3.2 and 3.3 we display the DOS's faor the conduction
and valence bands using Sa-yakanit and Glyde's theory compared to the

4

parabolic bands. The value of Q is obtained from a self-consistent

calculation.
3.8 Comparison of the SG DOS to Experiment
It is well known that the only experiment that directly reflects the

DOS of heavily doped GaAs is deduced from Schottky junctien tunnelling
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experiment done by Mahan and Conley (1967). As far as we know, since
Halperin and Lax{1966) pﬂblished their paper, there has been only one
comparison made with theoretical prediction [Takeshima  (1983)].
Takeéhima compared his DOS which was derived using the Green function
method with the experiment. It seems to be a fairly good fi% although
his DOS is shown to be greater than the Kane DOS which is well known to

overestimate thé tail DOs.

We calculate self-consf&tently the value of the screening constant

18

for p=9.9x108m™3  at T=4.2K, which is the temperature at which the

experiment was done, wusing a parabolic DOS. It will be seen later in
chapter Y4 that the Q value is not very sensitive to the cholce of a DOS

used. If we need to obtain an accurate value of the Fermi energy, we

—_

should use the Dqu;iégaé ggil rather than the parabolic DOS., Thils can
be ;een from our results tabulated in Tables 4.2 to 4.,7. We also
determine the Q value at room temperature in order to see a reasonable
value compared to those calculated at room temﬁerature [Table 4,1]. The

18
Q values and other quantities involved for p =9.9X10 cm at T=4,2K

énd 297K are shewn in Table 3.1, 1 S

SG's and the parabolic DOS's in arbitrary units are compared to Mashan
and Conley's experimental one in Fig.3.4, We may wonder why the SG DOS
glve similar results to that of Takeshima which is much larger than the
Kane one. We explain this by inéluding the Kane DOS in to Fig.3.4 and

{

plotting in a semilog graph [Fig.3.5].h‘ It can be seen in Fig.3.§ that

the difference between Kane's DOS and SG's DOS can be observed in a very
* b2

-

deep tail region only. This difference, of course, cannot easily be seen
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in 1linear scales. We may conclude that when Q 1is smaller (less

screening) SG's, Kane's, and Takashima's DOS's should approach to the

same limit.
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CHAPTER 4
Screening Constant and Fermi Energy

4.1 Overview

An increase in the impurity doping concentration is obviously
accompanied by an incfease in the number of free charge carriers, The
interaction between them can be significant. One of the effécts is the
screening of the fields of the impurity atoms by the free charges. The
potentials of the impurity atoms become short-range. The screening
effect 13 generally characterized by the screening constant Q which”™
increases with increasiﬂg impurity concentration. Wolff(1962a,b)% has
shown that the electron-electron interaction can be ignored provided the
impurity potential is to be screened by all charges in the system. The

electron~electron interaction included into the screening constant which

characterizes the decay of the Coulomb potential of an impurity.

It is well known for an intrinsic semiconductor that its chemical

potential at absolute zero temperature is in the middlé of  its energy
-

gap. When the semiconductor becomes extrinsic, .by having 2 number of
impurities, the Fermil energy will adjust itself to a new equilibrium
value, Donor impurities which have positive ions compared to the host
medium tend to increase the Fermi energy while acceptor impurities tend
to lower the Fermi energy. Therefore the Fermi energy as wgll as the
screening constant vary as the impurity concentration. The sereening is
assumed to be linear,i.e, the potential at any position is given by a

¥

superposition of individually screened impurity potentials, Thomas-Fermi



approximation is then used to obtain the screening constant aqd the
Fermi energy self consistently. This approximation is valid provided
that the potential fluctuation 1is small compared to the Fermi energy

[Halperin and Lax (1966)].

Since 3G's DOS is a 1little larger than HL's DOS, wé [Sritrakool,
Glyde, and Sa-yakanit (1982)] use SG's DOS to calcuiate the Fermi energy
and the screening constant for n type GaAs as a function of net doping
concentrations in order to see if the results differ greatly from
Hwang(1970a,b)’'s calculation which is obtained using HL's DOS. Qur
results turn out totagree well with his results and do not show much
difference. We notice that the Fermi energy and the screening constant

in n type Gads are not sensitive to the band tail DOS.

Casey et al (1975) reported some experimentaf results for absorption
coefficients for both n type and p type GaAs and in the following year
Casey and 3tern(1976) tried to work out a theoretical prediction to fit
the experimental results. They used HL's DOS to determine the absorption’
coefficient: Sinece Halperin and‘Lax's DOS was given by a numerical table
which was nét convenient in the absorption coefficient calculation, they
then employed Kane's DOS but adjusted ' the Xane single parameter until
the Kane DOS fitted to HL's DOS in the deep tail region. The predietion
rggulted with unsatisfactory results for p type and fair results for n
type.

Since we want to use S3G's DOS to determine theoretically the same
Ehing as what Casey and Ste;n did, the sé;eening-constant-needed feor éhe

DOS must be determined first, We use the values of doping
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concentrations given by. Casey and Stern in.our calculation in order to
A~

compare our results with thelrs at the end. The linear screening

suggested by Halperin aﬁd Lax is employed in this caleculation. We use

‘two sets of effective masses, one is the same as used by Casey and Stern

and the other is from Ehrenreicﬁ(1963)'s work, in order to see the

variation in effective masses chosen. The results are compared with

those calculated using Kane's DOS and using parabolic DOS in order to

see the variation on the DOS used.

In the following sections we will explain the model used, the Thomas-
Fermi approximatiop for 1linear sereening, the self consistent
calculation for the Fermi energy and the screening constant, our results
for n tjpe GaAs, and lastly the results needed for the absorption

v

coefficient calculation. ,

4.2 The Model

Heav%ly doped semiconductors are a specific example of a disordered

system. A heé;ily doped semiconductor is composed of a pure
: s

semiconductor erystal and high concentration _of donors and/or acceptors
wh;ch are assumed to be randomly distributed thoughout the pure crystal
whose medium has a constant static dielectric function. Donor ions have
positive charges relative to the host medium while acceptors ions have
negative charges. An electron sees this random impurity potential field.
When the impurity concentration is high, the potential fluctuations will
be large and must be taken into account. The potential fluctuations can
form non=local potential wells so that there exists some localized
states in these wells, These localized states are the states in the

energy band tail,

-35~



Many basic approximations made at the beginning are the Born-
Oppenheimer approximation, the adiabaﬁic scheme, Koopmans' theorem, and
the oné-electrbn approximation. The details of these approximations are
deseribed iﬁ many standard textbooks. Hany—boay effects such as
correlation and exchange interactions are taken care of by the screening
effect. The ‘system is simpliff;d by éhe dne—electrén app?oximation and
the Hamiltoni;ﬁ ‘forr/the ele;tron with éffec;ive mass m, in the
conduction band is -

H= - 82724 3 45 4v() - (4=1)
EE; c 0

where E, is the conduction band edge of a pure semiconductor, V(F) is

the potential fluctuation at ¥ about the average potential energy EO.

N .
V{r) 1is the total impurity potential, measured away from its average

value, i.e.

V(r) = E v(r-Ri) - E, A ) (4-2)
. - ;
with  v@EE) = _-e2 QTR (4-3)
e |T-R|
0

" # being an impurity position.

Let us éuppose that our semicopductor is doped by‘ND donors 'and RA
acceptors per unit volume, If ND 'is larger than NA' :the semiconductor
will become n type. We assume that 511 impurity atoms are completely
ionized and compensated., At a. finite temperature, electrons and holes

will reach an equilibrium and will:have a single Fermi energy., This

Fermi energy can be determined if the neutrality condition of the system

[y
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is known, .The electron concentration in the conduction band, nc, plus
the electron concentration in the. donor levels, nD, is equal to the
electron concentration at T= OK"ND-NA’ plus empty states (or holes) 1in

the valence band, P, and in the acceptor levels, p , i.e.
a

-

= - * (4=l)
nc+ np ND NA+ (pv+ pA)

Since in heavily doped semiconductofs, the impurity levels merge with
“their host bands, we may rewrite eq.(i-4) to be
N~ N, = n-p , (4=5)

D A

v
1

where n is the électron concentration in the conduction band including

i its band tail, and p is the hole concentration in the valénce band

ineluding its band tail. For a semiconductor with large energy gap,
E >>kBT, mincrity carriers are small and negligible. Since GaAs has
24 T :

Eg=1.u2ﬂev at room temperature which is considered very large comparéd

to the value .025 eV of kBT, we approximate

C = - . . Y
n ND N! - (4-6 a)

d = -" ' . pi .
an P N NI (4=56 b)

ki
s

if we first assume NA is greater than ND. These are the neutrality

conditions used to determine the Fermi energy.-

4

E.Fo; randomly distributed, statistically Independent impurities,
Halperin and Lax(1966) have shown that the mean square fluctuation in

V(F) reguces to

£ = @(?)v_(?)> = (N+ N) Jd_f{; [v(?—ﬁ)]z
Q -
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2
27e (NA+ND)

e (4-7)
0 .
and the average potential EO can be written as -
. 2 _
B, = & (v,-x)) .8
2 D
SOQ

Since it 1is clear that impurity ions change the value of potential
seen by an electron, the average impurity potential will cause a rigid -
shift of DOS's in both bands &n such a way that the.energy gap remains

unchanged., The shift was depicted by Panish and Casey(1967), for

-

instance. . However,‘the many-body interaction among electrons can cause

the DOS shift as well but it is not taken”into account in our work.

4.3 Thomas-Fermi Approximation
]

The screening ' has taken care of both exchange and ébrrelatioﬁ
interactions. Qur syéteﬁ is treated as an electron gas in the screened
Coulomb potential fields of the impurity ions ané embeding in their host
medium which has a constaﬁt static dielectric-@ﬁmction. Thg sysﬁem is

then assumed to have a new diélectric function which is the effect of
;he befturbation of the impurity ions and, the many;bbdy &nteractions.
The new dielectric function as a funcfion of the wave véctor and the
frequency of‘ tﬁe perturbation can be determined by thé well~known
Lindhard's expression. After considering onl? the ‘effect of a statigl

-
perturbation and assuming the perturbing wave vector g go ‘to zero, we:

have the dielectric function at zero'frequency.to be [Ziman(1972)]

[
=]

> ] 2 . - :
e{q,w=0}) = 1 + fre [O(E)(—Bf(E)) dE ' - (4-9)
£ 4Q 3E - -
- 0 - .
. ' (4-10)
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where f(E) is the Fermi-Dirac distribution.function._Hence‘the sereening

constant Q satisfies the equation

[=:]

Jo(E) (- Sy | TR

0 ‘o

4rel
€

Q? =

It should be noted that the spin degeneracy must alsc be included in
the Dés. The expression (4=9) is obtaihed using perturbation theory. The
same result c¢an be found wusing Thomas-Fermi approximation which first
tékes_into account the change of the local electron density due to the
perturbing potential. The change in the local electron density will give
rise to a local potential whiéh must satisfy Poissop’s equation. This
local potential turns out to be the screened Coulomb potential provided
the ions are assumed to behave _like point charges. Therefore this
approximation 1is obviously not wvalid at a very  high impurity
concentration where the ions are too close fogether to be assumed to be
point charges. Halperin and Lax{(1966) déscribe the éondition for the
validity in terms of the:-difference of the Ferﬁ& energy and the
pogeniiai fluctuation. ASince bqth physical quantities are .functions of
doping concehtration, the validity can then be described a; a function

'

of the doping concentration,

-~

5.4 Determination of Scre-ning Constant and Fermi Energy

Since the screen constant Q is a function of the DOS-wQ}ch fp turn
depends ppoh the screening constant, Q must *be determined self
consistently with the density of states. For an n-type semiconductor, we
use the neutrality equation in eq.(4=6) and find the ﬁumber of electrons

per unit volume by integrating over all possible states in the

< conduction band, namely

i

~
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\‘.

Ny- N, = JOC(E)f(E)dE : o . (8=12).

-

A similar equation e¢an be written for a p-type semiconductor [see
eq.(4=15)]. -The Fermi-Dirac distr}bution function -can be written

explicitly as

; £(2) = _ (4-13) y
l+exp{(E-EF)/kBT] )
where EF is the Fermi energy and kBT is the thermal energy. -

We have to solve eqs.(4#-11) with p(E)zpc(E) and (4-12) self-
conéistently for the screening length Q. We first assume a trial value
of Q and then solve eq.(4=12) fqr the Fermi energy and use the Fermi
energy to sﬁive for a new Q by eq.(%-11). Q, is firstly assumed to be

_ 0
the value obtained by using the parabolic conduction band, namely

4m_e? [3(N-5,) 173
= . (4-14)
Eﬁz .. /

kL
0 . ' : ~

The new Q is then re-entered as Q0 and the process will be repeated

2
'90

until Q@ is equal to Qo in a certain accuracy needed. For a p-type

semiconductor, the number of holes satisfies. the equation

Ny- N= Jpv(Elih(E)dE o S (4=15)

where fi(E) is the Fermi fupction for holes defined by
: B

fh(E) =1 - f(E) ‘ . (4-16)
, ‘

If we now consider the valence and the conduction  bands

}
simultaneously, the total screening contributed by carriers in all bands
is just the sum of the contribution from each band; Halperin and

Lax {1966} give a relation for the total screening congtant Q to be
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o= ]t o (4=17)
3

where qj is the contribution from band j, calculated according to the

formula (#4=11). Since GaAs has a single conduction band and three

I .
degenerate valence bands, a heavy-hole band, a light=hole band and a

—

split-off band, there are three bands altogether to consider except the
split-off band The split—off band contributes very 1little to the
absorption. Using the neutrality condition in eq.(4-6), we simply have

the number of holes per unit volume

-]

p = E {Dvi(E)fh(E)dE (4-18)

-

where i indicates all valence bands being considered. Similarly, the

equation for the screening constant contributed by holes is

k==

2
Q2 = J 4 Jovi(m -5 Byae

i % 5 . (4-19)

Eqs.(4-18) and (4-19) must be solved self-consistently for Q and EF'
4.5 Results for N Type GaAs

We {Sritrakool, Glyde, and Sa-yakanit (1982)] determined the
sereening constant Q and the Fermi energy EF of GaAs using eqs‘.(u—ﬂ)
and cu_123\ The DOS used in the calculatioq is in eq.(3:1) but pl(E) was.
chosen to. be eq.(§—2u) which is valid in the deep tail region only. The
.purpose was to test 3G's DOS if it could afféct those two physical
qUaAtities greatly and to compare with the result with non-compenéation
of Hwang(1970a,b). The calculation was done ab threé temperatures, 20K,
77K, and 300K, and for three compensation raties, 0.0, 0.2, and 0.4, The
compensa;??P ratio is défined as NA/ND for n-type semiconductors, and
ND/NA for p-Eype semiconductors.
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The results. for Fermi energies as a funetion of net carrier
concentration at those three different temperatures, compared with the
results using Kane's DOS alone, are displayed in Figs.4.1 to 4.3 for
three compensation ratios. Since Thomas~Fermi appr;ximatibn is valid
only when the potential seen by an ;lectron is slowly-varying (or small
potential fluctuation) compared to the Fermi energy, the result at each
temperature 1is vaiid above the root mean square of the potential
fluctuation which is represented by a dotted line. From these figures,
we may determine a minimum net concentration at each temperature at
which EszF—EC. The minimum net concentration at qéch temperature and”
at each compensafion ratio is tabulated in Table 4,1 . The results for
screening lengths as a functioh of net carrler concentration at those
three temperatures, compared with the classical Debye screening length

é-k T

-1 0B

07! = ¢ = -

ARSI

4Te! {4=20)

~are depicted in Figs.4.4 to 4.6 for three compensation ratios.

When the net carrier concentration ie_kept constant while the
compensation ratio changes, the DOS's for valence and conduction bands
vary as a function of total doping concentration. Since the DOS in the
tail region increases as a function of doping Fqncgptration [Serre et al

(1981)], Fermi energies (at the same temperature and same net carrier

concentration) may be lowered when the, compensation ratio is increased.

;o
)
Y

This variation of the Fermi energy on the compensation ratio may be

observed by comparing Figs.4.1 4.2 and 4.3 . For instance, at

7 -
ND-NAz 101 cm 3 and at 20K, the Fermﬁ‘ energy 1s lowered when the
vV '

<
-

y
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compensation ratioc increases. The variation of 61 on compensation ratios
can also be seen from those figures, It is easy to see that the
screening length 51 is varied as a function of compensation ratio. The
relation between EF and Q 1is given in the expression for Thomas-Fermi
screening constant given in eq.(4-11). Since, at T=0K, the derivative of
Fermi function 3f/3E becomes a Dirac delta function and Q is a function
of DOS evaluated at the Fermi energy, Q is decreased as a function of
compensation ratio, Thus the screening length 51 is increased as a

function of compensation ratio.
4,6 Results Needed for Absorption Coefficient

We isolate these results from above because they are later found
using a-little different DOS and different doping concentrations, The
doping concentrations are chosen the same as those used by Caéey and
Stern(1§76) in thelr work on absorption coefficient of heavily doped
GaAs. The purpose 1s to compare our absorption coeffiqient results with

theirs.

The DOS used in our calculation is again eq.(3=1) but oléE) is now
the full ground state DOS given by eq.(3-20) instead of the deeb tail
Dos in'eq.(g-Eu). .Eq.(3-20) 4is” valid at higher energies thaq the
eq.(3=-24) since higher terms have been included. The calculation is done
for  both p énd n type GaAs wusing SG's DOS [eq.(3-1)], Kane's DOS
leq.(3-26)], and parabolic DOS [eq.fB-H)]. - We also do calculations for

two sets of effective masses 1in order to see the variation on choseﬁ

.
.

effective masses, The first set is the same as that chosen by Casey and

Stern, namely me=0.066, mﬁh:O.SS. and mh1=0.085 in the unit of free
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electron mass. They are the effective masses for an electron in the
conduction band, for a heavy hole, and for a light hole respectively.
The other set 1is taken from Ehrenreich(1963)'s result. They are

me=0.072, mhh=0'68’ and mhl=0.12.

The results are presented in Taﬁles 4.2 to 4:7 for different DOS's
and for different effective masses. The Fermi energy 1s measured with
respect to the conduction band edge EE in n type GaAs and to the valence
band edge Ev in p type Gaﬁs. Since the calculation in p type GaAs is
done for empty states, the energy scale must be reversed when the Fermi
energy is used in the adbsorption calculation. The value of potential
fluctuation, Eli ’ is also tabulated for each pair of doping
concentration, Ve is the dimensipnless Fermi enerﬁ? defined the same
way as v, i.e, uF.z(EC-EF)/EQ inn type GaAs or\(EV-EF)/EQ in p type

GaAs.

A
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~ CHAPTER 5 ©
p Matrix Element of Transition
5.1 Overview

The matrix element of transition defined in eq.(2-12) is obviously a
function of ﬁﬁerinteraction Hamiltonian and the wave functions of
initial and final states. Since the real wave function of an electron in
a solid.may not be found exactly, it is always evaluated usiné a model,
Even for a GaAs crystal, the band structure i1s complicated and the DOS's
of both ;élence and conduction bands do not have perfect parabslic
shapes as.inlthe theory. The interband abscrption calculated by assuming
the tw; parabolic bands is just an approximate result. For a bette;

interband absorption calculation one nmnmust take into account the band

structure.

Before the advent of heavily doped semiconductors, people were
interested in 1lightly doped semiconductors and studied the matrix
eiement of transition between a single 1localized state to a delocalized
state, The localized state for an acceptor level.in GaAs was first
assumed by Eagles(1960) in a hydrogenic form. This form was used.by
Dumke(1963) for both donor and acceptor levels, This simple matrix
element of transition obviously cannot be applied to a more complicated
problem like heav%}glﬁeped semiconductors, Our interest is focused on
finding a matri{ element of transition which is physically reasonable in

order to predict the absorption coefficient correctly.
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The wave function of an electronic state near a band edge is written
as a Bloch periodic function at that energy band edge modulated by a
slowly varying wave funetion, an enfelope function,. by means of the
effective mass theory given by Kohn(1957). This idea is well-known and
has been used by many authors [Lasher and Stern(1964), Stern{1971),
Casey ;ﬁd Stern(1976)]. The matrix element of transition can then be
split independently into two parts. One consists of initial and final
Bloch functions with the momentum operator and the other is composed of
Initial and final envelope functions without -any operator., The first one
is known as Kané's matrix element which is wgll known and almost
constant for most III-V semiconductors. The latter is then called the
envélope matrix element. The momentum operator appears only in Kane's
matrix element because of the slowly varying assumption of the gnvelope
funetion,® This m;trix elemgnt between p-like and s-like Bloch periodic
functions has been obtained by Kane(1957) in his work on InSb erystal.
Casey and Stern assumed ap. envelope functioﬁ of hydrogenic form and with

it they couid-determine the matrix element of transition for heavily.

doped GaAs analytically. —

.
!
—

R ) - o~
We assume an envelope function of gaussian form since the DOS is

determined using harmonic wells and the ground state wave function of a

harmonie well 1s a gaussian wave function [see Appendix A]l. We can find

a simple analytic expression for the transition matrix element which can

be ;educed to the matrix element befween two delocalized states
corréctly. The parameter z used in our envelope function is deEgrmined
directly from ﬁhe variational calculation done in the DOS cai;ulation
and cannot be freely adjusted. The localized parameter used by Casey

&
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and Stern for the‘hydrogenic envelope function was determined by a

Jjudgement of counting the number of states.

In the following sections, we will briefly review the basic concept

: -
of finding the matrix element of transition for heavily doped
semiconductors; the matrix elements given by Kane, Eagles, Casey and

stern. Lastly, our matrix element will be presented and discussed.
5.2 Basiec Concept

It has been shown by Kohn(1957) that a state near a band extremum can

be written as a Bloch periodic function at the extremum modulated by a

slowly varying envelope function provided there is only one extremmm.
This can be applied to the case of Gais cryéfal which has one conduction
band minimum and one valence- band minimum at k_O direction An impurity
state, either a donor or an acceptor state, for a heavily doped GaAs can

then be written as the modulation between the Blgch periodic function

- - ->
at k=0, uo(r), and the envelope function, ¢(r)

¥(F) = $(Pug(F) _ (5-1)

Y with normalizations

1 Jluo(?nzd?: 1 (5-2)
Q EY

L7}

o

- 2
and JI (Pl gr= 1 : . (5-3)
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If we have 2 transition from a state in the valence band to a state

— - e

in the conduction band, and if both states can be represented by wave

.fqnctiohs like eq.(5-1), the matrix element of transition which is’

essentially the overlap of the two wave functions by the momentum

operator is

1 - - -+ -+ -> .
M= §J¢:(r)ug(r) V[¢v(r)uv(r)]dr (5-4)

where ¢ and v indicate the conduétion and valence bands respectively,

-~
-

The subscript 70" of uo(:).Haé been jgnered fOf‘our i;}ting conven;ence.
The integration in eq.(5-4) can be split out into two integrals. By
assuming that the envélope functions are slowly varying, they can be
taken out of the integrals. The summation over all impurity ;ites is
then approximated by an integral over all crystral. This gives the
expressidn

M = Jd}é(;)év(:)d;‘é_ J u:(:)Vuv(:)d:

. - G - > '

+ Jtﬁ*(r)% (r)dr-1 Ju*(r)u (r)dr . (5=5)

c v g ¢ v _
' : 5 e

Using the fact that uc(r) and u (r).  are hogonal in TIII-V

semiconductors, the last term in eq.(5-5) vanishes and eq.(5-%5) can then

be written as

J—
M = MbMenv ’ (5=6)
by defining
1 % - V - > o
My = g | u3(r)V u (r)dr (5-T)
and M= J S 6 (Frar . : _ . (5-8)
env .© v

—4g=



5.3 Kane's Matrix Element

Kane (1957) deriveﬁ a matrix element. of interband transition between
p-like and s-like Bloch fhnctions~_in his work on InSb using his well
known k.P theory. The matrix eleﬁent Mb mentioﬁed earlier here is the
Kane matrix element at ;EO direction. In order to use the.matri; elementi - b )
in eq.(S—ﬁ? with the absorptioq coeffiéient calculation, we square and

..

average it over all spins and directions to get

29 12 1 w2 o ' -
KME> = IMZ ) <ME> . (5-9)
‘ . . X |
with <M§>=.m§P2/652'= BoE, | Eg* A : (5=10)
- : m - E +2A | ' \
) : - @ 83

o
where P is the interband matrix element given by KanetTQS?), Eg is the
energy gap and 4 is the spin-orbit 3pli£ting. The approximate value in

eq.(5=10) was first derived for a pure 1InSb crystal. For GaAs at room

temperature, Eg=1.42uev,a =0.33eV.

!

In order to see the role of the enﬁelope matrix element, we keep < b>

constant and consider the envelope matrix element Mgnv in many caées.

-

5.4 Eagles' Matrix Element ‘ «

L}

Eagles{1960) assumed the envelope function of an acceptor in a -jy
hydrogenic form \,;‘
- - .
I PR e
$,(F) = (ma®)™* e -z, |/2 . (5-11)
where a is the effective Bohr radius of the acceptor and ?; is the

center of an acceptor.
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-Tﬁgnenﬁelope matrix element between the localized acceptor state and
" a delocalized state in the conduction band is equivalent to .a Fourier

transform of that logalized‘state, i.e.

- L]

- >+
1 -|z- . .
env - X klfe lr-ril/a eikc F dr . (5-12)
Q- (rad)*
G&Waéﬂ_I ‘
IHenv{2 = — . (5-137
(1+a%k2)*

When the k=-dependent term is neglected the rest of the matrix{ in

eq.{5=-13) 1is referre&‘ to as’ a*"eonstant matrix element" which has the

- ~

order of magnitude about a sphere with radius of a.

* ¢
S _ . | .
5.5 Casey and Stern's Matrix Flement /;///ﬁ

-r

Stern(1971) studied the optical absorption of amorphous S8i and

proposed an envelope function for all states of the form
$(F) =(83/m)F exp(ik-F)exp(~s FF D (5-14)

to determine tgp‘matrix elenent of interbénd transitions using the same
~ ’

idea mentioned in section 5.2 . The energy-dependent parameter, B8 and k,-

are determined in aﬁ.arbitrary manner for each band. Consider the

conduction band as an example. Let ppc(gg\be thg'ﬁénabglic DOS of a pure

crystal, For each state at energy E' in a \heavily doped semiconductor
. : ¢ e '

there 1is an assoclated state ég?za pure crystal at energy E* which

satisfies

. E* i Ef ) . ;
J o (E)E 2 J o (E)E - . (5-15)
. Pc o4 .
E -

n

Then k is assigned the value in the doped case of
\ -
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8%k? = f*-Ec = : - )
. Zm
e

(5-16)

and 8 1is determined .by the apparenf lowering of the conduction band

state due to disorder by

] . ’ ) /‘\j‘k\ /.’w
£282 = A(E*-E!) éf | ' J (517 \ -

& N

where ﬁ282/2me is th® kinetic energy of localization of the deep tail”

-

states ahd A is. a parameter which assures that the kinetic energy
3 - . T ‘
coincides with the kinetic energy obtained by Halperin and Lax . at the

- energy where pc(E) is fitted to their DOS, Casey and‘Stern's envelope

matrix element is ) .
Mopyl? = (Guwb/3)(t“-q“)"5[(-b“-SbZBz*"'ﬁfﬁ-’(3t‘*+q‘*)(t‘*—q“D2 |
. . ' - = &
| +8b2B2t2(302-1082) (£8-q8)+16bYBY (568410t 4ql4q®)] - (5-18)

-

- . 2 42,1212 2_
where B_Bch, b-BC+Bv, tc=b +kc+kv and q _2kckv. The subscripts ¢ and v \\\h

again ?enote the conduction and valence bands respectively,
% 5.6 Present Matrix Element

If the enveiope wave functions for both bands are assumed to be

plane-wave, i.e, - ‘ . .
> 5 \' .
-+ 1 ik -r 3 - ’
¢kc(r) = Qg e ¢ . T : (5-19)
. . s
- I :
- 1 Ak -er | .

and _¢kv(r) = -5% e v . -~ (5=20)
the envelope matrix element is

2 _0m?d e 2 | - (5=

o = T q 6(kc kv) (5-21)

S51=- " °
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which implies direct interband transitions with momentum conservation,
r

Since SG's poé is obtained by modelling impurity-fluctuation wells by
harmonic wells and the model gives gaussian wave functions [see Appendix
A]l, our envelope function is assumed to be of a gaussian form instead of

"

a hydrogenic form. The envelope functions for the valence and conduction

bands are : >
. > > >
T el 2 :
6 (K7 = (army3/h GtRyrr | el | (5-22)
botie B0 = (apmy3lh Gtk T 8l - (5-23)

"\/ o9 ~

where the localization parameters a« and B are _related to the

variational . parametérs 'z, and z_ by the relations o =Q2/222 and

g =Q2/2z§ . The only energy dependent parameter is the wave vector K.

The envelope matrix element using the definition in eq.(5=8), is then

~1(k K )% —aT-r, |2 -g[3-F, |2
M ~ J e ¢ v e * e J dr
env )

o

-

- . 2
-3 —(u;§+8¥%) B(ﬁ;—ﬁ )+2(a;;+8;.ﬂ 14 (a+B)
s (2 e 3. v 2 (5-21)

where the normalized factors of the envelope functions are temporarily

ignored. The centers of the envelope functions are assumed to be at
- >

different positions, r, and ;5 . The result in eq.{(5-24) is obtained by

Lsing the integration formula

[-+]
F axZ+bx
hedX

-

b2 - G
ax = (r/-ayt oTPY/4a . (5223

The magnitude of M squared* is
env

Y
.

~
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_ 208 G,-T)?

i
¥e © e O*F . (5-26)

4

) e
~(k -k _)2/2(a+B)

IM Iz v (=T c v
env c+B

Since we are concerned with a random.system, we must average the result

over all random positions F;

averaged, the average will bé

- -+ >
and rj. If A(ri,rj)- is the quantity to be

L
> _d-v- d-b--'. > .

<A(ri,rj)>+ - = | dr, —Ej-A(ri'rj)_ ) . (5=27)
_ REARE 2 9 st
The result after averaging eq.(5-26) is

’ > > . .
- = 2
<M 1D v Ly R A EIC e (5-28)
env’ “o -+ Q ‘a+B 208 * -
T,,T .
173
The orientations of wave vector Q; and Q; are random and the angle
between them is assumed to be 9 , We must. alsqo average over this angle
'Er practically over the cosfne of this function, i.e.
1 .

: 2 = 1 BT ,

Mapel P & 6 ZJdcoquen\rl>+ - (5-29)
ri,rj,cos 1 ri,gj
—7 - 2 2
" l,( m )3(W(G+B))3/2 e (kc+kv)/2(a+8)( a+B)sinh(kckv) . (5-30)-
2 “a+B 2aB k k a+B -
- Tew ‘
We re-introduce the normalization factors into eq.(5-30) and call the
left hand-side as - .
- . Trela1.2 7
w2 oo 12,32 (ﬂ)smh(}f&k—") e ket 2 e8) v (5=31)
env 0 ‘a+8 k k Y a4 .
[l .

This is the envelope matrix element used in our work,

To see the asymptotic behavior oﬁw_ﬁe;; when both localized
parameters, o and B, approach zero, we write siﬁh in an exponential
form and take the limits for & and B to zero-:

_2 2k K /(a+B) o~k ~k )2/2(atg)"
lim M, = lim é-(gETQBIZ (1+¢ ©V )./;* c v :
a8+ a, 8+0 a+B
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- 2 ' -
= kaz 8 (k, =k ) G . (5=32)
c v

One of many delta functign representations [Baym{1973)]
" -(k -k )?/2(a+8)
8(k,-k ) = lim  (2n(a+p)) e °© ‘ . (5-33)
a,B+0
has been used to get the above result. The delta function 6(kc-kv) can
-
be related to- ﬁ(kc-ﬁ§) by the relation [Jackson(1975)]
8(k k) = 37 8(k -k ) 6(6-4") §(cosp—coss') (5-34)
Ok -k ) = Ef <K, b=0 S6-cos . -

If the d¥stributions of ﬁ;'and ﬁ; are spherically symmetric, we simply

have

§(k, k) = bg8 (ki) | (5-35)
. 4 !

-2
env

under theiintegration over all eit?f? e space, This leads the matrix
to

. -~ 2 S e . _ o
im Wy, = (2m)3 8tk k) , (5-36)
o, B0 a . L '

which is the case when we have only plahe-wave states. The result is

exactly the same as that given in eq.(5-11).

To see the 1limit of' our matrix element when a localized state

( @0,k =0 ), reverts to a delocalized state { B=0,k #0 ), M 2 is
v o : e env
reduced to -—
' 2

-2 1,27.3/2 —kc/2a .

Moy = Q(g ) e _ .- (5~3T)
If the k dependence in eq.(5~37) is removed, the matrix will be .

-2 1 21.3/2 1 64m 7z /2Q)3 O’;

Mem.‘r - Q E;_) B I ’ v 1 -38)
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and can be compared to Eagles' matrix element given in eq.(5-13).
5.7 Determination of Needed Parameters

The problem left is how to determine K. and k, correctly, According

to Anderson(1958)'s theory of localization and the recent theory of
Phillips(1983), . the change ~of localized states to delocalized in

‘disordered systems is sudden instead of continuous. This means that both

e

kinds of states are separated by a conventionald:ff;gQ level called the

"mobllity edge™. At the "mobllity edge™ we: supp se‘ége wave vector k to
P

start from 0. If we have'a transition from a lbcalized state to a

delocalized state we will have the matrix element
- 2 1 .27 . 3/2 .-
Menv Y (a+5) . _ (5739)
- ) -

‘characterized by the two localized parameters only. However, the

.

fmobiliéy edge™ is still a very difficult quantity to determine exactly
50 that we will wuse the "mobility edge™ as an adjusting parameter when

we determine the absorption coefficient.

In this work we assume that thé "mobiiity edges™ of conduction and of
walence banés are at their band edges before doping, namely E‘.c énd_Ev
respeciively. The states in the band ﬁails arey all localized, shaded
areas in Fig.5.14, and have all k's .equal to zero. fhe unshaded areas
represent all delocalized states that have pérabdlic éff dispersién

relationships like free electrons [Fig.5.1B].

— R d -
Since the values of the parameter z calculated from SG's theory are

. -

well defined in the tail regions dggly and they are needed for

-
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}'1

calcuiating the matrix element at high energies, a linear extrapolation
is then made for eaqp band by means of t?e fact thaf the kinetic energy
of 1océlizatioh vanishes at high energies, i.e, Z tends to infinity at
high energies, The value_gg ‘z for each béﬁd before extrapolation is
plotfed against the energy in the band tail measured with respect to
each corresponding band edge in Fig.5,2. The wvalue of z for each band

af'ter extrapolation made is plotted in Fig.5.3.



CHAPTER 6 “
Optical Absorption .

6.1+ Overview

‘
—,

k4

In this work, we are interested in the interband absorption near band

edges only. The photon energy range used in our calculation is betwéen
q”/j:].35 to 1.55 eV. This range covers the energy gap of a bure GaAs c;ystal
of 1.424 eV at room temperature. Some experimental work on apsorbtion

. coefficient has been done by Moss an& Hawkins(1961), Sturge(1962). The
theoretical work has been done by Callaway(1964). It has beég shown

that the @bsbrpt;on coefficient is dependent on the square. root of the

. - L;
difference of the incoming photon energy and the energy gap, (Ep—Eg)I

prévided in the transition the momentum is conserved, This is, in fact,'
proportional to the joint DOS between the DOS's of twoe bands. In some
cases like amorphous ‘seﬁiconduétors. there 1is ﬁE"periodicity and k
cannot label all states, and in the trgnsition- ghe émoméntum is
tranferred through lattice vibration. The absorption coefficient is
dependent on the square of Ep-Eg [Mott and Davis(1979)] because the
momentum 1is not conserved in the transition. More precisely, the

momentum is conserved but the transition is phonon assisted.

When a GaAs crystal pecomes heavily doped, some pe;iodicity of the
system is destroyed by substitutiopal impuritfés. Therefore the system
is partially tfanslationally invariant agd the wave Véctor cannot iébel
all states from the bottom of a band. The transitions between these

bands are then expected to have a partial momentum comservation in the
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sense mentioneq above,i.e, we expect to have the absorption ccefficient

proportional to (Ep-Eg)s where s 1Is between 1/2 and 2.

Experimenéal work on heavily doped semiconductors has bed® done by
many workers [e.g. Hill(1964), Pankove(1965),- Casey et al(1975)].
Stern(1971) assumed an envelope function of a hydrogenic form and
determined succesfully the absorption coefficien; of amorphous Si. Casey
and Stern(19?6) .applied this idea to heavily doped Gaas to predict its
absorption coefficient and luminescence peak, The results for p type
GaAs were unsatiéfacto;y because at large energy their absorption
coefficlent was still a factor of 1.6 below the experimental value. The
results for n type GaAs showed the Burstein shift correctly but Fhe
magnitude of each curve was still %o small compared to the experimental

result, In their calcuiation the Kane DOS was scaled until it fitted to

HL's tail DOS.

Since the localized wave funcfion‘ from Sa-yakanit and Glyde's theory
can be found simultaneously as the DOS at a particular energy, the
matr;x element can be obtained within the model., We want tc test the\a
Aependence of a(w) on DOS and also to test whether the wave function
that follows from Sa—yakénit and Glyde's theory iq the matrix element-
leadg to a reasonable o(w) on effective masses, bandgaps, and the

"parameter” k determined by counting the number of occupled states

fCasey and Stern(1976)] and by arbitrary choices of "mobility edges™,

It should also be mentioned here that the bandgap shrinkage in a
doped semiconductor due to many-body effects can shift ' the absorption

coefficient greatly to the low photon energy side. Therefore a correct

-
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value of a bandgap shrinkage is peedg@ for -a better prediction of an
abforption coefficient curve. Tﬁis bandgap 3hrinkage is well known as
the shift due to exchange energy since the Coulomb interaction between
electrons and impurity ibns cause a rigid shift and the Eand separation
remains the same [Halperin and Lax(1966), Panish and Casey(1967),
Kane(1§72), Inkson(1973)1. Bandgap shrinkage mechanism have been

reviewed by many authors [Mahan(1980), Berggren and Sernelius(1981),

.

ete.].

"

In the next section, . we will briefly review the absorption with
momeptum conservation, Our work with and without the bandgap éhrinkaée
will be preseﬁted and comparéa with experimental results in following
sections. Effects of wave vector k and variational parameter z will be
presented ,gnd discussed. Anothor section will De devbted to the
discussion on bandgap shrinkage. Present absorftion coefficient-will be

Summarized. Lastly, an overall discussion will be given in the Epllogue,

6.2 Momentum Conserved Absorption

The matrix element for the transition with momentum conservation is

the Dirac delta funetion of (§CQEV) in eq.(5-21). If we substitute the

matrix element of this special Qase into the expression for a(w) in

eq.(2=-23), we can héve simply

alw) = 4r2e?  plRW)[E(E )=£(E_+Tw) 12> o (6-1)
meCTIW v

where p(fiw) is the joint DOS linking a state with energy Ev and mom;ntum
E; to a state with energy'Ec :Ev+nm and momentum ﬁ;ﬁﬁ; « The interband
absorption coefficient comput?d using eq.(6-1) is complete'prqyided Mg
takes care the k dependence, -

-5G-



i

The transitions now occur - at the same E obtained from the energy

conservation relation ’

fiw = E (kK )=E (K ) . (6-2)
[od [ v v

For a perfect ¢rystal the DOS can be determined by finding the volume in

-5
k Space dlvided by the volume occupied by a sihgle state, i.e,

p(E) =  k2/272(dE/dk) : .6=3)

By differentiating eq.(6~2) and using eq.(6-3) we can express the joint

DOS in terms of the DOS's at initial and final energies
p(fiw) = [1/p (E +ha)+1/p (E )]~ . (6-b)
c v v v .

If the dispersion relations for both bands are parabolic the joint

DOS and k are found to be

() 5 1 (em /a3 2(sm )% (Buok ¥ (6-5)
— v v g
Y2 g2
K2 = 2u(fu-E ) | ' . (6-6)
) g
Here m is hole's effective mass and_ M is the joint effective mass
. o
defined by
Vu- = 1/m +1/m - . (6=T)
e, G |

-

The total absorption coefficient must be summed over all degenerate
bands and multiplied by a factor "2" to inmclude the spin degeneracy,
i.e. . .
e(w) = 2 Z aj(w) s J=all degenerate bands . (6-8) =
]
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It 1is simple to see that the «a(w) in eq.(6-1) 1is dependent on
(ﬁm-Eg)¥ . Thus we can conclude”“that if parabolic bands are assumed, a

parabolic absorption coefficient will be obtained. -2
6.3 Absorption without Bandgap Shrinkage

K To calculate the a(w) from eq.(2-23) we need to know the DOS's of the
valence and the condﬁction bands [eqs.(3-35) and (3-36)], the matrix
element leq.(5-31)1], and the Ferml energy from a self- consistent
caleulation,, Eqs.(S-Té) and (5-13) are the matrix ;lements given by
Casey and Stern and by Eagles respectively, The values neeéed to
determine first for the GaAs DOS is the screening constant Q from a self
consistent calculation. The Fermi energy is also obtained simultaneouély
from the calculation. in this ‘Qo%k the two equations to solve are
eqs.(4=11) and-(u-12)-for n type Gais [eqs.(ﬁ—TS) and (4-19) for p type
GaAs]. To determine the matrix element in eq.(5-=31) th; localization
parameters, ¢ and B, and the "parameters" kd and k. must be determined
first. From SG's theory @ and B are obtained simultaneously with the DOS
for the band tail. .Howeve}, they cannot Pe found at high energies,
Simple linear extrapolation are made to find the two parameter above the
band tail by means of é physical i1dea that localization energy
approaches zero above the band tail. kc and kv may be determined eithe}
by counting the number of states [eqs.(6-11) and (6-12)] or by arbitrary

. “~
choices of "mobility edges™ described in section 5.7.

- c
In this section we will ignore the bandgap shrinkage due to many-body
‘effects.” The doping concentrations chosen are the same as used by Casey

and Stern(1976). Numerical values of the screening length and the Fermi
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energy calculated self consistently are tabulated in Tables 4.2 to 4.7.

Physical quantities used in<: this caleulation are e =13.13
] 0

[Hwang(1970a,b)]), n =3.6 [Johnson(1967)1, m, = 0.066m0, m_ = 0.55m,

hh (]
Ry T 0.085m0 [Casey and Stern(1976)). SG's DOS is mainly used in all

o . -
calculations. - Since 5G's DOS is very complicated and lengthly in

computer time,. we then first generate the DOS point by point. with an
interval o£-% milli eV and make an inf%rpolatiop to regenerate the DOS

for all energies,

The matrix element used here is given by eq.(5-31). The values of k
kv, a ,and 8 are determined using the method deseribed in section 5.7. .-

The matrix elements for heavily doped p type Gafs with net hole

- - ’ 17
concentration p:1.2X10180m 3 [NA =1.5X10}ch 3 and.ND =3X10 em ] at

-

three photon energies, 1.37 eV, 1.42 eV, 1,55 eV, are plotted as a

function of energy measured away from E_-in Fig.6.1. The full lines are
: v . .

for heavy holes and the dotted lined are for light holes. The curves
are slowly varying at léw photon energies and are gaussian like at high

photon energies. In Fig.b.2, the present calculated abscorption

coefficient is compared with that using Eagles! conétant matrix element

[eq.(5-13) with kc=0] and that from parabolic bands mentioned in section

-

6.2 . Thé Eagles matrix element is expected to overestimate. the

absorptibn coefficient [Casey and Stern(1976)1].

We also vary the position of E_ [Fig.3.24] by 10% of Eg'in order to
investigate the sensitivity‘of the number of localized stdtes in the

band tall while the valence band is kept constant. The two resulis are

-
-

shown 1in Fig.6.3 compared to the experimental result, " Curve A is

} ‘ -52-



re

caleulated when the "mobility edge™ in the conduction ‘band is at ES' and

curve B 1s calculated u;ing thé "mobility edge™ at E +0.1Eg - ;n both
cases the "mobility edge™ in the valence band remains at EV. The results
show that the absorption coefficient is not very sensitive to-the cholce
of "mobility edgen" ét low photon energies, “i.e, at absorption tail
reglon which we are iﬁterested in. The result; for heavily doped p type
GaAs at three net hole concentrations are plotted iq Fig.6.4. It is
seen thaf the absgorption coefficient is shifted to the high enérgy?side

at higher doping. This is because the Fermi energy penetraies into the

valence band at higher doping,concent%ations and the bardgap shrinkage

is not taken into account here [Figs.6.54,B] . The’a(m) for n type Gais
are depicted in Fig.6.6 . The Burstein shift can be seen but again all
absorption curves are small compared to the experimental results like

Casey and Stern's results. .

6.4 Absorption with Bandgap Shrinkage -

If the bandgap shrinkage is taken into account, . the band separation

'will be smaller if the doping is higher. The’ effect of thé band’

shrinkage on the absorption coefficient will be compensated for by the

-

penetration of the Fermi energy into the valence band [Fig.6.5C]. It is
not necessary for a. heavier doped semiconductor 'to have a _larger

absorption coefficient at low energies. This depends on the compensation
N .
of the two physiecal quantﬁties mentioned above.

-

1

It should be mentioned here again that when a purek\crysﬁal is- doped

by doners (or acceptors) the allowed energy levels will appear in the

bandgap'c;ose to the conduction (or valence) band'[Fig.GtTA]. © When the:

- i ’ 7/’
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erystal becomes heavily doped, the positive donor ions will cause a

rigid band shift &owﬁ{:by anl amount of Eq [Fig.6.7B] but the band

/,

-

separation remains the /same, EO is dependent on “the doping

4
concentrati®n, An explic;:\h§gzessiqn has been given bk\~Halperig and

‘Lax(1966). 1If the many-body effects are taken into account, the band

separation will be smaller.by an amount of Ex [Fig.6.7C]. The “new

<

bandgap_ will. be Eg':Eg-Exj The bandgap shrinkage due to many-body
efﬂagﬁk is somet%mes assumed to be contributed by the exchange
interaction' only because  the correlation interaction is small [e.g.
Hwang(1970&ib); Hwang and Brews(1971), Auverge et al (1975), Serre et al
(1981)]. .Thus the b;ndgap shrinkage.is represented by E . It is
understood that the E, has tﬁe séﬁe meaning as '} 8E,| in this work.

We should also mention how Césey and Ste;n(1976) found the parameter

.|

k in their work. If we have a transition from a state E in the valence

band to a state E' in-the conduction .band [Fig.6.84], the wave vector

associated Eg-the energy E' (or E) can be found by counting the'numbérf\\\\

.-

of states down to the bottom of the band and filling up to energy E ' in
. . . [

the parabolic conduction (or valence) band [Fig.6.8B]. All the above can

be represented_b}_the folléwiﬁg equation

' S -
-

Jpc(E)dE = J"ppc(E)—d.E _ o ‘_ - (6=9)

L
- FE, \

and similarly- for the state E in ' the valence band. - The parabolic bands

.
¥

shown in Fig.6.8B have parabolic E-k relationship as shown in Fig.6.8C

or explicitly

L g2 ' N e a
. zme ‘ ) h ~ .
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We use eqs.(6-9) and (6-10) to determine k for the matrix element, " The -

k value for the conduction band is

: El .
2 [ 1/3 '
.'kc - [ﬁw J.oc(E)dE] ) ‘ T (6-11)
- \ (\
and similarl; for phe_véignce band ;
! -~
= 1/3 -

2 - - \.’

ﬂkv = {67 J DV(E)dE o . (6=12)
. E R £

-

To consider the. bandgap shrinkage due to exéhange .energy one may.
consNder a heavily doped ¥ semiconductor as a very dense electron gas
-which has the exchange energy proportional' to n1/3 {in n type)

[Wblff(1962a,b)]. Hwang and Brews(1971) wrote this ‘exchange energy as

y~ b ¢
) . (6=13)

% m, e
E. = (=) (=
x @b - 2e2R2

2

with b = (3/uwna35bf3 and a = (H/gn)1/3 . EQ.(6-13) is true when b<<1 or
the'averége separation is lower than the Bohr radius ,i.e, ﬁl/3a >>1.

A

This is only applicable for heavily.doped semiconductors.

Ihe bandgap shrinkage due to_ many=body effects may be determined ‘ N

using téé self—enefgy formalism of many-body theqrﬁ [Hedin and Luqdqvist
(1969)]. Inkson(1976) ;Fsed the self-energy fdrmaiisd to cdgqufgte the
change of the bandgap of a semicondﬁctor due to an eiectron gaé which
occupies a part of the chduction band, He examined thé'\rélaﬁiy
mevement ot.the botiom of the conduction bamd and tﬁe top of, the valénc
ban&. -His method 1is, therefore, a two-band gpproach- H: de?iyéé aé

—

expression for the change in the béndgap of a semiconductor due té high
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doping in the limit where the free carriers form a degene?ate gas. The

change In-the bandgap is found to be

2%k, { i S
. . AE_ = - 1+ 2 (I~ cani( /Q))]
- g e | TG 2 _kp

(6-14)

*

-

where Q is the screening constant calculated from the Thomas-Fermi

approximation and_kF is the Fermi wave vgetor given in terms of n by

-

-~

ko= Gt (6-15)

Since Inkson used the Thomas-Fermi approximation to find the screening

.' - . '_’.,--—‘—\.____
constant, the bandgap . shrinkage found by eq.(6=14) is then” called

Inkson's Thomas—Fermi bandgap shrinkage. There are some other better
] <

methods to determine the shrinkage but also more complicated. We will

.-

give more details of these methods in section 6.6.

There is also a simple empirical formula written by Casey and Stern
(1976) for the bandgap shrinkake in p type heavily doped GaAs at 297XK.
The bandgap’Ashrinkage is dependent on the cube root of the hole

concentratign. This is similar to the case of free ‘electron mentioned

above,., The explieclt empirical expression is

S ~1.6%10°° [p in en 13 ey (6-16)

s, . "‘\

AWe use the bandgap shrinkage given by Inkson [eq.(6-14)] anq by Caéey
and Stern teq.(6-16)] to calculate the absorption coefficient for both
ﬁeavily doped nﬂtype and p type GaAs. The results for the p type using
Inkson's bandgap shrinkage are plot?éd in Fig.6.9.. The solid lines are

calculated using the method to caléﬁiéte k and z deécribed in section

- . L4
! \‘ - * - ’ -X
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5.7 . The broken 1lines are computed usiﬁg k by counting the number of

et

states [eqs.(6-11) and (6-12)]. The latter results seem to be smaller

Ay

than the first one because of the decéy of the matrix element due to the

k degendence. The envelope matrix elements calculated using k's from

PR

"Casey and Stern's method for p=1.2x1018cm™3 are Sowp- in Fig.6.10 . The
‘results for the n tyﬁb are shown 1n Fig.6.11 in similar fashion to the p
type. They show similar decay due to the k dependence. The Burstein

shifts of both sets of results are also observed.

When the empirical formula of Casey and Stern is taken into account,

-

our o(w)  for the . p type [Fig.6.12] are almost the same as the a(w)

18

obtained by Casey and Stern except our curve for p=2,4X10 crn—3 does not

& - -
cross over the curve for p=1.2x1018?m 3.' The experimental c{w) for the

Ny

p type [Casey et 2al(1975)] is shown in Fig.6.13. Casey and Stern's’
absorption coefficients for the p type are depicted in Figl6.14. Ore of

thelr curves with p=1.2x1018 c-:m-'3 needs a factor of 1.6 to be closer tor.

-

the experimental one [Fig.6.15], Their maérix element ecalculated from
.eq.(5-18) at thrag photon energies 1is also demonstratéd in_Fié.6.16.
OQur o{w) needs a factor of about 1.45 to make our result close té the
experimental one fFig.6;17]. However the overall_results for thebf type
are comparable to those of Casey and Stern even if different.pethods of

I
determining all relevant parameters are used,

Our o(w) {for the n type are presented ih Fig.6.18.i‘¢hey again show
simiiérify to those of Caséy and Stern’ [Fig.6,.19]1. However, the a(w).are

-

too small compared to the experimentaf'results in Fig.6.20.
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" A1l values of]AEg]used-in this work are shown in Fig.6.2; by the "XV,
All lines shown in Fig,6.21-afe free-hand drawn to Join all calculated
.yalues in this work. It may not be necééfary te have the same bandgap
shrinkage as, these curves at other net concentration. The gottedjline
is from Casey and Sﬁern's-empirical expression for both n aqd p type.
The dot—d;sh lines are from .Inkson's Thomas-Fermi approximation. The
curves fé; the p ﬁype and the n type are not the same depending on the

Ferni ‘energy and the screening cohstant.
6.5 Sensitivity of a(w) to Some Physical Quantities | N\\\\T,

. . i .
The purpose of this section is to test how the absorption ggéfficient

varies with some physical quantities used in this calculation, e.g. the

DOS, the effective mass:ﬂand the "mobility edger.

In order to see the change of a(w) on a choice of DOS,: we éalculate
@ (w) using SG's DOS and Eagles' matrix element [eq.(5.13)] and comﬁare
the result with that using Kane's DOS and the same matrix eiement.‘ The

Eagles matrix element i§ZCho§en since we cannot find the localization

. -
- -

and B, whéﬁfﬁape's DOS is used and if our present matrix
| i PR . e -...\ -j‘ . .
element [eq.(5-13)]1 " is employed. The curves for p=1.2X1018cp=3 with‘//"\fﬁg

parameters, &~
. AN
[solid lines] and without [broken lines] bandgap shrinkage determined k
using Casey and Stern's empiriﬁgl formula are presented in Fig.6.22. -

Since the Kane DOS has a'iarger band tail than the SG DOS, the a(w)

using Kane's DOS shown in Fig.6.22 are larger than that using SG's DOS.

We may conclude that the absorption is sensitive to the DOS.

n J
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Since the effective'mass is a function of doping - concentration

¢ QRaymond et al (1919)], we then vary the heavy hole mass w, from 0.55

[Casey and"Stern ({976)] to 0.68 [Ehrenreich (1963)1 in our calculation .

to see the wvariation of «{w) on these choices. All other quantities

-

used are fixed. The results are prgsentéd in Fig.6.23. The curves

differ little; a few percent only, This differencé would not mcecount for
: !

the difference between the present and Casey and Stern's a(uN.

Tthlas; quantity to test is the choice of "mobility edge" described

. F . -
in section.S;T. The "mobllity edge™ here is an energy level separating

——

delocalized states from localized states. . If 1t is moved higher in the

conduction band, ghé number of localized states will be increased and

the number of delocalized states will be decreased. To see only this
effect onc(w), we fix the "mobiiity edge™ in the yalence band at I-:mv=E_v
and vary the."mpbility edge” in the conduction‘band'Emc only.f The‘ afw)
for p=1.2x10 %™ witn Eqe Varied up to 158 of E_ are plotted in.
Fig.6.24, They show appreciable difference at high photon energies. The
ém(w) is saturated for the increase of F;cgreafer than 15% qf—Eg. Above

this value of Emc all the states in-the conduction band become localized

- within our photon energy rgpgé of interest and the absarption

coefficient cannot get any greater. We may conclude here that the choice.
‘ a ) .

of a "mbbility edge" ébuld affect greatly the absorption coefficient

- [
Fi

[ -

especially at high photon energies.

We do. not test some other ﬁhysical quantities in the exﬁre§sion of
. N -

alw), e.g. the refractive index n and the static dielectric constant

-

€ ,'becaﬁse all of them do . not" vary much with photon energy. They ére'
0 - .

expected to have less effect on the g(y).

. s
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6.6 Discussion on Bandgap Shrinkage -

-
-

a .
‘It has been shown id\Fig.G.u that the bandgap shrinkage plays an

- important role in predicting the absorption ‘coefficient correctly,.
Inkson(1976) employed the self-energy formalism for many-body theory to
.~ . U N

determine the bandgap shrinkage by considering the effect of free

carriers, which were assumed to be a free eleciron gas, to both the
o

valence_and the conduction bands. He used the Thomas-Fermi approximation

.-

to find the screening constant Q in his derivation while Abram et

-

© al(1978) used the Lindhard dielectric function [Hedin amd Lundquist

(1969)] to improve the accuracy. Abram et al also determined the

‘shrinkage due to the exchange interaction with free carriers

screening. This is c¢alled the unscreened exchange calculation®
>

these predictiofis for the bandgap shrink;ge for both p and n'tipe Gads
in Figs.6.25 and 6.26‘}espectidefy (after Abram et al] compared to our
calculation using Casey and Stern's empirical formula. Theoretically,
#the Inkson curve is the largest because the dielectric function used is
the semiclassical on;\h/The Lindhard calculation - should be the best one’
because of a better dielectric function. However, the Casey and Stern
curve, deduced f;om Casey et al's experiments at 297K, fits best with
the experiments_done by Zverev{1977) ath7K [Fig.6.27]. Since the free
carrieré in thé\system are treated as a fdegenerate)ﬁ,free electron gas

when the bandgap F?inkage is taken into account, -the-shfinkage should

/

deht on the temperature range'of interest,

-

not be very de;

It shoul§ be noted that there are scméaexcellent papers discussing

the bandgap shrlnkage due to many-body effects "These are, for examples,

: - - -
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Mahan (1980), Berggren and Sernelius (1981), and Sterne and Inkson

(19813},
6;7 Summary

In this work, we calculate the absorption coefficient ‘of'heavily
doped Gals usinglthe 3G DOS with the envelope matrix element derived
using a harmonic wave function from the SG theory. The harmonic wave
function is used because in SG's model a non-local harmonic well is
assumed to fit a potential-fluctuation well due to Q}sordered effects.
The asymptotic value of the present envelope matrix elemént when the
localized parameters, o and 8, 'go to zero is found to approach the limit
of momentum-conserved transitions created by two plane waves co;rectly
[eq.(5-36)]. It is alsc comparable to Eagles' matrix element wﬁéﬁ the
initial state is localized 'and the final state is deiocaiized

leq.(5-37)1.

We choose the same values of doping'concentrationuas those of Casey
and Stern in order to compare our results with theirs. He‘calculate the
absorption coefficients with and without the bandgap shrinkage. Tﬁé
bandgap shrinkage used in our calculations is determined from Casey and
Sﬁern's.empirical formula and from Inkson's Thomas-Fermi approximation.

We find that the effect of the bandgap shrinkage is compensatea for by

the sinking of the Fernmi ene%gy in p type semiconductors. In n type.

‘semiconductors, the Fermi energy rises (instead of sinks) if the doping

concentration is inecreased. Since the conduction-band DOS in Gads is
. .
very small eompared-éo the vafence;baﬁd DoS, the rising of the Fermi
energy in heavily doped n ‘type .Gaﬂs dominatesf over the bandgap
shrinkégé..Thus the Bursteln shift is easily observed in n type Gais.

-.7‘] -
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One of our absorption coefficients [ p=1.2x1018 en ™3 ] needs a factor
6f 1.485 to be close to the experimental résdlt while Casey and Stern
needs a factor of 1.6. Although our factor is smaller, it ts hard to say
that our result is better. This is because we compare one curve only and’

the overall results: look very simllar. We may say that these two sets of

results give the same predictions within the caleulational errors.

We also test-the'sensitivity of a(w) on the DOS, yhg effective @gés,_
and the parameters needed for the caleculation. Qur procedure of
defermining k and 1ocalizétion parameters is based upgn the separation
of localized and delocalized states suggested by éhillips (1983). The

a(w) calculated using this procedure is aléo compared to that using the

counting method used by Casey and Stern.

On thé— whole the absorption coefficients o(w) determined in thea
present work are oﬂ comparable values to those of Casey and Stern but
too small compared to the experiments.l It is important te point out
that the magnitude of thedébsorption coefficient depends upon the value
of Kane's matrix element Mé used in eq.(5-9) for the total matrix
element of -transition, More detailed studies of GaAs [Chadi et
al{1976), Hermann and Weisbﬁsh(19773] have found the matrix element M
to be abqut 25% larger than the value we use here. .This would raise -all
" the absorption goefficients in this work by a factor of 1.25.- However,
the results would still be smaller b} a factor of 1.16 [from
(1.H5/1,25)].. This may be due to 'the limitation of the approximations

used in this calculatioq.

e
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6.8 Epilogue

In the theory for the DOS, semiconductors must be heavily dobgd‘until
an impurity band merges with its host band. Physically, the electronic
wave functions must be larger than the impurity. separatioﬁs.
Mathematically, the ratio between the Bohr radius a and the impurity

1/3 must be larger-than unity, i.e. .a nl/3 >»1. Even if

separation 1/n
the doping concentrations we éonsider in _this work do not meet that
condition, they are high enough to be degéneraié sgmiconductors which
have Fermi energies déep into the host bands. The.impurities must have
small ionization energied, d1.e. shallow. They are all ionized by
thermal excitations. It is also aé%umed that the impurities are randomly

LN

distributed in the host crystal and do not perturb the structure,

In the screening process, all other effects are taken care of by the

4
screening constant Q. The screening 1is assumed linear so that the
Thomas~Fermi approximation can be applied. . This, however, dces not hold

when the number of impurities 1s so high that lirearity ecan no longer be

assumed,

- r

.
-

The effective mass approximation’is used to split off the.envelope .

matrix element from the total matrix elemen£ of transition. This leaves

the well knous Kane's matrix element of transition which is a function

of physical quantities which are all known, such as the energy gap, the
spin-orbit splitting, and the effective mass.: The valqgs of. the

: .
localization paraméters, <« and B , and _the k values are not. well

established; whether or not the "mobility edges™ are simply selected or

B;is determined by counting the number of occupled states. The k values
b . . et ’

- I 5 .



are used to count the number of states only [Tauc(1972)]. The position

of a "mobility edge™ is still a largé problem to deal with. In this

work, we locate it at a nominal band edge‘w§thout any KkKnowledge of its
actual position. lThe localization parameters at some energies are
obtained by linear extrapolations with a simple physical idea that the
kin€tic energy of 1localization vanishes at higher energies [for
conduction band onlyl. This may not be entirely correct but it should e

valid within the photon energy range of interest.

Thé interband transition we are concerned with is the transition
betweeﬁ band edges only. The photoﬁ momentum .is neglected.,  The
calculation of a(w) is still. based upon many assumptions [see

eq.{2-23)]. It is shown that the a(w) at low photon energies 1is

sensitive to the DOS in the tail tsgioﬁ and the bandgap shrinkage, .and

the a(w)  at high photon energies 1is sensitive to the mobility edge,

i.e. the number of localized states.

The* knowledge of the effect of the compensation ratidﬁsgn the

absorption is still not well determined. Herbert et al {1975) and Serre

-

et al (1981) investigatéd the effect of the compensation ' ratio on the
n¥

d that the DOS band tail is

enérgy band tailing. Serre et al
increased if the éompensation ratio 1s 1inereased while the net doping
concentration is kept fixed They also found that the effect of

electron~impurity scatterifg could increase the a(w) at low photon

energies.

We calculate the absorption coefficient at T:297K. The temperature

+

'effect is not taken into acgount here. The variation of the o(w) at low '

Pl

~Tl4—
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-we do not take it into donsideration.

~

photon energies [Urbach taill should be_oﬁserved if the temperature is

var;ed.r )

We note that a free hole and a free electron as a pair of opposite

”~

charges experience a Coulomb attraction. This electron-hole pair, known
as an excitbn, has a very large hydrogenic orbit compared to a donor for

an acceptor) .orbit. This is due tq' the effective mass of an elecﬁron-
hole being m;ch ‘smaller. Since’ ité energy states are‘_close to the
conduction band 'edgé, the electron-hole Coulomb interaction dominates
the shape of the absorption edge especially in a pure GaAs crystal. Thié
effect is weaker in heavily doped materials due to larger screeqing
effects. We restrict ourselves to a degenerate avily doped
semiconductor which has a large number of free carriers fo increase the

screening effects and reduce the exiéienge of the electron-hole pairs,

Consequently the more the screening effects, the iess .important tbef

electron-hole Coulomb ipteraction. Theoretically, this interaction'is

ignored when the Bohr radius of an electron-hole pair is larger than the

sereening ‘length. However, this effect is included in the experimental

~

results despite of .ité small contribution. Q'Sincé ‘this effect only

econtributes a few percent to the absorption edge of'heavily doped Gais,

L4

. The advantage of our calculatign over thap of Casey and Stern is that
a}most all duantities come out from a single theory except Kane's matrix

element of transition. These duantities are the localization parameters,

“

"the harmonic wave _functions wused in the envelope matrix element.

However, the ‘pracedure to determine the k values is still arbitrary and

N -



S

~

it needs wmore physical judgement. Lastly, we may conclude that the

absorption coefficient is sensitive to many physical quantities so that

4t is difficult -to predict it'éorrecﬁly given that many approximations

must be made,

M
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APPENDIX A

. The Harmonic Wave Functioﬁ from the SG Theory . ;‘

As mentioned in the text, the envelope hatrix element of transition ~
defined in eq.(5-8) is a function of initial and final state wave
functions, They may be localized or delocalized, In this,aﬁpen@ix we
are concerned with locaagzed wa;e functions s%nce the defocalized wave

. s .
. . " 1
funetions are.taken to ¥e plane waves.

4

! -

1&; It i3 well known ﬂ{om the.%expgan,paﬁh intégration forma;ism'that a“
propagator can imply éiregt informatioh about the wgﬁe function of Ehé\\;//
N _ _
system [Feynman and Hibbs (1965)]. In the SG theory, the: average
propagator 1s evaluated exactly up QE the firs£ éumulant wiéh tbe |
yériatignél parameter determined from the Lloyd and Best v%riahional
,g%inci;le. This propagator is"éalled the first-order propagator.
Although, in ﬁrinciple, wé should usé the first-order propagator to
find £he wave function; 1t is, however, well knowr in quantum mecﬁanic;

. Y
U\.

that only the zero-order wave function is sufficient if the first order . -

energy is réquired.

[

The zero=-order propagator given by Sa-yakanit{1974) is ~o - f/'
GoBtiRt,t1) = (o) > 32 ) '
gt 2nif(e-t") 2sinwt : oo )
- 2 " . . R
- 1 muw cotpt |x-x'|2 R .
| f exp [ﬁ A 5 B . . (A-1)
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Since this expression 1is obviously\ translationally invariant, it

i -

contains no information on localized states. In order to obtain
wf

localized wave functions, the translational invariance must be Eroken.

The idea of breaking the translational symmetry is similar to that used

in the mean field theory PaAshcroft and Mermin {19763, for a brief

review]. / .

A
. i . ’
To understand this problem, it should be noted that eq.{A-1)} can be

" derived by averaging over ail directions the propagator of the harmenic

'oscillator centered at other positions, G, i.e.

H'
-* L] -

co(x,:;QE',t') n Jd'ﬁ GH(SE+§,c;§'+§,:') . (a-2)

\\wﬁére . .

GH(§+§,c;§'+§,t') = JDGE(-:))
t

X exp [% Jd'r %(J‘EZ(T)—MZ('JE(T)Q)Z)]

. (A3
t'

i

-,
For simplicity, we set R=0 and obtain the well known result

oW )3/2
2rifsinw(t-t")

GHGE3t;-£',t') = (

x exp [%?i———{(iz-ﬁ'z)cosm(:-t')-ﬁ-?‘}] .

sinm{t~-t")

n n . {A=4)

where En and Qn are harmonic osecillator energies and wave functions ~

£

respectively, In order to obtain the localized wave function

78~
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corresponding to the SG DOS, we take the limit t to infinity [Feynman
and Hibbs (1965)]. Physically, this corresponds to taking the ground-

state wave function only, i.e. - PR
1 Fw(t-t")

*

GG tE,e") = o @e G e B2 (4-5)

-«

where

a2
o () = @33)3/4 mwx</ 2k
o 341 . {A-6)

The parameter w that is related to z can be determined variationally
-, ‘Q‘ »

from eq.(3-33), or (3-30), or (3-29) depending upon which variationai

calculation is chosen.

flewrite eq.(A-6) to be

-

i —ax2
-, 2. 3/4
3, = DY e

-

, @ = Q2/2z2 . (A=T)

. ”
by means of the relation muw/fi=Q?/z? [Sa-yakanit and Glyde (1980)]1. The

angular dependence of the wave function in eq.(A-7) can be separated by

writing in terms of the zero-order spherical harmonic funetion, Yg, i.e.
s 1 '
- ¢, (%) = ﬁr) Y0 = S . (A-8)
! ' 0 4T r .

where S(r)/r is the radial part [Halperin and Lax (196%)]. Equalizing
eqs.(A=7) and (A=-8) gives

i L —5(Qr)2/22
QT st = 2t 22 gy e . (a9)

In order to compare our S(r) with that of Halperin and Lax, we plot

Q éS(r).against Qr [or S(r)against r with Q=1] using z:D.?OS%{’?er v=10
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> .

depicted by a full line in Fig.A.1 compared to that of Halperin and Lax

(broken lines), The potential U(r)/EQ=(1/2)mw2r2/EQ=(dr)2/z“ is also

plotted on Fig,A.1 with U{r) beling measured in'b unit,

Q

-80-

[Sa-yakanit, Sritrakool, -and Glyde (1982)]. Our calculated S(r) is
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APPENDIX B
- : s

The Parabolie Cylinder Function Dp(z) ' N

’

The parabolie cylinder function Dp(z) has an integral representation

written in terms of the gamma fGnction I' [see Gradshteyn and Ryzhik

”

(1965)1 as
22/t s
. ez /4 -zx-x2/2 -p-1
D (z) = e x - dx , Rep<O
p I'(-p) . - . | . (B~-1)

The asymptotic expansion of Dp(z) for‘]z[>>1 and tzI>>p is
* -22/4 - [4 1 :
D {(z) v e zP 1- plp-1) R (B=2)
P 222

One of the recursion formulas is

. D ,1(2) - 2D (2) *p D, (=) =0 . (B-3)

" We use eq.(B=-1) ti’generafe numerical values of Dp(z) with Re p<O0.

We derive, using the recursion formula/given in eq.(B-3), an expression

%

for Dp(z) with Re p>0

= 4 - 2 - - .
D (=) = [2*-3(p D=E-3) (e Do @ .

HE-0) (3-2(2p-3D__((2) , O <Reped .
a . .
(B=4)

The recursion may be repeated to obtain an expression valid at higher

values of Re p.

-81-
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TABLE 3.1

Self-consistent calculation of Fermi energy E

F

and screening constant Q using parabolic DOS for

NA= 9.9X10 7 cm

Q

18 -3

. Here, “F='(Ev'EF)/E

Q,

] el
T(XK) Qlem ) EF(meV) Vg
5.2 | 1.99x10°% | 37.8 | -1.6u4
297. 5.35X106 8.07 -0.035

-130-

with

E =‘52Q2/2mhh and E, is the valence band edge.
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TABLE 3.2

Tail DOS's in Q3/EQE'2 units for £'= 50.

N Halperin & Lax {Deep Tail Approx.|Full Ground State |
z DOS z DO3 4 DOS
30. | 0.4922|6.80X1072 | 0.437719.03x1073 | 0.4378 8.97x1073
25. 1 0.5226 4.75X10_3 0.4503(6.83x%10 3 0.4503 6.77X10-3
20. | 0.5623|1.17X10_5| 0.4617|1.91X1077] 0.4617|1.89X10
15. | 0.6180(9.21X10 0.469211.89X10 0.4690/1.85X10
10. | 0.7059]1.90 0.u668(6.30 ; 0.4664|6.10 ]
5.10.8857(6.20 0.44638 7.13X102 0.4456 6.T3X1O1
4. 10.9528|5.51 0.4408 1'.02)(102 0.4390 9.63X102
3.1 1.0470(3.99 0.4333]1.43%X10 0.4316]1.32%10
TABLE 3.3
Tail DOS's in Q3/EQ5‘2 units for g'= 5.0 °
v Halperin & Lax |Deep Tail Approx.|Full Ground State
z DOS z DOs z DOS
3.0 | 1,087 [2.65%10731 0.8277|4.38x1073| 0.8275 4.29%1073
2.5 | 1.111 [1.01X10_5} 0.8379|1.88X1075| 0.8375|1.84X10
2.0 11.195 |3.00X10_5| 0.84486.75X1077| 0.8440(6.53X1075
1.51] 1.313 6.59X10_2 0.8463 1.99X10*1 0.8450 1.9'[X10_1
1.0} 1.500 9.47X10_2 0.8405 5.87X10_1 0.8364 18.60}(10_1
0.5 | 1.887 6.36X10_2 0.8259|9.91X10 0.822619.18X10
0.4 | 2.032 3.90X10_2 0.8219(1.11 0.8184(1.03
0.3 2.237 [3.33%10 0.8176]1.25 0.8138]1.15
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TABLE 3.4

-

Tail DOS's in Q3/EQE'2 units for £'= 0.5

Halperin & Lax [Deep Tail Approx.|Full Ground State
v z DOS z DOS Tz DOS
.30 | 2.237 2.98x1o:3 1.653 u.69x1o:ﬁ 1.651 u.sux1o:ﬂ
.25 | 2.379 | 4.98X10_, | 1.676 8.60x1o_3 1.674 8.29x10_3
.20 | 2.566 7.61x1o_3 1.697 1.50x1o_3 1.695 1.uux1o_3
.15 1 2.831 1.03x1o_3 1.716 2.u9x1o_3 1.713 2.37x1o_3
.10 | 3.259 | 1.13X10_3| 1.731 3.89x10_3 1.726 3.67x1o_3
-05 | 5.179 | 8.07X10_, | 1.738 5.7ux1o_3 1.732 5.36x10_3
.04 | 4,539 | 6.70X10_, | 1.739 6.16x10_3 1.733 5.7ux1o_3
.03 | 5.060 | 5.09%X10 1.740 | 6.59X10 1.733 | 6.13X10
TABLE 3.5
™
Tail DOS's in Q3/EQE‘2 units for &'= .05
N Halperin & Lax |Deep Tail Approx.|Full Ground State

A DOS z DOS z DOS

030 | 5.061 | 4.54x1077 | 3.848 | 5.19X107 | 3.847 |5.08%1077
.025 | 5.429 8.u2x1o_6 3.966 9.85x1o_6 3.964 9.60x1o_6
-020 | 5.927 | 1.52X10_¢ | 4.099 1.eux1o_6 4,096 1.79X10_¢
.015 | 6.654 2.6ux10_6 4.250 | 3.42X10_ | 4,426 3.31X10_¢
-010 | 7.874 | 4,24%10_ | 4.422 6.12x1o_5 4.415 [ 5.98X10 5
.005 { 10.65 5.43X10_ | 4.617 1.10X10_ 2 4,606 1.05x1o‘5
.00% | 11.78 5.28x10_6 4,659 1.23x1o_S 4,688 1.03x1o'S
.003 | 13.45 | 4.83X10 4,702 | 1.37X10 4,688 | 1.31X10°
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TABLE 4.1 o . -4

L4

" The minimum net concentration NminzcuD_NA)min' at wpich the

2re?

potential- fluctuation, £1/2 = [ (N +NA1'L/? is equal to

2 D
Q €j
the Fermi energy measgred away from the conduction band
1/2 " - ' :
edge, £ :EF-Ec in n type Gals. . -
N /N| T N, Cem™)
. ATD min
0.0 20 | 1.ox1o:§'
™ 1.7}{1017
300 7.5X10
0.2 | 20 1.7x1o};
177 .2.5X1017 =~
300 9.2%X10
0.4 20 3.7x101;
77 5.8X1018
300 1.2X10
e

=133~



TABLE 4.2
Self consistent results for heavily doped GaAs

T= 297 K using SG's DOS
= 0.066m0 » By O.SSm0 » Mg 0.085m0

P-type GzAs
-1 172
Ny N, Q Q7 | E,Eg |8 v,
(e )| (en )| (ea™h | (&) | (meV) |(men)
3.ox1o}; 1.5x1o}g 2.u9x1og 40.2 | -70.2{ 23.3] 1.96
6.0%10, 4 | 3.0X10,0| 3.45X10% | 29.0 | -47.5( 28.7 0.69.
A.0x10'° ] 2.0x10 % | 7.47%10%| 13.4| 33.7] u9.3]-0.10
N-type Gais
-1 172
Ny Na Q Q EpEe|® YF
(en 37} e e | a) | (mev)| (mevs
2.5x1o:§ s.oxao}; 2.osx1og 48.5 |-82.8 |33.2 |~3.38
5.1x10,5 | 8.0x10, L1 2.30x10¢ | 43,51 121, |40.1 [-3.95
8.4x10'° | 1.7x10°°| 2.64x10%| 37.9 | 198. |53.8 |-%.91

b3

ND= donor concentration, NA= acceptor concentration

Q = sereening constant , Q-1= screening length
EQ-EF&—Fermi energy measured away from the valence band

EF-Ecz Fermi energy measured away from the conduction band

2nel 1/2
51/3= potential fluctuation = ——E'(ND+NA)

Q €2
sz--(Ev-EF)/EQ in p type GaAs

= CEC-EF)/E in n type GaAs

#*
EQ=ﬁ2Q2/2m ,

Q

F 4
L . B .
m = effective mass of conduction or valence band

~134-
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TABLE 4.3

Self consistent results for heavily doped

T= 297 K using Kane's DOS

GaAs

~135~

= 0.066m0 » My s O.SSmO » M= 0.085m0
P-type Gals
-1 1/2
(cm-3) (cm_3) (cm-1) (A) (meyV) | (meV)
'3.ox1p;',§ 1.5x1o}g e.u'rxmg 50.5 | ~79.91 23.5| 2.27
6.0x1018 3.0X1O19 3.”0X106 29.4 1 -57.41 28.3 0.86
L.0X10 2.0X10 7.16X10 13.9 50.3| 50.3|-0.06
N-type GaAs
-1 1/2
Np o Ny Q. Ep=Eo 5 VE
(em™3) (cm-3) (cm_1) (A) | (meV) (ﬁgg%
2.5x1o}§ s.oxm];" ’2.03}{102 49.2 | 78.3 {33.% |-3.28
u;1x1018 8-0X1018 2.28X106 43.9 1 116, |40.3 [-3.88
8.4X10 1.7X10 2.61X10 38.2 | 193.°|53.9 |-4.88 -
* see description of symbols in Table 4.2




TABLE 4.4

o

‘Self consistent results for heayily doped GaAs

T= 297 K using parabolic DOS
0.066m0 » M= 0.55m0 , I

m =
e

0.085m_°

hl” 0
‘P-type GaAs
- -1 172
Ny N, Q Q E,-Eg [§ Ve
(en™3y | (™3 | o™y {(a) | (mev) [(mev)
3.ox101; 1.5x1o}§ 2.u9x102 40.1 | =70.7| 23.5| 1.97
6.0X10, 0 | 3.0X10, 7 | 3.46X10; [ 28.9 | -46.6 | 28.0/ 0.67
4.0X10'° [ 2.0x10'7 | 7.56x10° | 13.2 | 30.6| 48.9]-0.09
N-type GaAs - .
N N Q o fe g [g1/2
D A ( gk, Vo
ten 3y | (en™) | eny | ) | (e {(mevy )
2.5x1o}g _5.0x101$ 2;07x1og 48.2 | 80.7 |33.1 |23.25
4.1X10, 0 8.0X10 0 | 2.31X10; | 43.3 | 118, [40.0 |-3.83
8.4x10'° { 1.7x10°° | 2.63%10° | 37.9 | 194. [53.8 |-4.83

* see description of symbols in Table 4.2

™
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TABLE 4.5

Self consistent results for heavily doped GaAis

T= 297 K using SG's PoS

m =

0.072m0 y My = 0“.‘558!1'10 y M, .=

0.12m0

e hl
P-type Gals -
=1 1/2
N, N, Q Q E,-Eq (€ v,
3| (3 | ey |(a) | (mev) | (mev)
17 18 6
3.0X10,7 | 1.5X10, 0 | 2.50%10¢ | 20.2 | -70.2| 23.3| 1.96
6.0X10, 0 | 3.0X10, ¢ | 3.45X10¢ | 29.0 | -47.5| 28.7| 0.69
4.0X10"° [ 2.0x10'7 | 7.82x10° { 12,7 20.0] 48.1|-0.06
N-type GaAs
- -1 172
ND NA Q Q EF-EC £ vF
(a3 | (o3 | ey | (a) | (mev) | (mev)
18 17 6 ' .
2.5%10, | 5.0K10, | 2.06X10; | 48.5 | 82.8" [33.2 |-3.38
5.1X10,0 | 8.0X10, ¢ | 2.30x10¢ [ 43,4 | 121. [B0.1 [-3.35
8.4X10°° | 1.7x10°° | 2.64x10° | 37.9 | 198. |53.8 |-4.94

¥ see description of symbols in Table 4.2

-137-

il




£y

TABLE 4.6

-

Self consistent results for heavily doped

AN

GaAs
T= 297 K using Kane's DOS
m,= 0.072m0 » Byp= 0.68mO » By = 0.12mO
P-type GaAs
-1 172
Ny Ny Q Q E,~Ep (% Vp
(er3) | (e | ™Yy | (a) | (mev) |(mev)
3.ox1o}; 1.sxﬁolg 2.47x1og 40.5 | =79.9| 23.5 | 2.27
6.0X10, ¢ | 3.0X10, ¢ |3.40X107 | 29.4 | -57.4 | 28.3 | 0.86
5.0x10'° | 2.0x10'? | 7.58x10° | 13.2| 1.2/ #9.0 |0.00
N-type GaAs
-1 172
Ny Na Q @ | EpE|® Vr
(cm-3) (cm_3) (cm-1)' {4a) {meV) {(meV)
2.5x1oqg 5.0x1o]$ 2.o3x1og 49.2{ 78.3 {33.4 [+3.28
4.1X10,° | 8.0X10, 0 [2.28X10; | 43.9| 116. |40.3 {-3.88
8.5%10'° ] 1.7x10'° |2.61x10° | 38.2{ 193. [53.9 |-4.88
“

¥ see descripticn of symbdls

in Table 4,2
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TABLE 4.7

Self consistent results for heavily doped

GaAs
T= 297 X using parabolie DOS
m,= 0.072m0 » Mypps 0.68mO » My = 0.12m0
P-type Gais ’
-1 172
Np Ny Q Q 5 TER|S Vr
(en™ | e | (e Ny | (a) | (mew) | cmevy
3.0X101; 1‘SX1012 2-H9X102 40.1 | =T0.7| 23.5| 1.97
6.DX]O18 3.0X1D19 3.“6X106 28. -46.6( 28.0| 0.67
4,.0x10 2.0X10 T.92X10 13.6 18.7| 47.81-~0.05
N-type Gaas
. =1 1/2
e Na ° A Yk Vr
(cm-3) (cm_3) (cm-1} (8 (meV) | (meV)
2.5x1o:g 5.0X101;' 2.o7x1og 48.2 | 80.7 [33.1 |-3.25
4.1X10 2 8.0X10,5 | 2.31X10, | 43.3 118 ~H40,0 |-3.83
8.4X10 1.7X10 2.63X10 37.9 | 1G4, |53.8 |-4.83

* see description of symbols

f
b
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'in Table 4.2
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