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The intermediate-field (effective-mass) theory is used to predict the electroreflectance of p-type
GaAs as a function of space-charge voltage and dopant density. The effect of the inhomogeneous
electric field in the space-charge layer is included by modeling as reflection from a series of thin
films, and the transition oscillator strength is determined by comparison with the published optical
properties of GaAs. The extent of thermal broadening is determined by comparison with experi-
mental electrolyte electroreflectance (EER) spectra which were measured for 2X10', 7X10',
4X 10", and 2X 10" cm™3 doped p-type GaAs in 0.5M H,S0,(aq) and 1.0M KOH(aq) by holding
the electrodes at a dc potential and adding an ac modulation of 15 mV. Agreement with theory is
sufficiently good for us to be able to measure the space-charge voltage in electrodes by comparison
of experimental EER line shapes with theory and thereby to deduce the presence of partial Fermi-
level pinning in the 7 X 10'® cm 3 samples which we measured, an interpretation that was supported
by the unusually unstable impedance behavior of electrodes made from this crystal.

INTRODUCTION

The original work of Brattain and Garett in 1955 (Ref.
1) on the semiconductor-electrolyte interface introduced
the model of the potential distribution at such interfaces
which is still in use today. This model was based on the
theory of the semiconductor-metal junction developed by
Mott? and Schottky:® when a semiconductor electrode is
reverse biased, a space-charge layer, depleted of charge
carriers, extends into the semiconductor. As the charge-
carrier density in the electrode is lower than that in any
reasonably concentrated electrolyte, the change in ap-
plied potential should be dropped entirely within this
space-charge layer.* However, even Brattain and Garett
questioned the assumption that the space-charge layer
was the sole region of the interface sensitive to changes in
the applied potential and pointed out that charge local-
ized at the surface in “surface states” could reduce the
electric field in the space-charge layer. Where the con-
centration of surface charge or the coverage of surface di-
poles changes with applied potential, then only a fraction
of that change of potential will be dropped across the
space-charge layer.

More than 30 years later the electrochemistry of a
huge range of single-crystal and polycrystalline semicon-
ductors has been studied, a scientific program whose pri-
mary impulse was the discovery in 1971 by Fujishima and
Honda® of the photoelectrolysis of water on rutile. A
whole battery of techniques has now been brought to bear
on the semiconductor-electrolyte interface: photovoltage,
photocurrent, and impedance studies, in particular, being
used in an attempt to elucidate its potential distribution.
The results from these studies often show behavior that
deviates markedly from the classical models, and it has
become clear that it is extremely difficult unambiguously
to determine the potential distribution from measure-
ments of current or voltage responses. Impedance mea-
surements are very sensitive to any rapid faradaic pro-
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cesses at the surface, although these may not affect the dc
potential distribution significantly. For photocurrent
studies, electron-hole recombination is a major theoreti-
cal problem in the analysis of data, especially close to the
flat-band potential.® A technique is needed which can
measure the voltage drop within the depletion layer more
directly.

This work intends to show that electrolyte electro-
reflectance (EER) can be used to measure the voltage
drop across the depletion layer, Vgc. A small ac poten-
tial modulation is applied to the semiconductor and the
resulting modulation of the reflectance spectrum is mea-
sured. By using a sufficiently small modulation in EER,
we show that it is possible to determine the dc potential
drop across the depletion layer. The basic theory of
semiconductor electroreflectance has been known for
some time,’ but the complexity of the resulting equations
has hindered the use of this technique to measure the
voltage drop across the space-charge region, Vgc. In the
case of small electric fields and high thermal broadening,
the normalized spectra AR /R will have a simple third-
derivative form that does not vary with space-charge
voltage. Due to its ease of application, the third-
derivative approach has predominated in the use of EER
to characterize semiconductor surfaces in electrolyte.
However, for the dopant densities of greatest interest in
electrochemical studies, 10'°~10'® cm ™3, it is clear that
this model is often not applicable, since the line shape
changes with applied potential. By applying the more
general intermediate-field theory, we should be able to
model the EER spectrum for a given sample and then
predict the spectral variation with voltage. Success in
this program was also found to depend on inclusion of
the effect due to the variation of the electric field in the
depletion layer. The Mott-Schottky model predicts that
this field will vary linearly from the surface of the semi-
conductor to the edge of the depletion layer. As a result,
the dielectric function varies on moving from the surface
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and this is modeled by a multilayer reflection algorithm.

In this work the EER has been measured for four
(100) p-type GaAs samples of dopant density from
2X10'"% to 2%x10"® cm™3 in 0.5M H,S0, and 1.0M
KOH. The impedance of these samples was also studied
over a range of frequencies. p-type gallium arsenide was
especially suitable for this work because its extensively
studied electrochemistry® allowed us to check that the p-
type GaAs electrode was behaving as expected in each of
our experimental conditions. Moreover, its well-
characterized optical and electronic properties allow
spectra to be modeled theoretically, with only the effect
of thermal broadening to be determined by comparison
with experiment.

THEORETICAL APPROACH

Electroreflectance spectra result from the effect of an
electric field on the optical properties of the semiconduc-
tor in the surface region. The theory for the effect of an
electric field on the optical properties of a semiconductor
has been known for some time,” ! and we follow the
theory already described in its application to semiconduc-
tor electrochemistry.'! Electroreflectance has been wide-
ly used in the characterization of semiconductor band
structure and is now applied in the study of multilayer
quantum wells using a quite different theoretical ap-
proach.'? It is also the basis of the photoreflectance effect
where semiconductor reflectance is modulated by il-
lumination of the surface with a chopped laser beam.
The variation in light intensity at the surface modulates
the charge distribution, and therefore, the electric field
near the surface."’

By assuming that the electric field is too small for in-
terband tunneling to occur and neglecting the electron-
hole interaction, the imaginary part of the dielectric func-
tion at the absorption onset will be given by

_ 391/277,
=

6(w) [AQ" 2(x)—xAi%(x)], (1)

where
x=(0,~w)/0, 6=(6%>/2u#)'"

within the effective-mass approximation. & is the electric
field, u is the joint effective mass in the direction of the
applied field, and Ai(z) is the Airy function regular at
infinity.'"* B contains the effect of matrix elements on the
transition. The zero-field limit of Eq. (1) is

(w—w ) ?u(—x), ()

where u(x) is the unit-step function. Equation (2) is the
well-known result for a direct allowed transition in the
absence of an electric field. Subtraction of (2) from (1)
gives the change in €,(w) due to the electriic field, Aey(w).
The quantity Ae,(w) is only substantial close to the criti-
cal point so that integration of the Kramers-Kronig equa-
tion® should yield an accurate value for the change in the
real part of the dielectric function A€;(w):
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Aey(w)=22 —[Ai'(x)Bi'(x )—x Ai(x)Bi(x)]
[
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sz u(x) . (3)
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The effect of lifetime-induced uncertainty in the energy
of the excited state can be included by Lorentzian
broadening of A€, and Ae€,. This has been done by com-
bining the electro-optic functions:

F=n[Ai"%(x)—x Ai%(x)]—(—x)"?u(—x) ,
G =7[Ai'(x)Bi'(x)—x Ai(x)Bi(x)]+x'"%u(x) ,

to give
F+iG=n[Ai" {x)—x Ai%(x)]
+im[Ai'(x)Bi'(x)—x Ai(x)Bi(x)]+ix'/? .

The Lorentzian broadening of F+iG can then be cal-
culated by integration about the infinite semicircle in the
upper half of the complex plane.’ The Lorentzian in-
tegral disappears on the arc of the semicircle in the upper
half of the complex plane and can therefore by equated to
27i multiplied by the residue of the pole at y=x +iI" /6.
Writing F +iG as H(x ), we have

r/6 | r= H(x)
Hx)= |1 |\~ HO ___,
3§ e (x—x 1426 X
=H(x+iT/0) .

Defining z=(w, —@+iI')/6, the broadened electro-
optic functions F(z) and G(z) can then be obtained by
equating to the real and imaginary parts of H(z). We
have extended this treatment by including the factor of
1/w* from the expressions for Ae, and Ae€; in the
broadening process, so that we use

H(z)
Ae,(z)=BORe | —2— | |
€2 “\o—iry
H(z)
A€ (z)=B6'1 —— |,
€z me (w—il)?

The numerical difficulty in calculating Airy functions
of complex argument had led to the use of asymptotic
forms of the equations in many published results. Aspnes
showed that where the effect of lifetime broadening on
the electron energy was much greater than that of the
electric field 3#Q << T, where Q=272/39, the expression
for Az(w, &) reduces to a simple third-derivative form.!
The predicted line shape is independent of the applied po-
tential, and its amplitude is proportional to the modula-
tion of the square of the electric field, and is therefore
linear in the modulation of the applied potential. Owing
to its ease of application, Aspnes’s third-derivative ex-
pression for AZ(w) has been the dominant interpretative
approach for electroreflectance, although it is less valu-
able for more highly doped semiconductors, where the
depletion-layer fields are large, and also less useful at the
absorption threshold, where I' is smaller. Aspnes termed
this the low-field limit, and the more-general approach
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presented above is termed the intermediate-field theory.
The high-field case applies where the field modifies the
band structure significantly and interband tunneling
starts to occur. Bennett and Soref have recently used the
intermediate-field approach to estimate the effect of elec-
tric fields below the band gap on the optical properties of
some III-V compound semiconductors, including gallium
arsenide.'® In this work we apply the intermediate-field
theory to interpret the changes in gallium arsenide EER
with applied potential and with dopant density. The Airy
and related functions of complex argument are readily
evaluated by our high-precision FORTRAN routines.

The theory presented so far has not considered some
important features of the semiconductor-
electrode—electrolyte interface. The most important is
that the electric field within the depletion layer is not
constant, but decreases linearly with distance from the
surface. The changing electric field within the depletion
layer is particularly important for band-gap transitions as
the absorption coefficient of the light is sufficiently low
for light to penetrate right through the depletion layer
for some wavelengths. Aspnes has treated this problem
by a perturbation approach in the case of normal in-
cidence.!” This approach has been used to interpret the
electroreflectance of p-type InP by assuming that the lim-
iting case of KW <<1 is applicable, where K is the light
propagation vector, W is the width of the space-charge
region, and the effect of absorption is neglected.!®* How-
ever, the assumption KW <<1 is not applicable to our
study of 2X 10" cm™3 p-type GaAs as we estimate
K ~2.68X10" m~! at 850 nm for GaAs; if the semicon-
ductor is 1.0 V from flat-band potential, then the
depletion-layer width will be W~1.91X10"7 m and
KW ~5.12. A more accurate model for the effect of the
potential distribution on the electroreflectance is needed
to interpret such data fully.

Instead we have modeled reflection from the depletion
layer as from a series of thin films. The field is taken as
uniform in each film and is determined by its distance
from the electrode surface. The effect of the electric field
on the dielectric function of each film is assumed to be
the same as the effect of that field on bulk GaAs. The
change in dielectric function can then be calculated for
each film so that the total reflection of incident light at
any angle or polarization can then be calculated by a
multilayer-reflection routine. If a large enough number
of very thin films is used, the result will converge to the
solution for the effect of an inhomogeneous dielectric
function on the reflectance.!® In practice, between 12 and
20 layers have been found to be sufficient. An important
feature of taking the space-charge-layer electric-field in-
homogeneity into account is that some EER spectra are
predicted to be very different in shape to the electro-optic
functions evaluated by Aspnes.

The use of the equations for the Franz-Keldysh effect
within the layers neglects any distortion of the wave func-
tion due to the changing of the electric field in the de-
pletion layer. Such a distortion would prevent the optical
response of a point in the depletion layer from being
characterized by a local dielectric function, as the
response would also be affected by the electric fields in
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the rest of the semiconductor which would contribute to
the determination of the wave function. Del Sole and
Aspnes have considered the effect of a varying electric
field on the wave function within the WKB approxima-
tion and the nonlocal dielectric function which would re-
sult from this.?>2! A self-consistent solution to this prob-
lem would require a considerable increase in numerical
complexity and is beyond the scope of this paper. We
would not expect the assumption of bulk electro-optic be-
havior within the layers to be a major problem, as the
electric field changes relatively slowly with distance on an
atomic scale. However, the approximation will become
less accurate for more highly doped semiconductors,
where the depletion layer is smaller and the electric field
changes more rapidly with distance.

Our quantitative approach to reflection reveals that
AR /R is not sensitive to thin nonabsorbing layers on the
surface or to perturbations in the potential distribution
close to the surface. If very large electric fields are
present in the top few monolayers of GaAs, then the
model predicts that they will have little affect on AR /R
provided that the potential distribution in the rest of the
depletion layer is unaltered. If a significant proportion of
the depletion-layer voltage is dropped within this surface
layer, then EER similar to that for a classical depletion
layer with a smaller voltage drop across it is predicted.
The insensitivity of AR /R to large electric fields within a
few monolayers of the surface is not surprising as we ex-
pect reflection intensity to be most sensitive to changes
which occur over distances of the order of a wavelength.

The effect of lifetime broadening has been modeled by
inclusion of I', but this quantity is likely to vary with the
excitation energy. Higher-energy electrons in the con-
duction band will undergo more rapid relaxation due to
phonon emission and collision with lattice defects, so that
I'(®) is likely to increase with . We propose an empiri-
cal variation of I'=Iexpd(w—w,), where 8§ must be
determined by fitting to experimental spectra. In prac-
tice, our proposed function for I'(w) is quite effective as 6
can be determined from one spectrum and then fixed, so
that the voltage variation can be predicted without the
use of any undetermined parameters.

If we incorporate all of the above features into our
model, then a surprising result is found: even in situations
where the low-field model is clearly inapplicable, it is still
found that, provided the ac modulation is small, AR /R
should increase linearly with the modulation amplitude.
The linear relationship between AR /R and modulation
amplitude was observed in our experimental work over
ranges of modulation voltage considerably larger than
that used for spectra presented here [15 mV rms ]. Thus,
the linearity of AR /R with modulation voltage cannot be
used to demonstrate low-field conditions. However, it al-
lows us to calculate the rms of the sinusoidal variation of
AR /R from the difference of two dc values:

AR (ac rms) — AR( Vdc+ac)_AR( Vdc)
R R ’
where V4. is the dc voltage across the depletion layer and
V,c is the rms of the ac modulation.
Our treatment neglects the effect of electron-hole in-
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teractions which have been invoked to interpret the
electroreflectance of many materials. Silberstein and Pol-
lak interpreted the EER of the (111) face n-type GaAs
at 300 K at the band gap as due to exciton quenching
which caused the shape of the feature to change with ap-
plied potential.?>?3> Apart from the sharp shape of the
feature, the evidence cited for this assignment was that
the signal size at 880 nm oscillates with applied potential.
The oscillation is believed to result from the modulation
of the size of the region close to the surface where exci-
tons are dissociated by the electric field. Light reflected
from the surface will undergo interference with light
reflected from the dissociation-region— bulk boundary,
and this will be sensitive to the size of the dissociation re-
gion which is controlled by the applied potential. How-
ever, our model predicts a similar oscillation of AR /R
with depletion-layer voltage due to interference effects in
the inhomogeneous field, although the magnitude of
AR /R should decrease with increasing depletion. In
fact, the EER which we have obtained on (100) p-type
GaAs at 300 K seems to be interpretable without invok-
ing exciton effects.

Another effect that we have not treated here is that of
defects within the depletion layer, which are likely to re-
sult in a distortion of the electric field about the defect.
Theoretical treatments of the effect of defect-induced field
distortion have been presented,’* and Raccah has incor-
porated the effect into a generalized low-field theory
which he has applied to the EER of CulnSe, samples.?
However, there would be considerable difficulties extend-
ing this treatment in any simple way to the intermediate-
field regime, and we have taken the view that only after
all possible intermediate-field effects have been eliminated
as explanation of the observed EER spectra should we con-
sider this type of effect. As we shall see, for {100) p-type
GaAs the essential features of the EER spectra are inter-
pretable within the intermediate-field model.

Experimental and theoretical work on the EER of an
n-type GaAs sample has already been interpreted by our
approach.?® However, in this paper we have used a much
more accurate description of the zero-field optical prop-
erties of the semiconductor, and as a result, our theoreti-
cal line shapes are essentially quantitative.

DETERMINATION OF PARAMETERS USED
IN THE MODEL

The dopant densities of the (100) p-type GaAs sam-
ples as measured by the Hall effect were compared with
those obtained from Mott-Schottky plots to give the
values used. The two methods were in surprisingly close
agreement for three of the samples, but for the electrode
where Hall-effect measurements gave N ,=4.4X10"
cm 3, the impedance data gave N ,=2.7X10"7 cm™>.
The latter value was used initially, since deviations from
Mott-Schottky behavior are more likely to result in
overestimation of dopant density.

The joint effective mass p; is obtained from the elec-
tron effective mass in the conduction band, m_ and the
hole effective mass in the valence band, m

vi*
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However, there are two bands of different hole effective
mass at the valence-band edge, so the joint effective mass
is calculated for both the light- and heavy-hole bands to
give u,,=0.0586m, and p,,=0.034m, from literature
values.”’ A full treatment of the effect of degeneracy at
the ' point on the electroreflectance of III-V compound
semiconductors would be complex, and the two ap-
proaches usually adopted are either to use a single aver-
age effective mass or to consider the effect of the two
bands independently. Seraphin and Bottka® considered
only the heavy-hole contribution to electroreflectance of
GaAs. Chandreskhar and Pollak® supported the validity
of this approach by measurement of the effect of uniaxial
stress on the electroreflectance (ER) spectrum of GaAs.
Bardeen’® used a sum-rule calculation to estimate the rel-
ative strengths of absorption from the light- and heavy-
hole valence bands. Bennett and Soref'® applied this ap-
proach to calculate electroabsorption and refraction for
GaAs for wavelengths beneath the band gap. We use the
recent full-zone k-p calculation of Wysin ez al.®! to esti-
mate the ratio of absorption strengths by the two valence
bands as B}, :B, = 1:2 and then consider the contribution
of the two bands as independent. Spectra were also
modeled using single effective masses between 0.047m,
and 0.058m,. In fact, the differences between the two ap-
proaches are fairly small, although a significant qualita-
tive effect is that independent inclusion of the contribu-
tions of light and heavy valence bands leads to interfer-
ence and cancellation between the higher-energy oscilla-
tions of AR /R for 2X 10" cm™> doped GaAs, giving
theoretical spectra closer to the shape of those measured.
The E,+ A absorption at 1.765 eV results from a single
valence-band split from the two others by spin-orbit cou-
pling so only one hole effective mass ne¢eds to be con-
sidered. We therefore calculate a joint effective mass of
0.0446m,. The literature band gap of 1.425 eV is used in
the model.”’

In attempting to model accurately the effect of the in-
homogeneous field on reflection, it is important that ac-
curate values are available for the optical properties of
gallium arsenide at each wavelength. Fortunately, exten-
sive measurements have been made on gallium ar-
senide,’> %% and we interpolate numerically between the
published values to obtain the appropriate complex re-
fractive index at each wavelength. Ellipsometric mea-
surements on the samples in both acid and alkaline elec-
trolyte confirmed that the electrodes were free from sur-
face layers and that n +ik coincided with the published
values. The expression for €,(w), Eq. (2), is fitted to the
reported values in the range of the absorption onset in or-
der to determine the constant B=B +B,, as 6.0
(eV)}/2,

EXPERIMENTAL

The apparatus used is shown schematically in Fig. 1.
Light from a 100-W tungsten lamp is passed through a
programable monochromator, of spectral half-width 5
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FIG. 1. Schematic diagram of computer-driven electro-
reflectance experiment.

nm, and then focused on the semiconductor electrode at
45° incidence. The electrode is positioned in an electro-
chemical cell with quartz windows that are perpendicular
to the incident and reflected beams. The monochromatic
light is predominantly s polarized. This gave spectra
identical in shape to p-polarized light, although they were
of half the magnitude, as predicted by differentiation of
the Fresnel equations or by the more complicated
multilayer-reflection routine which we use here. A dc po-
tential is applied to the semiconductor to which a 15-mV
(rms), 440-Hz sinusoidal modulation is added. Spectra
could be measured over modulation frequencies 40 to
1000 Hz and no frequency dependence was observed
within this range.

The reflected light is detected by a high-speed Si photo-
diode, the signal is amplified and then the ac component
AR is measured by phase-sensitive detection. AR is then
divided by the measured dc component from which a
background value has been subtracted, to give the rms of
the reflected intensity modulation AR /R. The amplifica-
tion and measurement of AR /R was checked to be quan-
titative by testing with a model input current of a similar
size to that obtained from the photodiode during a typi-
cal EER experiment.

(100) slices of Zn-doped p-type GaAs were obtained
from MCP Electronic Materials, who quoted Hall-effect
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dopant densities of 2.3 X 10'%, 7.0X 10'%, 4.4%10'7, and
2.0X 10" cm™3. The GaAs was polished on 3-um, then
1-um-Hyprez diamond paste and then washed in tetrahy-
drofuran (THF) followed by methanol. The samples were
etched for three 10-s periods in 2% bromine-methanol.
Low-resistance Ohmic contacts of indium zinc alloy were
attached to the back of the electrode by heating for 5 min
at 450°C under flowing 20 vol %H, and 80 vol %Ar.
Wire was then glued to the back of the electrode by con-
ducting silver araldite. The electrode was mounted at the
end of a glass tube and sealed with araldite glue. Dark
and illuminated cyclic voltammograms were taken of all
electrodes, as well as impedance measurements for the
frequency range 40-10000 Hz over the full range of
stable potentials, typically —0.4 to —1.6 V versus
Hg/Hg,S0, in acid and —0.8 to —1.8 V versus Hg/HgO
in alkali. Impedance results were interpreted in terms of
both two- and five-component models.®

All solutions were prepared from pyrolyzed water ac-
cording to the method of Conway>® using Aristar-grade
reagents and were continuously purged with argon
throughout all measurements. In 0.5M H,SO,(aq) a
reference electrode of Hg/Hg,SO, in 1.0M H,SO,(aq)
was used which had an electrode potential of +0.41 V
compared to a commercial standard calomel electrode
(SCE). In 1 M KOH(aq) the reference electrode of
Hg/HgO in 1.0M KOH(aq) was measured as —0.98 V
versus SCE. Both reference potentials were checked
periodically over the course of the experiments.

RESULTS

Reproducible, complete sets of EER spectra were ob-
tained over the full range of potentials in which Faradaic
currents were small, for all four dopant densities in both
acid and alkaline solutions. By taking readings on freshly
etched electrodes and sweeping the potential away from
flat band, it was possible to obtain linear Mott-Schottky
plots with little frequency dispersion in the range
10 000-800 Hz for the samples in acid. The dopant den-
sities obtained from the plots agreed closely with the
manufacturer’s values which are measured by the Hall
Effect.

It is clear that even the spectra for the lowest-doped
sample (Fig. 2) are not in the low-field limit, even close to
the flat-band potential of +0.0 V versus Hg,SO,/Hg in
IM H,SO,(aq). The first Franz-Keldysh oscillation is
clearly seen, some structure on the low-energy positive
peak is just resolvable, and the line shape changes with
applied potential. The linear relationship between the
signal size and small (<50 mV) modulation amplitudes
was observed as predicted by our model.

EER for GaAs in 0.5M H,SO,(aq)

The spectra taken in acid solution are interpreted first,
as these results were found to be more reproducible and
to undergo a smoother change with applied potential.
The model was fitted to the spectrum for 2X 10'® cm ™* at
—1.0 V from the impedance-measured flat-band potential
of 0.0 V vs Hg/Hg,SO,. Initially we took I' as 0.050 eV
as this had been determined by earlier EER work on n-
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AR/R }

600 700 800 900
Wavelength (nm)
FIG. 2. Experimental EER spectra for 2X 10" cm™> p-type
GaAs in 0. 5M H,S0,(aq) obtained with 15-mV, 440-Hz modula-

tion. The potentials given are with respect to the Hg/Hg,SO,
reference electrode.

type GaAs in aqueous solution.?® This gave a theoretical
spectrum which was a factor of 2 smaller than experi-
ment and had rather formless peaks with the wrong size
ratio. I' was therefore reduced to 0.010 eV at the transi-
tion onset in order to reproduce the sharp EER peaks
near the optical threshold and was then allowed to in-
crease fairly rapidly with energy, according to
F=Tyexp[6(w—w,)]. This gave main peaks of the
correct size and shape ratio, and by setting §=35 eV~ ! the
Franz-Keldysh oscillations are emulated with consider-
able success. The value of I is smaller than that usually
used in interpretation of  room-temperature
electroreflectance, but larger than that normally used in
the interpretation of exciton broadening processes®’ or
sometimes measured in photoreflectance. '3

Most EER spectra are interpreted in terms of the low-
field model, and if this does not strictly apply or if T in-
creases with o, then I'; will be overestimated. The mean

Iz <10

~ 0.4V

0.8v

1.2V
1.6V

AR/R

l
]
]

750 800 850 900 950
WAVELENGTH (am)

650 700

FIG. 3. Theoretical EER spectra for 2X10'* cm ™3 p-type
GaAs for various space-charge voltages. Calculated using
I,=0.010,8=5 eV !, and a modulation voltage of 15 mV.
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FIG. 4. Experimental EER spectra for a 4.4X 10" cm™3
(Hall effect)/2.7 X 10" cm™* (Mott-Schottky plot) p-type GaAs
electrode in 0.5M H,SO,(aq). Potentials are vs Hg/Hg,SO, and
15-mV, 440-Hz modulation was used.

(nm)

value of I'(w) over the spectral range of interest is about
0.030 eV for the model which we use here. The model
spectra which are generated with no further parameter
fitting for the variation of space-charge coltage are shown
in Fig. 3. The qualitative fit to the experimental spectra
is good as the line shape broadens with increasing de-
pletion. The development of the shoulder on the low-
energy peak is described, and the broadening on the low-
energy peak is indicated. The evolution of the Franz-
Keldysh oscillations is described as well as the structure
due to the Ey+ A transition which is modeled by using a
value of B(E;+A) one-third of that for the E, transition
in accord with the work of Wysin e al.>! Although the
reduction in peak height with increasing depletion is
modeled well, the structure predicted on the main peak is
not observed experimentally at —0.8 and —1.6 V versus
Hg/Hg,SO,. The other main problem is that although
the peak positions correlate well with theory at 1.2 V de-
pletion, the experimental spectra narrow more rapidly on
approach to flat band than is predicted. It was not possi-
ble to model this by using a different dopant density or by
reducing the effective mass to the light-hole value of
0.034m,. We find this observation difficult to rationalize
on either electrochemical or optical grounds.

The spectra for the nominally 4.4X10'7 cm ™3 p-type
GaAs are shown in Fig. 4. Theoretical spectra were gen-
erated using the value of the dopant density derived from
the Mott-Schottky plots of 2.7X 10" cm™3. The latter
was used as the impedance behavior was classical in na-
ture, and any deviations would be expected to lead to an
overestimation of the dopant density due to surface-
roughness effects and the contribution of surface-state
charging to the differential capacitance. As can be seen
from Fig. 5 and 6, the agreement between experiment and
theory is good for the variation of shape, peak height,
and peak position with applied potential if a flat-band po-
tential of —0.25 V versus Hg/Hg,SO, as measured from
the impedance data is used. I'j was decreased slightly to
0.009 eV in order to optimize the fit, but § was not
changed. The agreement between theory and experiment
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FIG. 5. Theoretical EER spectra for 2.7X10'7 cm ™3 p-type
GaAs for various space-charge voltages. Calculated using
I',=0.009 eV and §=5eV "
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FIG. 6. (a) Plot of EER peak positions against space-charge
voltage V' — Vg for theoretical and experimental spectra of the
4.4/2.7X10" cm™3 p-type GaAs. Theoretical values are
represented by the solid lines and experimental values by the
marked points. The impedance measured flat-band potential of
Vep=—0.25 V vs Hg/Hg,SO, was used to calculate V' — Vgg.
(b) EER peak heights plotted against ¥ — Vg for theory and ex-
periment.
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is a clear indication of the validity of our model and im-
plies that any change in applied potential is dropped
across the semiconductor space-charge layer.

Theoretical spectra were generated for a dopant densi-
ty of 7X 10'® cm ™3, Fig. 7(b), using the same values of T,
and § as above, but these bear little resemblance to the
parallel  experimental spectra if the Mott-
Schottky-measured flat band of +0.1 V versus
Hg/Hg,S0, is used. The samples that were cut from this
slice of p-type GaAs showed unstable impedance behav-
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FIG. 7. (a) Experimental EER for 7X10'¢ p-type GaAs in
0.5M H,SO, 440 Hz and 15 mV. (b) and (c) Theoretical EER
for 7X 10" cm™* p-type GaAs for various space-charge volt-
ages. [,=0.009 eV, 8=5eV ™!, and a modulation of 15 mV.
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ior and considerable frequency dispersion of the Mott-
Schottky plots. Only high-frequency measurements tak-
en by rapidly sweeping the potential on fresh electrodes
gave classical behavior which confirmed the
manufacturer’s dopant density and could sensibly be ex-
trapolated back to estimate the flat-band potential.
Electroreflectance spectra were also unstable and often
appeared much reduced in size compared to others taken
on the same sample and at the same potential. We con-
sider this to be due to the presence of fast surface states
which can fill and empty at the frequency of the applied
modulation and cause only a portion of the voltage
modulation to be dropped across the space-charge region.
Although the spectrum size did vary for a given applied
potential, depending on pretreatment, the line shape
remained the same, implying that the space-charge volt-
age has a constant value for that applied potential.
Several attempts were required to obtain the series de-
picted in Fig. 7(a), where each spectrum is the largest ob-
served at that applied potential. The largest spectrum of
any particular line shape should correspond to the situa-
tion where the greatest proportion of the voltage modula-
tion is dropped across the space-charge region and should
therefore be closest to the theoretical size.

Careful inspection reveals that predictions of the
theory for Vg-=0.2 to 0.8 V, Fig. 7(c), closely parallel
the experimental results for —0.3 to —1.3 V versus
Hg/Hg,S0,. Comparison of the variation in peak posi-
tion is shown in Fig. 8 using —0.1 V versus Hg/Hg,SO,
as the flat-band potential. The shift in flat-band potential
from that measured by rapidly sweeping the applied po-
tential away from flat-band under darkness was
confirmed by impedance measurements under the condi-
tions of EER. If the electrode is illuminated under typi-
cal EER light intensity and impedance is measured after
allowing 10 min for equilibration at each potential, then
results at high depletion give Mott-Schottky behavior
which can be extrapolated back to a flat-band potential of
approximately —0.2 V versus Hg/Hg,SO,. The shift
does not result directly from the monochromatic EER il-
lumination, which has no measurable affect if the poten-
tial is swept rapidly from flat band, but from allowing
equilibration at each potential. In order to bring the
theoretical peak positions into coincidence with similar
experimental spectra we have incorporated a band-gap
contraction of 0.007 eV into Fig. 8. Such a contraction
could result from a high defect concentration near the
surface®® and was also used to interpret the EER of this
sample in 1M KOH.

Comparison of the changes with Vg predicted and
those observed with applied potential very strongly sug-
gests that only about 50% of any change in applied po-
tential is actually dropped across the depletion layer.
Thus, at —1.6 V versus Hg/Hg,SO,, which is about 1.4
V from the estimated steady-state flat-band potential, the
electroreflectance spectrum implies V- =0.8 V. Similar-
ly, at —0.6 V versus Hg/Hg,SO,, only 0.2 V appears to
be dropped across the depletion layer.

Our results indicate that for 7X10'® cm™ in
0.5M H,SO, about 50% of any change in applied dc po-
tential must be dropped across the Helmholtz layer
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FIG. 8. Variation of EER peak positions for experiment and
theory for 7X10'® cm™? p-type GaAs with V— V. A flat-
band potential of Vgy=—0.1V vs Hg/Hg,SO, is chosen to give
the best fit, and a band-gap contraction of 0.007 eV is included
in the-theoretical variation.

which can be described in terms of a high density of sur-
face states that cause partial dc Fermi-level pinning.

These states must fill and empty relatively slowly in the
case of the spectra shown in Fig. 7(a), as the size of the
spectra corresponds closely to that predicted for each line
shape. The implication is that the 440-Hz potential
modulation is too rapid to allow sufficient surface-state
charging and discharging for a significant proportion of
the potential modulation to be dropped across the
Helmbholtz layer.

Where spectra of similar shape, but reduced size were
obtained, the density of fast surface states, which can
respond to the modulation, has increased to a level where
it reduces the potential modulation across the depletion
layer. By using a higher modulation frequency, it should
be possible to increase the proportion of the voltage
modulation drop across the space-charge layer as the sur-
face states become less able to fill and empty at the higher
frequency. In principle, the kinetics of this process can
be studied by variation of the modulation frequency and
observation of the change in spectrum size. Unfortunate-
ly, the low-frequency range of our equipment and the
high susceptibility of this behavior to change with time
made such studies impractical for us in this case.

It is an important feature of the intermediate-field
model that we have been able to deduce the presence of
partial Fermi-level pinning from the line shape of the
EER spectra, while the spectrum size has only corro-
borated the applicability of our model. It is also worth
emphasizing that the ac impedance results were helpful
only in demonstrating that a problem existed; we were
unable to interpret data on equilibrated samples in terms
of simple equivalent circuit models.

The structure and splitting of the low-energy peak has
been observed commonly in GaAs ER where dopant den-
sities are close to 10'7 cm ™3, but previously the lower-
energy structure was assigned to impurity levels.’® 4
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However, our theoretical results show that such struc-
tures are in fact predicted by the classical electro-optic
equations if the effect of the inhomogeneous electric field
is included via a multilayer-reflection routine.

Impedance measurements confirmed the Hall-effect
dopant density of the fourth sample as 2.0X 10" cm ™3,
However, theoretical spectra which were generated using
this value were larger and broader than those obtained
experimentally, Fig. 9. The broadness of the spectra in
the intermediate-field regime is not significantly affected
by the thermal broadening I'(w), unlike in the low-field
limit. The shape of these theoretical spectra was not
found to be sensitive to the size of voltage modulation
below the 15 mV rms used, and AR /R scaled linearly
with modulation amplitude, even when the space-charge
voltage became small for theoretical spectra, so this can-
not be the cause of any deviation from the calculated
spectra. If the absorption is considered to be due entirely
to excitation from the heavy-hole band, this would result
in a slightly narrower theoretical line shape, but such an
effect is nowhere near large enough to explain the devia-
tion from experiment. The theoretical peak separations
can therefore only be matched to those measured by ei-
ther assuming that the space-charge voltage is very small,
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FIG. 9. (a) Experimental 2X 10'® cm ™3 p-type GaAs EER in
0.5M H,SO,(aq), 440 Hz 15 mV modulation and Hg/Hg,SO,
reference electrode. (b) Theoretical spectra for 9X10'7 cm™3 p-
type GaAs. [';=0.015eV,8=5eV™.
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as a result of Fermi-level pinning, or that the dopant den-
sity is less than the impedance analysis or Hall effect sug-
gest. Either Fermi-level pinning or a lower dopant densi-
ty would have the effect of reducing the electric field
within the depletion layer.

The variation of peak position observed experimental-
ly, see Fig. 9(a), with a change of applied potential of 0.7
V is consistent with space-charge voltages between 0.1
and 0.25 V for a dopant density of 2X 10" cm™3. For
values of I'j and § as used for the other dopant densities,
the theoretical AR /R values are far larger than those ob-
served experimentally. The peak heights can be reduced
by increasing thermal broadening to I';=0.050 eV and
8=1 eV~! and this will also cause the predicted peak
heights to vary more slowly with space-charge voltage.
A major disadvantage of altering I'; and d in this way is
that the theoretical peaks which are predicted are rather
formless in shape in contrast to those which were ob-
served.

By using a dopant density of only 9X 10! cm™> the
variation of peak position with voltage can be modeled
quite well without the assumption of any pinning process-
es. However, if the values of I'j and 6 used to interpret
the other samples are used with the dopant density of
9% 10'7 cm ™3, then again the peak heights predicted are
far too large. The size of theoretical peaks can be re-
duced by increasing the thermal broadening I'(w), al-
though this results in a loss of the structure of the peak
shape. Once I'; and § have been set, the model then pre-
dicts the variation of the spectrum with applied voltage.
The theoretical spectra shown in Fig. 9(b) were generated
using [',=0.015 eV and §=5 eV !, and the peak shape
at higher depletion is well described, although on ap-
proach to flat band the increase in size of the main peak
is greatly overestimated.

A further problem is the underestimation of the size of
the minimum at ~900 nm compared to the main max-
imum at ~ 860 nm, particularly close to the flat-band po-
tential. We believe this latter point to be a general prob-
lem in applying our model to III-V compound semicon-
ductors of dopant density > 10'® cm ™3 as we have similar
difficulty in interpreting the EER of such highly doped
n-type GaAs, n-type Ga,_ Al, As, and p-type InP which
have been communicated to us by Hutton and Peter.*

It is difficult to be confident of any interpretation of
our results for this highly doped material because of the
differences between theory and experiment. Although
significant errors can arise in the determination of the
dopant density by Hall-effect and Mott-Schottky
methods, the agreement of these two techniques does
question the validity of the fitted value used in the EER
theory in Fig. 9(b). The model used here does not appear
to provide a quantitative account of the spectra for such
highly doped samples. A possible reason for this is the
doubt about the applicability of the equations for the
bulk electro-optic effect to the multilayer model. As dis-
cussed earlier, deviations of theory from experiment due
to this problem are most likely to be significant for sam-
ples of higher dopant density. It is clear that further
theoretical work must be done in order to clarify this
point.



1410

EER in 1M KOH (ag)

For all dopant densities the impedance behavior was
very unstable in 1M KOH and it was difficult to obtain
linear Mott-Schottky plots, even by sweeping the poten-
tial rapidly and using 10 000-Hz modulation. EER spec-
tra had a tendency to be reduced in size compared to
those taken in 0.5M H,SO,, especially if the electrode
had been held at cathodic potentials. Particular difficulty
was experienced in the potential region —1.1 to —1.5V
versus Hg/HgO where the electroreflectance spectra
were often much reduced in size; this effect was most
marked for the 2X 10'¢ and 4.4 X 10'7 cm ~* doped GaAs.
However, spectra of similar size to those obtained in acid
could generally be obtained reproducibly on either side of
the potential range —1.1 to —1.5 V versus Hg/HgO, Fig.
10, if the electrode was held at open circuit before each
scan. The results suggest that there is a high enough den-
sity of fast surface states close to the Fermi level at —1.2
V vs Hg/HgO to strongly diminish the 440-Hz potential
modulation drop across the depletion layer.

If all the voltage modulation is dropped across the de-
pletion layer, then the EER spectra should be of the same
size as those observed in 0.5M H,SO,(aq), and corre-
spond to those calculated theoretically. Even if a spec-
trum appears reduced in size, it is still possible to deter-
mine the depletion-layer voltage by comparison of line
shape with theory and with results obtained in acid.
Theoretical line shapes were not refitted for EER in 1M
KOH(aq) as the line shapes were very similar to those ob-
tained in acid, and any differences were seen to arise from
differences in space-charge voltage. Indeed, it would be
difficult to justify any changes in semiconductor parame-
ters on moving between electrolytes, apart from possibly
I'(w) which might be affected by the nature of the sur-
face.

The line shape of 2X10'® cm~* EER in 1M KOH(aq),
Fig. 10, broadens more slowly with increasing cathodic
applied dc potential than in 0.5M H,SO,(aq). This sug-
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FIG. 10. Experimental EER for 2X 10'* cm™? p-type GaAs

in 1.0M KOH(aq) with 440-Hz, 15-mV modulation and Hg/
HgO reference electrode.
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gests that only a proportion of any change in applied po-
tential is dropped across the depletion layer in the former
case. However, the rate at which the line shape broadens
in 1M KOH(aq) is actually closer to that predicted, Fig.
3, than the more rapid separation of the peaks with po-
tential seen in acid. The comparison of the changes of
shape with applied potential between acid and base does
suggest that only 75% of the change in Vg in acid
occurs in base for the same change in applied potential.
However, in both cases we have no firm evidence that the
majority of any change in applied potential is not
dropped across the depletion layer.

We were unable to make any sensible estimate of the
flat-band potential for 2.7 X 10" cm ™3 p-type GaAs from
the impedance measurements which proved to be unin-
terpretable in terms of both two- and multi-component
classical models. By assuming a flat-band potential of
—0.8 V versus Hg/HgO spectra cathodic of —1.4 V
versus Hg/HgO vary as predicted by the theory already
shown in Fig. 5. Over the range —0.8 to —1.3 V the size
of the EER spectra is much reduced compared to the
model and acid data, and the line shape changes little
with applied potential. Matching the theoretical line
shapes to those observed suggests that the depletion-layer
voltage is being rather strongly pinned between Vgy-=0.4
and 0.5 V. As a result, clear, large spectra can be ob-
tained anodic of the nominal flat-band potential because
the electrode is still in depletion. The flat-band potential
moves to more anodic potentials as it is approached.
This is illustrated by Fig. 11 which plots Vg measured
by comparison of spectra and peak positions for 1M
KOH(aq) with theory and acid results, against the ap-
plied potential. The method is necessarily approximate
although the variation of line shape with applied poten-
tial should allow us to estimate ¢gc to within 100 mV.
Scatter in the points results from an uneven variation of
the line shape with applied potential and slightly different
line shapes at the same applied potential.
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FIG. 11. Plot of EER measured space-charge voltage for
2.7X10" cm™? p-type GaAs in 1M KOH(aq) against the ap-
plied potential measured with respect to Hg/HgO.
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EER spectra of 7 X 10'® cm ™ were prone to collapse in
intensity in the range —1.2 to —1.5 V versus Hg/HgO.
Several full sets of results were obtained and like those
from 0.5M H,SO,(aq) line-shape comparison with model
spectra implied that only about half of any change in ap-
plied potential is dropped across the depletion layer.
However, unlike the 0.5M H,SO,(aq) case, spectra of
different shape were obtained at the same applied poten-
tial for different scans, implying that Vg can vary for a
given applied potential. The irreproducibility of spectral
line shape at a fixed applied potential suggests that the
degree of Fermi-level pinning can vary and is very sensi-
tive to the conditions in this system.

As in acid, these results are interpreted by assuming a
band-gap contraction in order to bring theoretical peak
positions into coincidence with the measured ones. Here
we needed a contraction of 15 meV of the literature value
of 1.425 eV.

The spectra for 2X 10'® cm ™3 samples in 1M KOH(aq)
proved to be very close to those seen in acid if an
impedance-measured flat-band potential of —0.55 V
versus Hg/HgO is used. The reduction in intensity in the
region —1.2 to —1.5 V versus Hg/HgO was observed as
for the other dopant densities in 1M KOH(aq).

CONCLUSION

It is clear that the low-field approach of Aspnes does
not apply to the EER of p-type GaAs which is presented
here, as the line shape broadens and evolves with increas-
ing depletion. However, if the intermediate-field theory
of the effect is applied, and the inhomogeneous nature of
electric field in the depletion layer is taken into account,
then the spectra and their variation with potential can be
successfully modeled. It is particularly important for the
EER of the band-gap transition that the variation of the
dielectric function within the depletion layer is included
quantitatively, because the absorption coefficient is low
enough for some of the incident light to penetrate
through the depletion layer, and therefore the whole
range of electric fields across the depletion layer is sam-
pled.

The good correspondence between the model and the
experimental EER spectra of some of the p-type GaAs
samples in 0.5M H,SO, strongly suggests that most of
any change in applied potential is dropped across the de-
pletion layer of the semiconductor. Samples of dopant
density 7X10'® cm 3 showed complex line-shape devel-
opment which was closely predicted by our theory to
occur over a potential range half the size of that actually
observed. This is strong evidence that only about half of

any change in applied potential is dropped across the de-
pletion layer and correlates with the unusually unstable
impedance of these samples.

In the past, the type of structure which we observed
has been attributed to the presence of impurity levels, but
in fact the line shapes are predicted by the intermediate-
field theory if parameters set in the spectra of lower-
doped samples are used and the effect of the inhomogene-
ous field is included. Due to the rapid rate of change of
line shape with space-charge voltage predicted by our
theory, electroreflectance should be a particularly sensi-
tive method of determining the space-charge voltage for
both n- and p-type GaAs of dopant density ~10'” cm >,
Thus, it is possible to diagnose the presence of Fermi-
level pinning in both electrolyte-semiconductor junctions
and Schottky barriers from the shape of electroreflectance
spectra. This model can similarly be applied to the inter-
pretation of photoreflectance of bulk semiconductors.

The EER measured in 1M KOH for p-type GaAs
proved prone to collapse to much smaller size, particular-
ly close to —1.2 V versus Hg/HgO. At other potentials
the EER spectra often differed in size and shape from
those found in acid electrolytes. Depending on pretreat-
ment, even spectra obtained at the same formal potential
on the same electrode showed considerable variability,
though for no potential did the size of the spectra exceed
that obtained in acid at the same formal depletion. Given
the success of our approach in acid solutions, we were
then able in alkali to distinguish between long-term
Fermi-level pinning which affects the dc potential drop
across the depletion layer, and faster pinning processes,
which affect the size of the modulation across the de-
pletion layer and therefore the size but not the shape of
the EER spectrum.

By using a more complete physical model of the
electroreflectance effect than has hitherto been applied,
we have been able to interpret the spectra of p-type GaAs
in electrolyte for a range of dopant densities. Our results
enable us to effectively measure the depletion-layer volt-
age by the comparison of theoretical and experimental
line shapes, and can therefore be used to directly identify
band-edge unpinning.
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