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Differential-electroabsorption spectra are calculated, using the Elliott theory of optical ab-
sorption by excitons, and are compared with experiments by Frova et al. at the direct (M)
edge of Ge. The theory does not fit the data for any reasonable set of values of €, w*, E,,

T, {cl€-Plv), and applied electric field strength. The discrepancies between theory and ex-
periment can be understood qualitatively as due to nonuniformities in the applied electric field.
The physics of electroabsorption is discussed with particular. attentiou paid to the effects of
excitons (i.e.,the final-state Coulomb interaction) on both quasibound and continuum states of
the electron-hole pair. In general, exciton theory predicts three phenomena omitted by the
one-electron theory: (i) The excitons enhance the amplitude of the differential absorption both
below and above the direct bandgap; (ii) the excitons increase the period of spectral oscillations
of the electroabsorption signal above that predicted by Franz-Keldysh theory; and (iii) the first
negative peak in the electroabsorption spectrum is due to the broadened zero-field bound-state
excitons. The electron-hole interaction is responsible for a differential absorption which is
both qualitatively and quantitatively different from that predicted by one-electron Franz-Keldysh
theory—even when the applied electric field is so large that the discrete excitons are completely

ionized.

I. INTRODUCTION

In recent years, the lock-in amplifier has revo-
lutionized solid-state spectroscopy - giving rise to
thermal modulation, strain modulation, wavelength
modulation, polarization modulation, and electric
field modulation as techniques for probing the
changes in the optical properties of solids due to
applied fields.! Of the various differential spectro-
scopies, electric field modulation often gives the
sharpest signals—suggesting that it may provide the
best test for a theory of differential spectra.?

Until now, most theories® of electroabsorption
and electroreflection have assumed (i) the validity
of the effective-mass approximation, (ii) the appli-
cability of one-electron theory, (iii) that the line-
widths of the observed spectra are adequately de-
scribed by a single energy-independent broadening
parameter I', and (iv) that the experimental data
with which the theories are compared are uniform-
field data,

These theories have been successful in describing

the signatures of electroreflection and electroab-
sorption data at My and M, critical points in transi-
tion-band structures; that is, the theories have suc-
ceeded in giving qualitalive fits to the line shapes,
and therefore have led to the determination of the
enevgies and the fypes of the various critical points
in transition-band structures.

Still, there are no quantitative fits to the line
shapes of the data; and there is some reason to sus-
pect that the best fits to date may have tended to ob-
scure real discrepancies between theory and experi-
ment, by permitting the fitting parameters to as-
sume unrealistic values.

It is generally believed that many of the discrep-
ancies between existing theories and data can be at-
tributed to the failure of the one-electron approxi-
mation and that exciton effects (i.e., correlations
in the motions of electron and hole due to final-state
interaction) are important. A number of attempts*~’
have been made to develop a theory which includes
exciton effects, with significant contributions made
by Duke and Alferieff,* Ralph,® and Blossey.® How-
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ever, none of those authors have yet calculated dif-
ferential spectra with sufficient accuracy to permit
quantitative comparison with experiments.

In this paper, we present the results of calcula-
tions of the differential electroabsorption at the di-
rect edge of Ge; these calculations go beyond the
one-electron approximation to include exciton ef-
fects within the isotropic effective-mass approxi-
mation (Elliott theory®). These calculations show
that the exciton effects are always significant and
often overwhelmingly dominant. However, the fit
we obtain to the experimental data,’ although better
than previous fits, is not good; and it seems im-
possible to obtain a good fit using any reasonable
values of the parameters: experimentally applied
field, effective masses, and broadening, We are
therefore led to believe that either (i) the simple!?
Elliott theory of optical absorption fails to have suf-
ficient accuracy to adequately describe the small
differences measured in electroabsorption; or (ii)
screening of the electron-hole interaction by free
charges is important; or else (iii) experimental dif-
ficulties associated with nonuniform applied fields
are responsible for the remaining discrepancies,

In any case, our calculations indicate that the mea-
sured differential absorption spectra generally are

particularly sensitive to energy-dependent broaden-
ing processes,

If the Elliott theory actually fails to describe dif-
ferential spectra, the implications are quite seri-
ous. Since its conception the Elliott theory has been
the simplest and the most successful many-body
theory of solid-state physics; its failure would
force a complete revision of the theories of optical
properties of insulating solids. For these reasons,
we consider it to be extremely important that the
electroabsorption at the direct edge of Ge be re-
measured, using the recently developed fiat-band!!
and selective-doping!® techniques, in order to in-
sure a uniform applied electric field and a low den-
sity of free carriers in the sample.

For the moment we prefer to adopt the viewpoint
that the Elliott theory is applicable and ascribe the
discrepancies to field inhomogeneities (according
to the theory of Aspnes and Frova'?), while noting
that the experimentalists seem to be making con-
siderable progress toward solving the extremely
difficult problem of obtaining and measuring a uni-
form field in a semiconductor.

Section II of this paper discusses the model on
which our calculations are based; Sec. III treats
the effects of the Coulomb interaction between elec-
tron and hole; while Sec. IV is devoted to a pre-
sentation of our results, The paper is summarized
in Sec. V.

II. MODEL

The starting point of our calculations is the El-
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liott theory of direct optical transitions to Wannier-
Mott exciton states,® which gives the prescription
that the imaginary part of the dielectric function
€,(w) and the absorption coefficient a(w) are both
proportional to the transition density of states S(E)
times the probability | U(0)|? that the final-state
electron and hole are in the same unit cell:

ex(w) = alw) = | U0)|%S (E) . 1)

Here we have E = (fiw — E,,;)/R, where 7iw is the pho-
ton energy; E,,, is the direct band gap; the unit
of energy is the exciton Rydberg R = e?/2¢,a; the
unit of length is the exciton radius a=7%,/p*e?
u* is the reduced effective mass of the electron and
the hole; and €, is the static dielectric constant.
Henceforth, we shall refer to | U(0)| 2S(E) as the
absorption strength.

In uniform applied electric field ¥ = F% directed
along the z axis, the relative-motion wave function

U(T ) solves the effective-mass equation
(-V2=2/7 +f2)UFT)=EU®T) . (2)

Here f=|el| Fa/R is the applied potential-energy
drop across the radius of the exciton divided by the
exciton binding energy; i.e., the electric field
strength in units of exciton rydberg R = e?/2¢; the
per exciton radius. Qualitatively, for fields such
that f exceeds unity, the exciton is field ionized.
For f<1, quasibound exciton states exist, giving
rise to the characteristic exciton peaks in the op-
tical-absorption spectrum.

The calculation of the differential absorption oc-
curs in five steps: (i) The applied field f is deter-
mined and the effective-mass equation (2) is solved
numerically* for the wave function at ¥ =0, U(0),
and the density of states S(E)!°; (ii) the absorption
strength is evaluated using the Elliott formula (1);
(iii)the zero-field absorption strength!®is subtracted
from this giving the differential-absorption strength

Al U(0)|2s(8)]; (3)

(iv) this differential absorption is appropriately
broadened!”®; and (v) the contributions to the dif-
ferential absorption from both light- and heavy-hole
bands are added with the weights of each contribu-
tion determined by the value of | {c|€-plv) |%/Ra®
for the bands.'® The central part of this procedure
is the solution of the effective-mass equation which
is done numerically in order to achieve an exact
solution. The exact solution is necessary for this
problem because the usual perturbation expansions
or classical approximations fail,

An exciton in an arbitrarily weak uniform elec-
tric field has no bound states. Therefore, pertur-
bation expansions (in powers of the field f) of the
wave functions and the energies are divergent
asymptotic series. The reason for this is that the
potential energy associated with the applied field
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FIG. 1. (a) Sketch of the potential energy (dashed line) and the envelope wave function (solid line) for the final-state

electron relative to the hole (at z=0) viewed along the direction of the applied field (a) with zero applied field and non-
zero electron-hole Coulomb interaction (excitons: f=0, weak-coupling limit); (b) with nonzero applied field and zero
Coulomb interaction (o excitons: f> 1, strong-coupling one-electron Franz-Keldysh theory); (c) nonzero applied field

and nonzero Coulomb interaction (excitons: f finite, present theory).

Note the qualitative differences in the wave

functions in each of the three cases. In (c), the classical turning points are “1”, “3”, and “4”, and the relative maxi-
g = B Z

mum of the potential is “27.

is unbounded: V=-~eFz=fz, This failure of per-
turbation theory is physically obvious because the
stationary states of the field-perturbed exciton are
-qualitatively different from the unperturbed states:
An electron initially localized in a quasibound state
near the hole (¥ =0) will eventually tunnel out to
2=~ [see Figs. 1(a) and 1(c)]. No finite order
of perturbation theory will result in wave functions
qualitatively different from the initial wave func-
tions,

The large fields f often used in electroabsorption
and electroreflection experiments suggest that a
suitable zero-order approximation to the wave func-
tion might be to neglect the Coulomb interaction
completely and then to improve on this by develop-
ing a perturbation series in powers of the Coulomb
interaction (i.e., in powers of /%), However the
electron-hole interaction is also unbounded (below)
and causes the Coulomb-perturbed wave functions
to be qualitatively different from the Airy-function
eigenstates of the uniform-field Hamiltonian [see
Figs. 1(b) and 1(c)]. Hence, perturbation series
in powers of the electron-hole interaction are like-
wise doomed to divergence difficulties; the expan-
sion parameter of these series is f™/%, sothat there
is little hope of an adequate asymptotic approxima-
tion of the Coulomb effects for fields smaller than
f=10%(i.e., f*3=0.1).

For electric fields between 10* and 10 V/cm, the
dimensionless field f takes on values between 1072
and 200 for typical semiconductors (see Table I).
Therefore, an adequate theory of excitons in uni-
form electric fields of such magnitude must be a
nonperturbative intermediate-coupling theory in
order to avoid the divergences associated with the
asymptotic expansions about the strong- and weak-
field limits. In the case of hydrogenic excitons in

a uniform electric field an exac? solution of the ef-
fective-mass Schrodinger equation can be achieved
by numerically integrating the separated equations
of motion in parabolic coordinates.?® In addition to
circumventing the divergence difficulties associated
with perturbation theory, the exact solution has the
advantage that it avoids whatever errors might be
associated with any approximation scheme. Re-
member that the quantities being calculated are
small differences between large numbers (that is
why the experiments are performed using phase-
sensitive detection); any error in the evaluation of
the absorption coefficient would be greatly amplified
in a calculation of differential absorption.

III. EFFECTS OF COULOMB INTERACTION

The experiments of interest in this paper were
all performed in the strong-field regime (f > 1) so
that the applied field ionizes the exciton. Previous
theories of these experiments were based on the
one-electron Franz-Keldysh theory which neglects
the Coulomb interaction between the electron and
the hole. The exciton theory predicts three effects
which the Franz-Keldysh theory overlooks and all
three of these effects manifest themselves in ex-
perimental spectra®; (i) The Coulomb interaction
greatly enhances the magnitude of the differential
electroabsorption both below and above the band-
gap.# (ii) The spectral oscillations of the differ-
ential-electroabsorption coefficient have a longer
period than those predicted by one-electrontheory.?
(iii) The (broadened) zero-field exciton peak mani-
fests itself as a large narrow negative peak in the
differential spectrum which is temperature depen-
dent but insensitive to the applied field strength.

The Coulomb enhancement can be easily under-
stood by considering the wave functions depicted
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TABLE I. Relevant properties of excitons. Values of the exciton rydberg R =m*e%/2€%%? and radius a =7%€/m*e?
are calculated from the measured values given for the static dielectric constant € and electron effective mass m*/m.
Calculated values of our dimensionless field strength f corresponds to an applied field of 104 V/em.

Substance (m*/m) ? b R(eV) a(A) f
Ge (direct) 0.033 16 0.0018 250 14
0.0195 16 0.0010 430 40
C (diamond) (1) 5.8 0.40 3.1 0.00078
GaP 0.34 10 0.044 16 0.036
GaAs 0.067 12 0.0061 94 1.5
InSh 0.015 18 0.00067 620 93
cds 0.20 8.9 0.035 23 0. 065
Zn0 0.24 7.9 0. 053 17 0.033
ZnS 0.28 8.3 0. 055 16 0.028
ZnTe 0.15 9.7 0.020 35 0.17
PhS 0.16 170 0.000072 575 8000
Cu,0 0.80 10 0.10 6.9 0.0070
AgCl 0.35 9.5 0. 052 14 0.028
AgBr 0.24 11 0.029 23 0.080
TIC1 0.32 38 0.0031 62 2.0
TIBr (1) 31 0.015 16 0.10
MgO (1) 9.8 0,14 5.2 0.0037
LiF (1) 9.0 0.16 4.8 0.0029
NaCl 1) 5.9 0.39 3.1 0.0008
KC1 0.50 4.5 0.33 4.8 0.0014
RbC1 0.52 4.6 0.33 4,7 0.0015
CsCl (6] 7.2 0.26 3.8 0.0015

31f no value of m*/m was available, it was taken to be

unity.

(along the direction of the field) in Figs. 1(b) and
1(c) and by recalling that the absorption is propor-
tional to | U(G)|% The uniform-field Airy function
[Fig. 1(b)] oscillates with increasing frequency (the
electron’s momentum is increasing) and decreasing
amplitude (the time the electron spends in a given
region decreases as its speed increases) as z tends
to negative infinity. To the right of the classical
turning point the electron’s wave function dies out
exponentially, The exciton wave function [Fig. 1(c)]
is similar to a phase-shifted Airy function to the
left of the classical turning point “1,” and also dies
out exponentially from there to the point “2” where
the potential has a Coulomb-induced relative maxi-
mum, The Coulomb potential is responsible for an
exponential rise in the wave function from “2” to
the classical turning point “3”; the wave function
is fairly flat near the origin (but cusped at z =0),
then decays to the right of the classical turning
point “4.” Note, in particular, that the Coulomb
interaction causes the wave amplitude at the origin
to be exponentially larger than it would have been
in the absence of the electron-hole interaction.?®
And since the absorption is proportional to |U(0)?,
we see that the Coulomb force is responsible for an
exponential enhancement of the absorption by states
well below the lowest-energy zero-field exciton
peak., Recalling that the zero-field absorption is
zero in this region, we see that the differential elec-

bSources for m*/m and € are listed in Ref. 7.

troabsorption has a first positive peak which is ex-
ponentially larger than Franz-Keldysh theory pre-
dicts.

While the above argument strictly holds only for
energies below the relative maximum at “2” in the
potential, another argument indicates that the Cou-
lomb interaction is responsible for considerable
enhancement in the amplitude of the differential
electroabsorption above the zero-field energy gap:
Consider a state with E> 0 (Fig. 2), and conceptual-
ly integrate its wave function from z =+ to the
origin, Throughout this spectral region, the Cou-
lomb-plus-applied potential (solid line in Fig. 2) is
always less than the potential associated with just
the uniform field (dashed line in Fig. 2). Qualita-
tively we could represent the average effective po-
tential in this region by the straight dotted line in
Fig. 2. Note that the “effective uniform field fy”’
is somewhat larger than the applied field f. The
larger effective field will give a larger differential
absorption, as we know, from the Coulomb-free
uniform-field case®; for example, for E>f23 the
exciton-free differential absqrption is

Aa o« (f/1672E) cos 4 E¥%/f . (4)

This effect can also be seen in Fig. 2 as an increase
in the amplitude of the wave function in the neigh-
borhood of z =0 due to the Coulomb potential, The
increased amplitude of the wave function is equiva-
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FIG. 2. Wave function U(z) for a continuum state
(E>0) and potential V(z) associated with (a) uniform
applied field (i.e., no excitons) denoted by dashed lines;
and (b) uniform applied field plus electron-hole scatter-
ing (i.e., excitons) denoted by solid lines. The “average
potential” associated with the larger effective field f, is
denoted by a dotted line. Note the larger amplitude and
smaller period of spatial oscillation for the exciton wave
function.

lent to an increased amplitude of the differential

absorption by virtue of the Elliott formula (1).
The second effect of the Coulomb interaction is

to prolong the period of oscillations of the diffef-
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ential spectrum. This can be understood also in
terms of a larger Coulomb-induced effective field
f«, which causes a longer period T(T «f%°). An-
other way to see how this arises is to note that long
periods of spectral oscillations in the absorption
can be associated with vapid spatial oscillations in
the wave function. This fact is obvious in the uni-
form-field case, where the uniform-field wave
function is

U(z)x Al (f1/3z - E/F%/%), (5)

so that it oscillates more rapidly (as f}/%) as a
function of z (the electron has more momentum) owing
to a larger field f, but U(0) and the absorption
strength oscillate more slowly with energy (as
£2/3), The Coulomb interaction clearly accelerates
the electron when it nears the hole, giving the wave
function U(z) more kinks and more rapid spatial
oscillations than it would have otherwise. This ef-
fect shows up in the differential spectra as the
longer oscillation period.

The fact that the spectral-oscillation period is
longer for a larger effective field is illustrated in
Fig. 3, where the potential energy and wave func-
tions are plotted for an electron in the applied field
[Fig. 3(a)] and in the “average” uniform field [Fig.
3(b)] depicted in Fig. 2. The wave functions are
plotted for energies corresponding to adjacent maxi-
ma in the differential absorption [i.e., |U(0)] is a
relative maximum]. Note that the separation T of
these maxima is smaller for the applied field than
for the “average” field. '

Turning to the third exciton effect, we note that
the first negative peak in electroabsorption is due
to the zero-field exciton states and its exact shape

FIG. 3. Uniform-field poten~-
tials V and wave functions U
(along the direction of the field)
for the case of no excitons

vie! vie) (dashed lines; V=fz) and “aver-
Uate) . o /,/V-f! age poter.ltial” due to excitons
] S ANE MY > 4 (dotted lines; V=fxz). Note
AR ~1,7 7 1 S Us that the energies of the wave
Ugle) o~ ,‘_52\ , T o*2229 = 7 functions were chosen to cor-
i yd ol l o respond to adjacent maxima
B N f/ /7 3 in the differential absorption
L . B e— - 1z (i.e., wave functions have
s ! . U,;(z) extrema at z ~0). Larger
, ; . .
e Lo L2 qffective field due to excitons
// 4 causes a larger period, T,
s F; =3.539, than the correspond-
s I--4 N ing period of Ty o =2.229 for
4 just the applied field. The
F-G |6 values used here for f and
fyare 1.0 and 2.0, respective-
NO EXCITONS "AVERAGE POTENTIAL" ly, and are the same as in Fig.

2. The energies E, Eg E,,
and Eg are 1.019, 3,248,
-1,211, and 2. 328, respectively.
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is quite sensitive to broadening mechanisms. In
the idealized case of zero broadening (Fig. 4), the
differential-absorption spectrum below the direct
gap should have a broad positive peak (associated
with absorption by broad field-ionized excitons)
with many sharp negative peaks (corresponding to
the discrete exciton series at E=~R/n% n=1, 2,
3, etc.)?”; above the gap, the oscillations in the
differential absorption are due to Franz-Keldysh-
type oscillations in the absorption coefficient. The
primary effect of finite broadening (T #0) is to
spread the discrete exciton states out over a spec-
tral region of order T, so that if the broadening is
larger than the exciton binding (T'2 R) there is only
one negative peak in the differential spectrum, 28
The shape of the negative peak depends primarily
on temperature (through T') and not on f, since the
peak corresponds to the zero-field excitons. In
contrast, the field-perturbed excitons are well ion-
ized by the electric field (f>1); therefore their
contribution to the absorption is relatively smooth
and quite unaffected by the broadening in most cases
where fR> T, 2

Once more, we emphasize that the electron-hole
Coulomb interaction cannot be neglected in any

o
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FIG. 4. One-electron and exciton theoretical optical-
absorption strength and differential-absorption strength
AL U(0)1 2S(E)] for a field of f=1. The differential
absorption by excitons is not plotted for negative E since
it is the difference between | U(0) | 2S(E) and a sum of
6 functions:

2 w38 (E+n?),
n=1

However, the total absorption strength by field-perturbed
excitons, scaled down by a factor of 10 (i.e., the value
at the peak is 0.3) is plotted for E<0, along with the
first few zero-field exciton lines (dotted). Note that the
total oscillator strengths under the field-perturbed and
field-free curves for E<0 differ by only a few percent
for f=1. The excitonic differential absorption for E<0
actually joins continuously to that for £>0.
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quantitative theory of differential electroabsorption,
even for electric fields much larger than the ion-
ization field of the exciton. Excitons are responsi-
ble both for a large enhancement of the amplitude
of differential absorption oscillations and also for

a prolongation of the period of the oscillations.
These effects are apparent not only in the region of
the bound exciton states but also well up into the
continuum of unbound excitons,

IV. RESULTS

The results of the calculations described in Sec.
II are presented in Fig. 5. The solid lines are the
theoretical curves with excitons included, the
dashed lines are the one-electron theory, ® and the
dotted lines are the measurements® of the differen-
tial electroabsorption at the direct edge of Ge.%°
The theoretical curve is the sum of contributions
from the light- and heavy-hole bands, assuming
that the transition matrix elements are equal. The
reduced exciton masses are taken to be 0.0195 and
0.033 electron masses, respectively. Since the
static dielectric constant is 15.8, the exciton bind-
ing energies are 1.062 and 1. 80 meV, respectively.
The unbroadened theoretical differential absorption
was convoluted with various different broadening
functions in order to obtain good agreement between
theory and experiment. 18 1 general, Lorentzian
broadening, where

w©

I 1
s~ [ e

X A€y(w', T'=0)dw’ (6)

produced better agreement, especially at lower en-
ergies, than could be obtained with Gaussian broad-
ening. (Below the edge, Gaussian broadening caused
a downward curvature of the exponential tail.) The
fit was best for Lorentzian widths such that T’
~1,062 meV.*

The agreement between theory and experiment is,
inour opinion, poor. While we were able to achieve
qualitative and even semiquantitative agreement
(especially at the higher temperatures), we were
generally unable to obtain a satisfactory fit to the
first positive peak—which was always larger in
magnitude and smaller in width than theory pre-
dicted. (Be careful to note that the differential ab-
sorption is plotted on a logarithmic scale which
makes the theory appear to be in deceptively close
agreement with experiment.) Consideration of the
arguments of Sec. III and Fig. 5 indicate that this
unduly sharp. narrow positive peak cannol appear
in a uniform-field electroabsorption measurement
if the simple isotropic-mass Elliott theory is valid,
if the applied field is uniform, and if the field is
sufficiently strong that f exceeds unity. The rea-
soning goes as follows: (i) A positive peak in the
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differential absorption necessarily comes from a
peak in the optical absorption in the electric field
and not from the zero-field absorption’; (ii) at
fields such that f>1. 0 no well-defined peak such as
that found in the experiment exists in the theoretical
absorption; and (iii) no matter what (reasonable)
broadening may occur, the differential absorptionfor
fields £~100 will be the (broadened) difference be-
tween two curves such as those plotted in Fig. 6.
The first positive peak in the differential absorption
is due to the exponential edge in the field-perturbed
absorption, which is 7ising smoothly (with no abrupt

change in curvature) up to the first peak above the
band gap. Clearly, no reasonable broadening of
the field-perturbed absorption will cause it to 7ise
abruptly near E =0, giving the theoretical differen-
tial absorption the observed shape.

We believe that the peak structure can be attributed
to nonuniformities in the applied field. Aspnes and
Froval!® have shown that one of the effects of a non-
uniform field is to mix the real and the imaginary
parts of the dielectric function. Therefore, if uni-
form fields are present, then 6A¢€,, the difference
between the calculated andthe measured differential-
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FIG. 6. Unbroadened theoretical absorption strength
| U(0) | 2S(E) () for an applied field of f=61 (solid lines)
and (ii) in zero applied field (dotted lines). The upper
curves are for excitons; the lower, for free-electron-
hole pairs (Franz-Keldysh theory). The theoretical dif-
ferential-absorption strength in each case is the difference
between the solid and the dotted lines.

absorption curves, should have the shape of Ag,, the
change in the real part of the dielectric function.

In Fig. 7, we plot both A€,(w) and 6A€,(w) for the
case F=31kV/cm. Note that the curve of A€, vs

w has the same shape as A€; vs w, having nodes
near the maxima of A€, and zeros near the half-
maxima of A€,. %2 Therefore, we conclude that the
data of Ref. 9 were probably taken with a somewhat
nonuniform electric field in the sample, and we hope
that the electroabsorption at the direct edge of Ge
will be measured again under uniform-field condi-
tions, such as those which are becoming available
now with flat-band'! and selective-doping'? tech-
niques.

It should be emphasized that while we feel the
agreement of theory with experiment is poor, it is
in fact much better than previous “good” one-elec-
tron-theoryfits (See Fig. 5). We are unhappy with
the fit because we expect the Elliott theory to be
capable of a much more precise description of the
data. The agreement between theory and experi-
ment achieved here is, at best, qualitative.

In fact, the theory may be in much worse agree-
ment with experiment than the curves of Fig. 5 in-
dicate, for the transition matrix elements were taken
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to be parameters in the fitting procedure. The
transition matrix elements extracted from the fitting
procedure seem to be about a factor of three smaller
than the generally accepted values (0.2227 A" vs
an experimental value of 0.77 A~!; Franz-Keldysh
theory gives a fitted value of 0.253% A™!), That is,
the theoretical differential absorption is almost an
order of magnitude larger than the measured val-
ues. A simple way to explain this discrepancy is
to assert that the measured electric fields were
appreciably larger than the actual fields seen by
the excitons (probably due to surface effects!!’ 3%)
and that broadening played a dominant role in re-
ducing the amplitude of the differential-electroab-
sorption signal. The first of these explanations
suggests that the technology of securing uniform
electric fields in the bulk of a semiconductor may
still be in its infancy. The sensitivity of differen-
tial absorption to broadening is documented in Fig.
8 (for the case of energy-independent broadening).
The primary effect of increased broadening is to
reduce the amplitude of the differential absorption
without significantly altering the phase. The fac-
tor-of -3 discrepancy in the matrix element could
be removed by arbitrarily increasing the broadening
by about a factor of 10. This sensitivity to broad-
ening suggests that a complete understanding of
modulation spectra may only come after the broad-
ening mechanisms (and perhaps their dependences
on energy) are fully understood. However, if an
accurate first-principles theory of broadening were
available and if uniform-field experiments were
possible, then theoretical fits to electroabsorption
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FIG. 7. A€,, the (theoretical) change in the imaginary
part of the dielectric function with uniform applied field
and 6A€,, the difference between the (exciton) theoretical
and experimental values of A€,, as a function of photon
energy 7w for Ge at 123 °K in an applied field of F=31 kV/
cm with Lorentzian broadening I'=1.062 meV. Note
that qualitatively 6A€, has the general shape of the Aeq
curve for Ge, in agreement with the predictions of Ref.
13. Note the different scales for A€,y and 6A€,,



o

— I'=1.062 meV
———T=4.248meV

|
!
.
b
! i

'h(l) - Eg (GV)
(a)

DIFFERENTIAL ELECTROABSORPTION

2579

— T'=1.062meV
........... Ir'=2.124meV
———1T1=4.248 meV

.hw"Eg (eV)
(b)

FIG. 8. Aa, thefield-induced change in the optical-absorption coefficient for (a) Gaussian and (b) Lorentzian broaden-
ing. The solid, dotted, and dashed lines correspond to I'=1,062, 2.124, and 4.248 meV, respectively. The photon
energy fiw is measured relative to a value of E, =0,872 eV. Note that for I'>R and f>1, the effect of increased broad-
ening is to reduce the amplitude of the electroabsorption oscillations without significantly changing the phase.

data should yield very precise information about
matrix elements, bandgaps, broadening mechanisms
(such as exciton-phonon scattering), and effective
masses (including the energy dependence of u*,
which would manifest itself as energy dependences
in f and R). The information which can be extracted
from modulation spectra once these difficulties are
overcome is sufficiently great to warrant a renewed
experimental and theoretical effort to solve these
problems.

V. SUMMARY

We have calculated the differential-absorption
coefficient A« at the direct edge of germanium,
and have compared our results with the experi-
ments of Ref. (9). The exciton effects are impor-
tant, and change some qualitative features of Aa,
but some discrepancies between theory and exper-
iment (which were previously thought to be due to
excitons) still remain. Some of the remaining dis-
crepancies may be understood qualitatively as due
to nonuniformities in the applied electric field.
However, a complete quantitative understanding of
the rich structure in electromodulation spectra
may be possible only after the details of broadening
mechanisms are understood. In any case, we would
discourage experimentalists from fitting their mod-
ulation spectra with one-electron theory because

we feel such fits may retard the advancement of the
understanding of these spectra. The exciton theory
predicts sufficiently different amplitudes and peri-
ods of differential absorption that a good “fit” to
one-electron theory can often be achieved only by
forcing the fitting parameters (Eg,,, f, R, T, and
{c 1€+ lv)) to assume unrealistic values. Our
criteria for a good fit of exciton theory to experi-
mental data are that (a) E,,, must agree with the
experimental data within = R; (b) the effective mass
and static dielectric constant (which affect f and

R) must be independently determined; (c) f must
agree with the value calculated from the applied
field F within 15%; (d) I must agree with a calcu-
lated value within 100%; and (e) the transition ma-
trix element extracted from the fit must agree with
the empirical value within 50%.

Considerably more theoretical and experimental
work will be necessary before electroabsorption
spectra yield their quantitative information about
band gaps, matrix elements, electron correlations,
and electron-phonon interactions.
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Single-crystal samples of two germanium arsenides were prepared: monoclinic-type GeAs
and orthorhombic-type GeAs,. Measurements are described for optical absorption and reflec-
tivity in the neighborhood of the fundamental absorption edge at 300 °K and electrical resis-
tivity over the temperature range 77—400 °K. Analysis of the optical data indicates the following:
GeAs has a possible indirect band gap at 0.65 eV and direct band gaps at 1.01 and 1.65 eV;
GeAsj has a possible indirect band gap at 1.06 eV and direct band gaps at 1.77 and 1.10 eV.
The tailing of the absorption edge in both materials in the low~absorption region prevents a
clear understanding of band structure details at the minimal band gap. Analysis of the elec-
trical measurements for GeAs, indicates an activation energy of 0.36 eV which is associated
with extrinsic behavior, carrier concentrations of the order 1017 ¢m™®, and mobilities of 60
em?/V sec at 300°K. All measurements are correlated with crystallographic orientation in

these anisotropic materials.

I. INTRODUCTION

The use of arsenic as a doping agent to produce
an n-type extrinsic semiconductor of germanium
has been extensively studied by many workers.
There are, however, two stoichiometric binary
compounds GeAs and GeAs,; which are known to
exist and which have received very little attention
in the literature. The present investigation is con~
cerned with these two compounds.

The initial phase-diagram-composition identifi-
cation of the germanium-arsenic system was pro-
posed by Stohr and Klemm.' The crystal systems
were reported by Schubert et al .? to be monoclinic
for GeAs and orthorhombic for GeAs,. A complete
structure determination was made for GeAs, by
Bryden.® The silicon-arsenic, silicon-phosphorous,
and germanium -phosphorous systems also have
compounds that have the same two basic structure
types.? From various studies of the general geo-
metrical bonding arrangement of the atoms in the
crystal structures of many compounds, Hulliger
and Mooser® and Pearson® suggested that both GeAs
and GeAs, should exhibit semiconducting electrical
properties.

Very little is known about any of the properties
of the compounds belonging to these structure types.
The identification of the presence of GeAs and GeAs,
in the surface layers of germanium crystals into
which a large amount of arsenic, in comparison to
normal extrinsic doping amounts, has been diffused
was described by Waring et al .7 Recent studies at
this laboratory with the isotypic SiAs, primarily

by optical-absorption measurements, demonstrated
that the prediction for semiconducting behavior was
correct for this structure type.? The present paper
now continues this work to both optical and electri-
cal measurements on the germanium arsenides.

II. EXPERIMENTAL

A. Sample Preparation

Ingots of both GeAs and GeAs, were prepared by
the same procedure. The stoichiometric mixture
of the elements® was heated in a sealed quartz tube
that had been evacuated to apressure of 10™* Torr
or less. To prevent a fracture of the quartz tube
during synthesis, 14-mm-o.d. tubing with 2-mm-
thick walls was employed. The temperature was
increased to 750°C over an 8-h interval, main-
tained at this point for 1224 h, then slowly in-
creased to 900 °C and held at that temperature for
3 h. The tube was then allowed to slowly cool to
room temperature over a period of 12 h. The same
temperature cycle was used to prepare both com-
pounds because the melting points are nearly the
same (737 °C for GeAs, 732°C for GeAs,).!

The introduction of one stage of zone melting as
the last step in the synthesis process was found
to promote the growth of larger single-crystal re-
gions in the ingots. The ingot was cooled to just
below the melting point and then passed (at a rate
of 1.5 em/h) through a narrow higher-temperature
zone which was just sufficient to melt a portion of
the ingot. Because the molten zone was not narrow
enough to produce efficient zone refining and the



