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An analysis of previously reported electroreflectance (ER) data is presented. One-electron

Franz-Keldysh-Aspnes (FKA) line shapes were compared to each ER structure observed in the
1.2-5.3-eV photon energy range. In addition, an excitonic theory of ER was compared to the direct edge

data. We found it most useful to analyze the GaAs ER data by fitting FKA line shapes, considering
the matrix elements thus obtained as exciton enhanced. The FKA fits determined the Eo gap energy to
be 1.427+ 0.003 eV at O'C; the spin-orbit splitting at I, h,o = 0.336 + 0.013 eV. The interference
between light- and heavy-hole transitions at ED was seen and the following quantities determined:
light-hole reduced mass ~ = (0.030+ 0.005)m „, heavy-hole reduced mass p.hh

= (0.062 + 0.015)m „
and dipole matrix elements CD ih

——(1.16 + 0.2) 5 /a 0, C 0 hh
——(0.6 + 0.1) h /a 0, and

C 0 h = (0.66 + 0.1)K /a 0. At the next-higher-energy structures, E „E,+ 5„ it was found that the
two-dimensional FKA theory best represented the line shapes. The E, energy was found to be
2.884 + 0.012 eV at O'C, and the spin-orbit splitting b, , = 0.227 + 0.010 eV. The reduced mass

transverse to the [111] direction in k space was determined to be p.', = 0.053m, . Two structures in

the 4.0-5.3-eV photon energy range were analyzed but remain poorly understood. A one-dimensional

critical-point model is shown to be consistent with the highest-energy structure E'0, but the structure is

so broad that it can also be fit by other one-electron models.

I. INTRODUCTION

In a previous paper' we presented some new elec-
troreflectance data for gallium arsenide. In that
paper, hereafter denoted I, it was shown that the
energy-band bending in the space-charge region
was reliably characterized with respect to the flat-
band (zero-space-charge) position. Extraction of

minority carriers using an electrolyte electro-
reflectance (ER) technique made possible the
achievement of nearly uniform fields. Further, it
was found that the effects of thermal broadening,
while present, were not dominating at most of the
structures observed. These experimental condi-
tions, discussed in I, are important to a successful
quantitative analysis of ER data.

Electroreflectance spectra, can usually be ob-
tained with relative ease. The major problem is
analyzing these spectra quantitatively. The theory
of the optical properties in the presence of an elec-
tric field perturbation must be well understood.
Quantities such as critical-point energies, spin-
orbit splittings, effective masses, and dipole ma-
trix elements can be extracted from the raw AR/R
data of an ER experiment by fitting a theoretical
line shape to the experimental spectra. The ear-
liest attempted analysis of ER data, reported by
Seraphin and Bottka in 1966, was largely qualita-
tive. They used peak energies to locate critical
points and peak shifting with dc bias to differentiate
parabolic and hyperbolic critical points. Since
then the importance of field variation over the light
penetration depth, ' modulation in a, field-on-field-

off mode, thermal broadening, and the electron-
hole Coulomb interaction (exciton)' ' has been un-
derstood. Different strategies have been developed
to control these factors, or, at least, minimize
their importance so that meaningful analysis can be
performed on the experimental spectra. Trans-
verse electroreflectance (TER), as performed by
Rehn and Kyser, ' emphasizes the attainment of
uniform fields, low temperatures to minimize
broadening, and varying field and light-polarization
geometries. The experiment is intended to yield
information about the symmetry of k space respon-
sible for the observed spectra using the theory of
Bottka and Fischer. Linearized third-derivative
spectroscopy, as performed by Aspnes and Howe, '
employs small surface-barrier fields and law
temperatures. The data can then be analyzed using
the relatively simple asymptotic forms' of the one-
electron Franz -Keldysh-Aspnes theory. " The
primary advantage of the technique is the ability
to resolve nearly degenerate spectra. We have
termed our strategy flat-band electroreflectance
because the major emphasis is on modulating be-
tween the flat band and a large depletion or ac-
cumulation field. Near uniform fields are also im-
portant. The major shortcoming is the restriction
to temperatures fairly close to room temperature,
since an electrolyte technique is used. However,
the data obtained by flat-band modulation and near
uniform fields will determine more energy-band
information than the other techniques previously
mentioned.

In Sec. 0 we present an analysis of flat-band ER
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datafor GNU based largely on the one-electron
Franz-Keldysh-Aspnes (FKA) theory. At the
direct edge we have also used the exciton theory of
Blossey. An exciton theory was not applied above
the direct edge because a detailed theory of ER for
hyperbolic two- and one-dimensional excitons has
not yet appeared. It will be seen in the foll.owing
that the ER spectra at all energies can be fit by
one-electron curves with reasonable consistency.
However, some quantities, notably the dipole ma-
trix elements, show large discrepancies with the
same quantities determined by other experiments.
The exciton theory can be made to fit the direct-
edge data for a single surface-field value but does
not give consistent results for a series of electric
field strengths. Both the one-electron and exciton
formulations used neglect field inhomogeneity ef-
fects, which were assumed small, and also the en-
ergy dependence of broadening.

In Sec. III we summarize the major claims and
conclusions of this work.

II. COMPARISON OF THEORY AND EXPERIMENT

The data reported in I covers the photon energy
range 1.2-5. 3 eV. In this range six definite
structures are observed. They are discussed in
Secs. IIIA-III C, which deal with the direct-edge
structures Eo, Eo+40, the A structures Ej,
E&+4&, and the uv structures Eo, Em. In I it
was found from examination of the Eo line shapes
and collaborative capacitance measurements that
quite uniform fields were obtained. The data was
obtained using the electrolyte technique with po-
tentiostatic control. The condition of zero surface
field, flat band, was determined by utilizing the
even-field-dependence property of the Franz-
Keldysh effect. 6& was obtained by a Kramers-
Kronig transformation af ~/R and values af the
optical constants were obtained by Eden.

A. Direct-Edge Structures: E, E + 6

The ER structure seen in the 1.2-1.9-eV photon
energy range for gallium arsenide arises from
critical-point transitions from the three highest
valence bands to the lowest conduction band at I'.
The highest valence state I'8 has a twofold orbital
degeneracy which splits into a light-hole band and
a heavy-hole band for (k I & 0 near I'. Actually,
because gallium arsenide lacks inversion symme-
try, terms in the energy bands linear in k arise,
shifting the valence-band maxima off I'. These
linear valence-band effects are small in GaAs~7

and have been neglected here. Thus the Eo struc-
ture was considered the result of two degenerate
Mo-type critical points at I . The next-higher-
energy structure, Eo+ b,o, arises from the split-
off valence band I'7, which is split from the F8
band by an energy of 60=0. 336+0.013 eV (this

work).
The Eo structure has been analyzed using both

the one-electron theory and an exciton theory. In
both cases it was found that the theoretical line
shapes have enough flexibility to yield good fits
to the data. Figure 1 shows the best one-electron
and exciton fits to some moderately high-field
(J~ 7x10 V/cm) data. Neither theory, however,
yields parameters which are completely consis-
tent with values for the same quantities calculated
from other experiments. For example, the one-
electron curve in Fig. 1 determined the light-
hole dipole matrix element to be Co,„=(0. 93
+0. 1) lf/a~; whereas, a fit'8 of Elliot's' exciton
theory to Sturge's direct-edge absorption data
gives a value of 0. 39 if/ao for the dipole matrix
element. The exciton curve in Fig. 1 places the
gap energy at 1.445 eV; whereas the fit' to
Sturge's absorption data gives a value of 1.437
eV. A piezoreQectance experiment perf ormed by
Wells and Handler found a gap of 1.432 eV.

The one-electron fits to the 7x10 -V/cm data'
and to some 1.3x 10 -V/cm data' are shown in
Figs. 2 and 3. The field values quoted are actual-
ly derived from the fitting parameters used for the
ED+ho structure. It was shown in I, however,
that the field values determined in this way agree
quite well with a calculation of the field using
Poisson's equation and the known voltage used in
the modulation. The dashed curves in Figs. 2
and 3 are plots of the foQowing sum of FKA Mo
line shapes'3:

~3
G

9 ++&V
Lh&g= ~ ~ Q

j=lh, hh, soh (light, heavy, and split-aff holes),
where

IO
I I

OATA———EXCITON THEORY

6 - - - - - - - ONE-ELECTRON THEORY

-2—
-4-xlO ~

-6—
I I I I I

I.54 I.58 1.42 l.46 I.50 1.54
PHOTON ENERGY (eY)

FIG. 1. Plot of the one-electron and exciton theoreti-
cal fits to the [001) polarization, 7 && 104-V/cm data of
Paper I.
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g is the magnitude of applied electric field, p~ is
the reduced effective mass for the jth hole, and
C+ is the dipole matrix element for the jth va-
lence band. Thus,

y=yg+ ((o -(og).~ao ~ l

so (d g

(4)

Iy„ is the broadening at (5'&o }in ev and Iy, is
the broadening at (go, ) in ev.

As can be seen in Eg. (4), thermal broadening
was included as a linear function of photon energy.
In practice the fits were accomplished by fitting
the F.p and Z0+ bp structures separately, then us-
ing these parameters as the starting values for
Eq. (1). The convergence parameter used in all
of our fitting programs was o/S, the standard
deviation of the difference between experimental
and theoretical cunres at each energy divided by
the root-mean-square value of the experimental
curve.

In order to present the results of the fits in
terms common to other experiments, we assume

FIG. 2. Fit of FKA line shapes to the Ep, Ep+ 6p struc-
tures of Fig. 2, paper I. The fitting parameters used
in Eq. (1) were I (d A, =1.385, I A&=1. 182, 5'A
=0.796, I~&=1.427 eV, I'&~=1.763 eV, 8'8&=60 meV,
8'8&=47 meV, %8~=52 meV, Sy&=12 meV, Sy~=20 meV.

that one of the reduced masses is known. Prom
the literature we use a conduction-band mass
of m, = 0.067m, and a spin-orbit-split-off valence-
band mass of mso=0. 15~ed obtaining &so
= 0. 0476m, . With this value and the fitting param-
eters given in the caption of Figs. 2 and 3, the
electric field 8, the dipole matrix elements, and
other reduced masses are calculated. These
quantities are given in Table I.

The FKA fits place the Ep gap at 1.427+0. 003
eV (at 0 'C) and the Zo+ do gap at 1.763+ 0.011 eV
{at 0 'C). The Eo value is somewhat lower than
that calculated from absorption data, ' ' ' 1.437
eV, or piezoreQectance, 1.432+0.015 eV. The
FKA value for the spin-orbit splitting at I' was b, 0
= 0.336+0.014 eV. This value is in good agreement
with the previously obtained values of 0. 335+0.020
eV from piezoreQectance and 0.34 + 0. 01 eV from
an early electroreflectance experiment.

The fit to the 1.3 x10 -V/cm-field data shown in
Fig. 3 determined the values for the light- and
heavy-hole reduced masses to be P» = (0.030
+0.005}m, and ~= (0.063+0.015)m, . The errors
given here were computed by considering the effect
of errors in the fitting parameters and in m ~ 23 and
m~, 24 taken from the literature. These values for
the masses compare favorably with determinations
from other experiments. Interband magnetoabsorp-
tion experiments by Vrehen determined p1h
= (0.037+0.002)m, and y, s, = (0.058+0.002)m, . In-
trinsic oscillatory photon conductivity experiments
reported by Shaw found p,h

= (0.03V + 0. 002)m, and
ghh= (0.060+0.002)m, . In the calculations reported
here, as well as in those of Vrehen and Shaw, 26

the conduction-band mass was taken to be mo~
= (0.067+0.002jm„ the value determined by
Vrehen. ~

TABLE I. Quantities calculated from the fits shown in
Figs. 2 and 3. Values for some of the quantities obtained
in other experiments are also given.

-2-4- x IO

Eo DATA--- THEORY

Eo+ do

cr/S = .257
0 = 7+ I x IO V/cm

Quantity

Light-hole
reduced mass
(units of mP

Heavy-hole
reduced mass
(units of mP

This work

0. 030+ 0.005 Fig. 3
0, 030+ 0, 005 Fig. 2

0. 062 + 0.015 Fig. 3
0.070+ 0.012 Fig. 2

Other experiments

0. 037+ 0.002 Ref. 26
0, 037+ 0. 002 Ref. 23

0.060+ 0. 002 Ref. 26
0. 058+ 0.002 Ref. 23

I.3 l.4 I.5 I.6 I.7
PHOTON ENERGY (eV)

FIG. 3. Fit of FKA line shapes to the Ep, Ep+ struc-
tures, f001] polarization data of Fig. 4, Paper I. The fit-
ting parameters use in Eq. (1) were 5' ~ A& = 0.7, g' (d A„
=0.6, 8'2m A~=0. 5, Sco&=1.425 eV, S(d~=1.771 eV, l8&
=40 meV, K8&= 30 meV, 8'8~= 36 meV, Py& =10 meV,
@'~=25 meV.

Light-hole
dipole matrix
element Qg/a6)

Heavy-hole
dipole matrix
element (h/a0)

Spin-orbit-
split-off-hole
dipole matrix
element (h/a6)

0.60+ 0. 1
0.48+ 0. 1

Fig. 3
Fig. 2

0. 66+ 0. 1
0, 56+ 0. 1

F'g, 3
Fig. 2

1.16+ 0. 2 Fig. 3
0. 92+ 0. 1 Fig. 2

0. 39
0. 38

Ref. 18
Ref. 27
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The matrix elements for the three interband tran-
sitions were also determined and are given in Table
I. The one-electron theory gives values which are
much too large, particularly the light-hole value
as was mentioned previously. Part of the discrep-
ancy between our computed values for the dipole
matrix elements and the values obtained from the
other experiments (see Table 1) may lie in our cal-
ibration of bR/R and the conversion to hZ. The
experimental h& curves may be as much as 20% too
large because we assumed normal incidence of the
light beam and no rounding of the square-wave mod-
ulation.

More importantly, the one-electron theory is sim-
ply not a, complete description of the experiment.
Exciton contributions are known to be important
and should be included in some way. Blossey and
Weinstein, Bow, and Lao have included exciton ef-
fects by solving the revelant Schrodinger equation
numerically. They have thus been able to discuss
the role of exciton effects in electroreflectance.
The essential differences of the excitonic theory as
compared to the one-electron are (i) a larger mag-9

nitude, (ii) a shift of the spectrum to lower energy,
and (iii) a, narrawer, sharper first negative peak.
These differences, of course, depend on the applied-
field strength and the size of the thermal broaden-
ing. If the broadening is much above one exciton
rydberg, the exciton bound states become ionized
and contribute little to electroreflectance. How-

ever, the continuum exciton states abov~ the energy
gap are still important, as can be seen in Fig. 3 of
Weinstein et al. If the broadening-to-exciton-
rydberg ratio is very large (greater than 30) then
the one-electron theory and exciton theory become
nearly the same. With direct-edge rydbergs of
3. 22 and 5. 17 meV for the light and heavy holes,
such a large broadening-to-exciton-rydberg ratio
is not observed at the direct gap, but may be ap-
proached f or the higher-energy structures observed
in GaAs and other semiconductors.

The exciton-theory curve in Fig. 1 was constructe
by hand from Figs. 10 and 11 of Blossey's paper. '
That is, the curve is sketched in after determining
the zeros, peak heights, and approximate peak posi-
tions. The procedure was to construct separate
curves for the light- and heavy-hole excitons, using
literature values for the masses, dipole matrix
elements calculated from other experiments, ' '

field strength and broadening from the one-electron
fits, and a variable gap energy. The values of the
parameters used in constructing the exciton line
shape in Fig. 1 are given in the figure caption.
This fit is really quite satisfying, with the exception
of the determined energy-gap value, 1.445 eV,
which is 7-10 meV higher than that found in other
experiments. ' However, such generally good
agreement cannot be found consistently over several

i.5—

IO ————
DATA

I I

- I.O—

-1.5 —xlO
I

I.55 I.40 I.45 I .50
PHOTON ENERGY (eV)

l.55

FIG. 4. Exciton fit of the same data shown in Fig. 3.
The exciton curve was constructed using the results of
Blossey's calculations (Ref. 8). The exciton curves in
Fig. 1 and above use the same values for the exciton
Rydberg, 4. 2 meV, the dipole matrix element, 0. 39 8'/ao,
and the Eo energy gap, 1.445 eV.

different field values. Fig. 4 shows the exciton
fit to the data of Fig. 3. This fit was obtained using
the 1.3x10 -V/cm field value obtained from the one-
electron fit, and all other parameters were the same
as those used for the exciton curve of Fig. 1. The
agreement between curves in Fig. 4 could be im-
proved by assuming a field strength twice as large
as that used. The field cannot have been that large,
however. An application of Poisson's equation'
gives a value af 8 = 1.1 x 10' V/cm for the data as
compared to the 1.3 x10 V/cm obtained from the
one- electron theory.

The exciton theory, as currently formulated by
Blossey' and Weinstein et al. is difficult to apply
because of the complicated computer routines ne-
cessary. In view of this, and since the exciton
theory does not give consistent results for a series
of field strengths, it is useful to continue to use
the simpler one-electron theory for high-field data
and include exciton effects as merely an enhance-
ment of the dipole matrix element. This approach
is justified by Blossey's findings about the exciton
theory. ' Blossey calculated exciton absorption
in an electric field in the effective-mass approxi-
mation, using parabolic coordinates. He found that
each bump or oscillation in the electric field absorp-
tion spectrum above the direct gap corresponds to
a parabolic coordinate eigenvalue and that this was
also the case for the one-electron approach. The
net result is that for large fields (R8» c„ the ex-
citon rydberg), the exciton and one-electron the-
ories give similar results for the location in energy
of the oscillations above the gap, but the amplitude
of the oscillations is considerably larger in the ex-
citon theory. We have plotted an enhancement fac-
tor D in Figure 5. This factor is the ratio of the
maximum value of ( 4&& I in the exciton theory to the
maximum in the one-electron theory. The values
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FIG. 5. The apparent enhancement D of the one-elec-
tron dipole matrix element by the exciton. D is the ratio
of (6&& I in the exciton theory [from Fig. 11 of Blossey's
paper (Ref. 8)] to )bE& l in the FKA theory. For large
broadening-to-rydberg ratios this enhancement becomes
almost independent of applied-field strength.

for ( 6& & I ~ in the exciton theory were obtained frory

Fig. 11 of Blossey's paper. Figure 5 shaws that
as the broadening increases the enhancement be-
comes smaller and rather constant with respect to
the Ke/e„ratio. For the situations of Fig. 2 the
curves af Fig. 5 predict enhancements of from 2. 5
to 4. 0 for the various exciton contributions. This
corresponds to an enhancement of the apparent di-
pole matrix element of 1.6-2. 0.

A final important factor to consider in evaluating
the theoretical fits shown abcnre is field inhomo-
geneity. In the previous paper, I, we discuss field
inhomogeneity and concluded that for our data the
effects were small. However, there is still some
diminution of subsidiary oscillations in hZ, caused
by field inhomogeneity. '3 Since the FKA and exciton
theories are for uniform fields, the broadening pa-
rameters in the fits will turn out too large in order
to account for some of the field-inhomogenity ef-
fects. This in turn will necessitate a larger fitting
amplitude, hence a larger dipole matrix element.
We used broadening energies of 10 and 12 meV for
Figs. 2 and 3, respectively. A fit of Sturge's~o
room-temperature absorption data using the method
of Sell and Lawaetz' gives a value of 8 meV for the
room-temperature broadening. Because the maxi-
mum peak heights of the electro-optic F and G func-
tions vary so rapidly for y/Ife small, an error of
only 4 meV in the direct-edge-broadening parame-
ter can result in a 20% error in the fitting ampli-
tude. Thus slight field inhomogeneity, by making
the oscillations diminish more rapidly, contributes
to error in the broadening energy and also in the
dipole matrix element.

The quantitative agreement between the one-elec-
tron and exciton theories, and experiment is fair.
Both theories can be made to fit the data; however,
neither, is completely consistent with other experi-
mental results. The practical approach to analyz-

0.2-" M

0
1.3f.l

-0.2—

-04-
c MI

(b)

PERIMENT

EORY

6&2 0

-0.2—

-04—
(J/S = .218

2D02 Mo
(c)

0

-0.2—

-04-
I

2.6

0/S = .180

2.8 3.0 3,2
PHOTON ENERGY (eV)

FIG. 6. The fits of three different FKA theories to
the 1.3 x 10 -V/cm b &2 curve of Fig. 8 in Paper I. The
fitting parameters are given in Table II.

ing high-field moderate-broadening electroreflec-
tance data is to use the Franz-Keldysh-Aspnes
theory, including exciton effects as an enhance-
ment of the dipole matrix element. The failure of
the current exciton theories to consistently fit a
series of ER line shapes taken with different
field values i.ndicates that a better theoretical
understanding of electroreflectance must yet be
sought.

B. A Structures: E, , E, +b, ,

There has been considerable controversy over the
type and location in fr. space of the critical points
responsible for the 2. 6-3.4-eV structure in GaAs
electroreflectance spectra shown in Fig. 6, as there
has been over the corresponding structures in
other zinc-blende and diamond semiconductors.
Initially, when band-structure calculations were
limited to high-symmetry points in the Brillouin
zone, this structure was attributed3 to direct tran-
sitions of Mo type at the L point (Ll- L&) which
is located at the zone boundary, It=0. 5(1, 1, 1).
In 1962, Brust et al. ' extended the calculations
for Ge to the entire Brillauin zone. Their calcula-
tions indicate the existence of an M& critical-
point pair near 0. 17(1, 1, 1) with an energy gap of
the order of the E&, E&+ b& transitions, and place
the Mo L-point transitions at a lower energy.
Largely on the basis of these calculations, the E„
Ej+4& structures were classified as a spin-orbit-
split pair of Me& critical points and the predicted
M30 pair sought experimentally at lower energies.
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Reflectance work by Potter in Ge and Greenaway
and Cardona in GaAs has shown a pair of modest
shoulders below the large E„E,+&,peaks which were
tentatively assigned to the Mo transitions at the
L point. More recent reflectance work by Sell and
Stokowski on GaAs has found that these weak
features are not characteristic of the reflectance
af good-quality surfaces of pure G;As. Further-
rnore, none of the recent modulation experiments
on GaAs or Ge have ever shown more than one ap-
parent pair of critical points in this energy region.

More recent band-structure calculations by
Dresselhaus and Dresselhaus3~ on Ge found several
doublet critical points along A, all having transi-
tion energies very close to the Ei, Ei+ b 1 ener-
gies. In addition they find the transitions at the
L point to be of the Mi type rather than of the
Mo kind. Empirical pseudopotential calculations
by Zucca et al. on GaAs found Mo transitions
at L with an energy of 2. 82 eV and M, transitions

f 0. 2(1, 1, 1) in k space] with an energy of 3.02 eV.
In view of all this, it is evident that the band-

structure calculations and the experimental evi-
dence are not precise enough to identify the E„
Ei + bi transitions in GaAs as M31 and not M30 or
vice versa. Indeed, it may well be that the transi-
tions observed do arise from both Mi and M30

critical points nearly degenerate in energy, as
has been suggested by Aspnes and Rowe38 for Ge.
Trying to fit two or more critical-point pairs to
the observed electroreflectance line shapes is
impractical, however, because of the large num-
ber af fitting parameters involved in such an ap-
proach. The data in Fig. 6 do not contain enough
oscillations to determine so many parameters unique-
ly. A useful approximation in this situation is
to consider k space in the region along A to be
two-dimensional from the L point quite far in to-
wards P."4'

An attempt has been made to fit the 4&2 curves
af Fig. 8 in Paper I to each of the three types of
critical points which are suggested by the theoreti-
cal band calculations, and Mo pair, an Mi pair,
and an Mo pair. Typical results of these three
different one-electron theories are shown in Fig.
8 for the 1.3&&10 -V/cm data. Each of the fits
shown assumed that the structure was a spin-
orbit-split pair, hence two electro-optic functions
were needed. The transitions (A4+As)- A8, A8-A6, were assumed to have equal dipole matrix
elements and effective mass, hence equal ampli-
tudes and values of ke at a given field. These
assumptions reduced the number of parameters
from eight (four for each critical point) to six:
one amplitude, one Ke, two energy gaps, and two
values of constant broadening. Thus the dashed
curves of Fig. 6 are plots of the following theoreti-
cal expressions for A&2:

M3D, g~ A3D F 1 &+ yi
0 ~ 2 3 g

(d2 —(d +ty2
3 e (5)

0

M». g A» GE2= 3 e

(d2 —(d + iy2
(8)

M2 . b A2D F Mi M+tyi0: ~2= 2

('d2 —
QP + ty2

(7)

where h» is the energy of E» 4g2 is the energy of
Ei+ 61, Syi is the constant thermal broadening at
Ei, and Sy2 is the constant thermal broadening at
E1+~1 ' Thus,

2eC 8g8D 0 / g OI'( e)g/2
2 2 g{3 y

2 2

(p, ) Akv,2D 2e Cg
m (gp

5'

(8)

where v is the factor to account for the number af
equivalent regions in the Brillouin zone, hk is the
length in k-space af the parallel region in the two-
dimensional theory, and p, is the effective mass
transverse to the direction of parallelicity.

Table Q presents the parameters which gave the
best fit for each of the three theories. The last
column gives the value of the fitting criterion used
by the computer program, o/S.

Actually, the situation is more complicated than
indicated by Eqs. (5)-(7). The data is for a [110]
field direction and the transitions occur along the
eight equivalent A directions. This means that
half the ellipsoids will experience one field
strength and half another. It has been shown else-
where that for thermal broadenings of the size
encountered here, Eqs. (5)-(7) are adequate pro-
vided the factor v is used to adjust for the proper
contributions of the two sets of ellipsoids (cy-
linders in the two-dimensional approach).

The Mo theory was the most successful of the
three as can be seen by examining Fig. 6. The
fitting program converged rapidly to a value of
c/S = 0. 180. The theoretical curve reproduces
the leading positive peak very well, which is quite
important since it is mostly unaffected by the spin-
orbit-split-off structure. If field inhomogeneity
is small the leading edge of 4&2 will easily dis-
tinguish between relevant F and G functions, as it
does in the curves of Fig. 6. The M, fit was al-
so good, having a c/S value of 0. 218, but it does
not do very well on the leading edge. The Mo fit
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TABLE II. Fitting parameters used in Eqs. (5)-(7) to produce the theoretical curves shown
in Figs. 6 and 8.

Fig. Theory
Field

(10' V/cm)
E( E1 + 4( K8 I'y( Py2

(eV) (eV) (meV) (meV) (meV)

6(a)

6(b)

6(c)

8(b)

8 (c)

0

i

M'~
0

0

0

1.3+ 0. 1 497. 3 2. 914 3.142 30.0

1.3+ 0. 1 109.6 2. 884 3.111 49. 7

1.0+ 0. 1 109.6 2. 888 3.111 41.7

0. 5+ 0. 2 109.6 2. 895 3.118 24. 0

46. 9

49. 0

49. 0

49, 0

63.7 0, 218

66. 6 0. 180

66. 6 0.231

66. 6 0. 344

1.3+ 0. 1 44. 0 2. 860 3. 081 61.6 24. 8 41.8 0. 315

in Fig. 6 represents the best that could be ob-
tained after repeated adjustments of the starting
values of the six parameters of Eq. (5). The fit
shown has a o/S value of 0. 315. The fitting pro-
grarn would not converge to a better fit, and in
fact diverges to worse fits than that of Fig. 6.
This is in contrast to the situation found in Ge,
where the Mo theory does give a good convergent
fit. 4'

It is interesting that an M, theory does fairly
well for GaAs but not an Mo theory; whereas the
opposite is true for Ge. ' 3 This indicates a sub-
tle difference between GaAs and Ge band struc-
tures along A. Remembering that the two-dirnen-
sional model is an approximation to a situatim of
multiple critical points, it seems that for GaAs
the portion of k space along A with negative cur-
vature exceeds the portion with positive curvature,
and vice versa for Ge.

Although the Mz fit in Fig. 6 looks fairly good,
the fitting parameters determined contradict one
of the basic assumptions of the FKA theory, par-
bolic bands over the photon energy range being
considered. We can see this contradiction by
deriving the value of pe) the effective mass along
the [111]direction. Using the expression for e
in Eq. (2), assuming that the transverse mass
p, is dominant, one finds p, = 0. 243m, (+0.104m„
-0.072m, ). With this value one obtains p,g= 213m,
from the fit parameters given in Table II and the
expression for Aa in Eq. (8) (v was taken to be
5. 52' and CO=I. Ok/ao). An effective mass of

213m, is extremely large, casting doubt on the
validity of the parabolic band assumption. If the
bands were parabolic over the entire region along
A, that is, for 1%q» I from 0.0 to 0. 5 a. u. , the
parabolic-band assumption would limit the validity
of the theory to photon energies less than 12 meV
above the critical-point energy. This is much too
narrow a range for the observed line shapes.

The amplitude fitting parameter in the Mo fits
carries information about the dipole matrix ele-
ment (Co)2 and the length af the 2D region, nk,
along the critical line. This can be seen from

E|I. (9), K & A ~ Conk', . The transverse ef-
fective mass p, , is determined by the Se fitting
parameter and the value of the electric field ob-
tained from the fits at the Eo+ho structure. From
the fitting parameters for Fig. 6(c) given in Table
II it is found that p, =0.053m, (+0.016m, ,
—0.012m,). Using this value in Eq. (9) along with
5 u A = 110, he = 49. 7 meV, and v = 5. 52, ' the
product (Co)(hk», ) can be determined. Neither of
these two quantities has been determined in-
dividually by experiment, so to say anything fur-
ther one must use one-electron band-theory cal-
culations. An energy-band diagram by Zucca
et al. for GaAs is shown in Fig. 7. The sus-
pected region extends about V0% of the way from
L to I' along A, indicating a b,k,«of about 0. 35
a. u. 4k»f —0. 35 a.u. implies that Co= 0. 84 g/ao.
This value is larger than would be expected from
the values obtained in other experiments at the
direct edge. As was discussed in Sec. GA, some
of the discrepancy may be due to experimental
assumptions. However, a part may also be due to
exciton enhancement. The problem of exciton ab-
sorption at a two-dimensional edge (or hyperbolic
critical point) has not been solved exactly. A con-

-4
L A r n x u, K Z r

FIG. 7. Energy bands for GaAs by Zucca et cl. (Ref.
36). We have indicated the two-dimensional region along
A responsible for the E&, E&+5& structures. Also indicated
are possible transitions responsible for the Eo', E2 struc-
tures.
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FIG. 8. Mo fits to the three b,&2 curves of Fig. 8 of
Paper I, using the same parameters for the lower two
fields as were determined by the fit at the highest field.
58 was adjusted by the known field values and the energy
gaps were allowed to vary within the 12-meV uncertainty
limits. The parameters used in Eq. (7) for these fits
are given in Table II. Figure 8(a) is identical to Figure
6 (c).

tact-exciton-interaction approximation has been
formulated. %'e did not apply this approximation
to our data because to do so would require intro-
ducing another adjustable parameter in the fitting
procedure. The data, does not contain enough
structure to profitably determine more fitting pa-
rameters.

As a final test of the 2D theory it is shown that
the fitting parameters obtained at the highest-field
data can be used to fit data obtained at other fields.
This has been done for the three 6&2 curves of
Fig. 8of Paper I. First, a fit of the highest-
field curve was done letting all six parameters
vary. Then the two lower-field curves were fit
using these same six parameters, adjusted by the
values of the electric field obtained from the Eo
+b, o structure. The results of this procedure are
shown in Fig. 8; the fitting parameters tabulated
in Table II. The fit becomes worse as the field
decreases as can be seen from the o/S values in
Table II and the trend of Fig. 8. This is in ac-
cord with the fact that energy-dependent broaden-

ing and exciton effects, which were not taken into
account, become less important at higher fields
as S~ becomes larger relative to Sy, the broaden-
ing and E„, the exciton rydberg.

The fits shown in Fig. 8 determine a critical-
point energy Z, = 2. 884 + 0. 012 eV (at 0 'C) and a
spin-orbit splitting of 6,=0.227+0. 010 eV. Spin-
orbit splitting arises from triply degenerate p-
like valence-band states. At the zone center,
k= 0, the spin-orbit interaction breaks this de-
generacy into a quadruplet (light- and heavy-hole
Kramers degenerate bands) and a doublet (Kra-
mers degenerate split-off valence band) separated
by an energy b,o. Off I' along a direction in k
space with at least threefold symmetry, the qua-
druplet is further split by the spin-orbit interac-
tion by an amount ~y= +0 if +g is small com-
pared to the k ~ p splitting. Comparing the de-
termined value of 6, just given with that of b, o

found previously one obtains b, , /no=0. 676, in
good agreement with the two-thirds rule. An ad-
ditional parameter which is well determined is the
reduced mass transverse to the [111j direction,
y, q

——0.063m, (+0. 016m „—0.012m,).
On the whole, the Mo theory provides a re-

markably good understanding of the GaAs +y Ey
+ b,

& spectra. The two-dimensional approach is
well justified by current band-structure calcula-
tions. The computer fits have low a/S values,
and the parameters are self-consistent over a
reasonable field range. The true situation may
well be one of multiple critical points. An ex-
amination of the Mo and M& theoretical curves
of Fig. 8 suggests that a simple linear combina-
tion of MD and Mz critical points would give a
rather good fit. Unfortunately, such an approach
is impracticable in view of the large number of
parameters already involved and the small num-
ber of oscillations in the experimental curves.
Thus, the two-dimensional critical-point theory
is a more useful approach and has been successful
for Ge and GaAs. This interpretation of the local
band structure along the A line should be reason-
ably accurate in most diamond-zinc-blende semi-
conductors.

C. 4.0-5.3-eV Region: E', E

The electroreflectance data reported in I shows
structure in the 4. 0-5.3-eV photon energy range.
The structure in the 4. 0-5.3-eV region is usually
labeled F'0 and that near 4. 9 eV, F2. The loca-
tion in the Brillouin zone of these and the corre-
sponding transitions in other diamond-zinc-blende
semiconductors is still not knawn very well. We
have performed an analysis of our data by trying
to fit all possible one-electron line shapes to the
h&z spectra shown in Figs. 9 and 10 of Paper I. '

Consider first 6&2 shown in Fig. 9 for the I-2
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I -(O)
TABLE III. Fitting parameters used in the theoretical

expressions to produce the curves of Fig. 9.

Gap O
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9(a)

9(b)

9(c)

Theory

0

0

K A

142, 9

31.7

34. 6

E2
(ev)

4. 951

4. 868

4. 947

ae
(me V)

75. 0

118.4

62. 3

(me V)

211.0

169.6

138~ 0

0. 236

0. 212

0. 212

-2-x IO
-2

I
—(C)

The dash& curve in Fig. 8(a) is a plot of

]D (dg (d +A
6&2——A F1

8

2+2 1/2e Cg 2P (ak)2
7Im SCO he

(10)

-2-
I r
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FIG. 9. The fits of three different FKA theories to
the 1.6 x 10 -V/cm 6&2 E2 curve of Fig. 9 of Paper I.
The parameters for these fits are given in Table III.

structure taken with the field in the [110]direction.
Three different types of critical points were found
to fit the data about equally well, a one-dimension-
al Mo, a two-dimensional M20, or a three-di-
mensional M1 . These three fits are shown in
Fig. 9 and the parameters are given in Table III.
Some of the parameters vary greatly among the
three diff erent fits. The broadening in particular
varies from 138 to 210 meV for the fits. Since an
adequate theory of the photon energy dependence
of broadening has not yet been developed, one can-
not say which, if any, of the broadening values
are reasonable. Hence there is insufficient evi-
dence to conclude a Priori which theory best rep-
resents the line shapes at E2.

The one-dimensional model suggested by the
good fit obtained with an Mz can be justified by
the apparently large volume of k space contribut-
ing to the E2 transitions. ' Also, Cardona and
Pollak have recently applied the Penn model,
a simple model of an insulator based on one-di-
mensional bands, to the case of diamond-zinc-
blende semiconductors. They found that most
optical properties of these materials were qualita-
tively accounted for by their simple model com-
posed of a one-dimensional Mo critical point at
Ez (the Penn gap), an Mo pair af critical points
at E&, E&+b&, and a three-dimensional Mo
critical point at the direct edge. It is interesting
to calculate the size of the one-dimensional re-
gion implied by the fitting parameters in Table III.

where (hk) v is the effective area of k space which
is one-dimensional and all the other quantities are
as they have been described previously. F, is the
one-dimensional electro-optic function. ' Fr om
the fitting parameters in Table GI, it is found that
(Ak)2v=0. 18 a. u. (units af 1jao). This 0. 18-a.u.
area includes all of the equivalent locations in the
Brillouin zone at which the field has a projection
parallel to the finite-mass direction. A plane
through the entire Brillouin zone (BZ) would have
an area of about 0.85 a. u. The matrix element
Co in Eq. (11) was taken to be 1.0 a. u. , which may
be much too large. Cahn and Cohen have pub-
lished contours of k space for GaSb which show
plateau regions with a total area of about 0.4 a. u.
per Brillouin zone at the E2 energy. Thus the val-
ue obtained for (b k) v seems reasonable, and the
one-dimensional critical-point model is at least
consistent with our E2 data.

The E0 structure, shown in Fig. 10, is poten-
tially more complicated than the E2. Wavelength-
modulation experiments ' conducted at 5 K
show a closely spaced doublet in the E0 region with
critical-point energies at 4. 44 and 4. 60 eV. In
the room-temperature wavelength-modulation

I

M 0

2

Y
-2 —x IO I

-2

4.25 4.50 4.75 5.00 5.25
PHOTON ENERGY (eV)

FIG. 10. Mo fit to both Eo' and E2 structures for the
1.6 & 10 -V/cm b&& curve of Fig. 9 of paper I. The Eo'
parameters used in Eq. (10) were 5 (d A = 1.80, Aced~
=4.415 eV, 88=76 meV, Sy=52 meV. The E2 parame-
ters used in Eq. (10j were I u A = 141.6, S(dz= 4. 951 eV,
88 = 75 meV, Sy = 210 meV.



2878 S. F. P OND AND P. HANDLE R

data 7' this doublet is not resolved.
Little success has been achieved in fitting the

A&2 line shapes to the possible one-electron the-
ories suggested by the wavelength-modulation
results and the band calculations. ' ' The pre-
dicted ' situation along b, of multiple critical
points suggests an Mo pair at 4. 425 and 4. 60 eV.
The best that cauld be done with this approach
was a fit with o/S =0. 6, which is not verv good.
The large posivite peak in ATE& at 4. 5 eV, the nar-
rowness of both negative peaks coupled with the
ratio of 3:1 between them, and the proximity of
the other structure at 4. 9 eV are the features
which could not be fit simultaneously. A single
Mo critical point will fit reasonably well, o/S
=0. 268. This fit plus the best Mo fit at Ez are
plotted in Fig. 10. The parameters of the fit are
given in the caption of the figure. The fit places
the critical point at 4.415 eV. This fit is pre-
sented because it is the only one-electron FKA
line shape which will fit the Eo data at all well.
There are, however, certain contradictions evi-
dent in the two sets of parameters for the two
structures involved in Fig. 10. The Eo ampli-
tude factor is two orders of magnitude smaller
than the Ez amplitude factor, implying a region
of k space which would be rather small to con-
sider as a one-dimensional plateau. Second,
the broadening came out to be only 52 meV at Eo
compared to 67 meV at E&+ b& and 210 meV at E&.
Although the energy dependence of the broadening
is not understood very well, it is expected to be
monotonic with photon energy.

This energy region must be investigated at low-
er temperatures and the energy dependence of
broadening better understood before the Eo and
E& structures can be properly located in the Bril-
louin zone. Also work in other materials at these
structures is needed to provide additional clues
to the k-space origin of these transitions.

III. CONCLUSIONS

We have presented an analysis of the flat-band
electroreflectance data previously reported. ' Ex-
perimental conditions were chosen so as to most
closely approximate the situation assumed in the
derivation of the one-electron Franz-Keldysh-
Aspnes theory, i. e. , uniform electric fields,

large in magnitude with respect to the exciton
ionization field, and modulation from the flat
band. A detailed analysis was performed on each
observed structure by fitting on FKA line shapes
to the experimental curves. In addition, Blossey's
exciton theory was applied to the Eo line shapes.

At the direct edge, a good fit could be obtained
with either the FKA or the exciton theories, pro-
vided sufficient flexibility in the fitting parameters
was allowed. The FKA theory gives obviously
poor values for the dipole matrix elements. The
exciton theory is inconsistent over a range of field
strengths. We concluded that at the present time
it is useful to analyze ER data using the FKA the-
ory, considering the matrix element thus ob-
tained as exciton enhanced. The FKA fits deter-
mined the Ep gap energy to be 1.427+0. 003 eV
(at 0 C); the spin-orbit splitting at I', 60 = 0. 336
~0. 013 eV. The interface between light- and
heavy-hole transitions at Eo was seen and the fol-
lowing quantities determined: light-hole reduced
mass p» = (0. 030+ 0. 005)m„heavy-hole reduced
mass ~„=(0.062+ 0.015)m„and dipole matrix
elements Co,h= (1.16+0.2)R/ao, Cohh= (0. 6
+ 0. 1)h/ao, and Co,~ = (0. 66 + 0. 1)K/ao.

At the higher-energy structures, E&, E&+~&,
it was found that the two-dimensional FKA theory
best represented the line shapes. These transi-
tions were attributed to transitions all along a
critical line extending approximately 70% of the
way along A from L towards I'. The Ej energy
was found to be 2. 884+0. 012 eV (at 0 C) and the
spin-orbit splitting 6& = 0. 227 + 0. 010 eV. The
transverse reduced mass was determined to be

= 0.053m, (+0.016m„—0.012m, ).
Two structures were seen in the 4.0-5. 3-eV

photon energy range. The first of these, Eo, has
many oscillations, but remains poorly understood.
The second structure, E~, is compatible with a
one-dimensional critical-point theory as some
band calculations have indicated it sould be. How-
ever, the structure is so broad that it can also be
fit with other types of FKA line shapes. The
Mo theory places the critical-point energy at E~
=4. 95+0.020 eV (at 0'C) and indicates that the
critical plateaus responsible have a total effective
area on the order of 0. 18 (1/ao) per Brillouin
zone.
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