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It is shown that, because of the electrostriction and polarization of defects by the modulat-
ing electric field, electroreflectance spectra are more affected by defects than are third-de-
rivative spectra from ellipsometry data. The theory of electroreflectance is generalized to in-
clude these effects. Plasticity and long-range strains are shown to lead to a first-derivative
line shape and polarizable defects to a second-derivative line shape. For defect-rich samples
these new terms dominate the usual third-derivative line shape.

PACS numbers: 78.20.Jq, 71.55.Fr

Low-field electrolyte electrorefiectance (EER)
has been used primarily to determine accurately the
interband transition energies, E, , in semiconduc-
tors. According to the existing theory' the EER
spectrum is proportional to a linear combination of
the third derivatives of the real and imaginary parts,
e) and e2, of the complex dielectric function, e(E),
with respect to energy. This third-derivative ex-
pression leads to an approximate parameterized
functional form, the third-derivative functional
form (TDFF), which fits remarkably well the EER
spectra obtained from defect-free semiconducting
surfaces. The fits yield values for the critical energy

E,, the linewidth I,, and the phase 0, associated
with the Ith transition. Because e~(E) and e2(E)
can be measured by automatic spectroscopic ellip-
sometry (ASE), it is also possible to compute nu-

merically from the independently measured ASE
data the third-derivative line shape (TDL) which,
according to this theory, should be proportional to
the EER line shape.

However, our EER data for mercury cadmium
telluride (Hgt „Cd„Te) cannot be well fitted by
the TDFF and are in serious disagreement with the
TDLs obtained from ASE data. In particular, we
have studied the effects of different surface treat-
ments on EER spectra4 5 and have reported4 that
chemical or chemomechanical treatment of the sur-
face of Hg~ „Cd„Te samples substantially changes
the linewidth and overall shape of their EER spec-
tra. In contrast, Arwin, Aspnes, and Righer have
recently presented ASE results which show that
similar surface treatments performed on compar-
able samples do not measurably affect the linewidth
of the TDL. This contrast between EER and ASE
results led us to suspect5 the possibility of an in-
teraction between the EER modulating electric field
and the defects. This idea was further supported by

the failure of the conventional TDFF to fit most
Hg~ „Cd„Te EER spectra except over a narrow
range around each critical-point energy.

These results have led us to formulate a new,
more general theory of EER which incorporates the
effect of defects on the electroreflectance line shape
and thus allows us to obtain quantitatively inforrna-
tion about defects in near-surface regions of defec-
tuous semiconductors such as Hg~ „Cd„Te. This
treatment includes two new terms resulting primari-
ly from the electrostriction and polarization of de-
fects by the EER modulating electric field, and ex-
tends the applicability of the attractively simple
EER technique to the study of defects in semicon-
ductors.

In a systematic study we have obtained and ana-
lyzed the EER and ASE spectra of over 100 sam-
ples. For materials with a low defect density
( ~10' etch pits per cm')s the agreement between
EER and the ASE-derived TDL was excellent. On
the other hand, for materials with a high defect
density the agreement was poor, with the EER
spectra being much broader than the TDL. Howev-
er, provided the range of the fit of the TDFF to the
EER data was limited to the vicinity of the critical
energy, the values of E, determined from EER and
ASE data were the same. The parameter most af-
fected by defects was the value of the linewidth I,
determined from the EER spectra; it approximately
doubled for defectuous materials. Representative
examples are given in Fig. 1, in which the depth-
profile EER results for E~ and I

&
are compared to

the values obtained from ASE data on the same
sample. The agreement on E~ is excellent, whereas
the values of I ~ differ by a factor of 2.

In previous theoretical treatments of the EER
line shape the primary effect of the modulating
electric E field has been assumed to be the accel-
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eration of the excited electrons and the resultant
breakdown of translational symmetry. ' The ef-
fects of E on the E~ and on the defect scattering
strengths have been assumed to be negligible. We
have generalized the low-field theory in the sim-
plest way consistent with our observations. To this
end we introduce the quantity cr2 of Lukes and
Somaratna, 9 which is the mean square defect-in-
duced deviation from the crystal potential. %e then
abandon the usual assumption of the field indepen-
dence of the E~ and o. and introduce new parame-
ters AE, and Ao. . ' The small increments AE, can
arise from piezoelectric strain in nonelemental
semiconductors, in which case it is linear in E,"or
from, the electrostriction of defect~s in which case
both linear and quadratic terms in E can be impor-
tant. The increment 60. results from the polariza-
tion of defects by the modulating field E.

Upon allowing cr and the EJ to depend on E, we
find that the field-induced change in that part of the
dielectric function which results from the jth critical
point is
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FIG. 1. Values of the energy E] and the linewidth I ~

from ASE (solid lines) and EER (dashed lines) data as a
function of etch depth from a representative Hg~
Cd„Te depth profile. The EER values were found by fit-
ting with the third-derivative functional form (TDFF) of
Aspnes.
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Here E+ —= E+il J, Co~ is a real constant, the sub-
script "loc" on the first integral denotes an integral
over only that region of k space close to the E~ crit-
ical point, Ei(k) is the interband transition energy
at k points in that region, o.

o is the value of o- for
E=O,

AE~ =EJ (E) E'j (E= 0)

acr'= cr'(E) —tr p2,

jy fI .= (e2E@2/gp, .) ti3

and p,j is the appropriate interband reduced mass.
Equation (1) reduces to Eq. (2.3b) of Ref. 2 in

the case AEJ = o.o= Acr = O. The terms proportion-
al to o.o, 5E&, and Aa. , a priori, should all be re-
tained. However, we have shown' that even for
extremely defectuous semiconductors the term pro-
portional to o-0 can be neglected; the only additional
terms left are those proportional to AE~ and d a. .
Following the same procedure as was used in deriv-
ing the original TDFF, one now finds from Eq. (1)
the generalized functional form (GFF)

L(E) = C~E 2[(fQ~)3L(E,7') 4ha2L(E, 2 )—45EJL(E, 2 )]-
for the EER line shape, where

L(E,n/2) =cos(8~ n4, /2) —[(E—EJ) +I'1 ] " —= L„,

(2)

with

= tan '[I' /(E —E )].
Here, CJ and OJ have a weak dependence on ener-
gy, which is easily taken into account by the intro-
duction of Seraphin coefficients. ' That energy
dependence is, however, usually ignored because
the evaluation of the Seraphin coefficients requires
an independent knowledge of the real and imag-
inary parts of the dielectric function and because

neglecting it only affects the determination of the
parameter OJ, leaving EJ and I'J essentially unaffect-
ed.

It is apparent that the GFF reduces to the con-
ventional TDFF upon setting AEJ and Ao- equal to
zero, with Ls being proportional to the TDFF. For
n = 1 and n = 3, L„ is proportional to the first and
second derivatives, respectively, of the same linear
combination of ~~ and ~2 as occur in the TDFF. It
is clear that L3 and L1, have qualitatively different
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shapes from the TDFF and from one another.
We have compared the fits given by the GFF

with those given by the TDFF. Figure 2 shows the
result of a typical fitting of the TDFF and the GFF
to a Hg~ „Cd„Te sample with a comparatively low
defect density; the TDFF fits were even worse for
more defectuous samples. Both fits were per-
formed simultaneously at E~ and at E&+6&. We
have found that the use of the TDFF with defectu-
ous materials yields the correct values for the criti-
cal energies but presents the following difficulties:
(a) The fit is accurate only over the limited range
~E —

E~~ ( I'~ and, in effect, behaves as an elab-
orate three-points method. (b) The value obtained
for the linewidth I j is much larger than the value
obtained from ASE data using the TDL. (c) It re-
quires a parametrized constant or 1inearly varying
background, which is outside the theory, the physi-
cal meaning of which is obscure, and which often is
too large to be physically reasonable.

All three of these difficulties are eliminated by
the use of the GFF. First, upon fitting the EER
spectra in the vicinity of both E~ and E~+A~, the
GFF yields an accurate fit over the entire experi-
mental energy range. Second, because for fixed I j
the new terms L~ and L2 are much broader than is
the third-derivative term, L3, the GFF gives a value
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FKJ. 2. Comparison of the results obtained by fitting
the same experimental data using (a) the TDFF and (b)
the GFF. The values obtained for the energies E~ and
E~ +A~ by the two methods are in very good agreement.
The TDFF yields 2.275 and 2.861 eV while the GFF
yields 2.265 and 2.856 eV. The values for I, yielded by
the TDFF are 100 and 60 meV, while the values yielded
by the OFF are 90 and 139 meV.

of I j in agreement with that found from ASE data.
Finally, upon zeroing of the average value of the
EER spectra over the entire experimental range,
the use of the GFF, unlike that of the TDFF, does
not require the introduction of an additional back-
ground term.

Two questions remain: (I) Does the GFF yield
correct or physically reasonable values for the
remaining parameters, namely Hj, AEj, and Ao-?
(2) Can one rule out all causes for the difficulties
encountered in using the TDFF in the study of de-
fectuous materials other than the neglect of the in-
teraction of the electric field with the defects?

Both questions can be answered affirmatively.
We consider first the values of the remaining
parameters. Upon assuming a value of 10 to 20
meV for t Qj, we find quite plausible ranges of
values for AEj and Ao-, namely AEj~1 meV and
go- ——2o-Acr ~ 100 meV . ' Moreover, the varia-
tions in the values of AEj and Acr make physical
sense. In areas of high strain, such as epilayer/
substrate interfaces, or in areas with many extended
defects (as measured by etch-pit densities), b, E,
tends to be comparatively large. On the other hand,
for the one sample we measured in which etch-pit
density was low and in which piezoelectric effects
were symmetry forbidden, "AEj was found to van-
ish. For samples with high impurity concentrations
(as measured by low-temperature mobilities), it is
Ao-2 which tends to be large. In especially defectu-
ous samples both are very large. Finally, the value
of Hj can also be accurately determined if the Sera-
phin coefficients' are introduced in the GFF.

With respect to the second question, there are
only two other approximations to consider —the
low-field approximation and the parabolic-band ap-
proximation. The first of these allows us to expand
the second complex exponential in Eq. (I) in a Tay-
lor series, retaining only the first-order terms. To
establish its validity, we have performed calcula-
tions using an expression for the line shape in
which higher-order terms in the expansion are re-
tained. Those terms were found to be very small,
the quality of the fit to our data was not improved
significantly, and the values of the parameters Ej,
I j, AEj, and 6o- were essentially unchanged.
Thus, the low-field approximation is valid even for
the case of highly defectuous materials. The validi-
ty of the parabolic-band approximation is easily es-
tablished by the use of the GFF to fit a TDL. We
find that in such a fit both AEj and Ao- become
vanishingly small, which they must, and that the
TDFF fits the TDL perfectly. Thus, because the
parabolic-band approximation is not involved in the
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TDL, this approximation cannot be responsible for
the failure of the TDL to fit EER data. Finally, be-
cause AEJ and Ao- are found to become a factor of
10 smaller in relatively defect-free samples than in
defectuous samples, it is clear that in defectuous
samples the dominant contributions to these quanti-
ties arise from defects. Polarization analysis will

shed further light on this question.
We conclude that for all noncentrosymmetric

semiconductors and for defectuous narrow-gap
semiconductors the line shape of Eq. (2) is the ap-
propriate generalization of the conventional TDFF.
It not only is phenomenologically far superior to the
TDFF, but also is more physically meaningful for at
least two reasons. First, it takes into account the
electrostriction and the polarization of the bulk and
near-surface defects by the modulating electric
field. Second, it takes into account the linear
piezoelectric effect, which is important in all non-
centrosymmetric semiconductors, both in com-
pounds such as the blendes and in all alloyed or
severely defectuous semiconductors. For example,
the theory presented here allows one for the first
time to fit the line shape of the linear piezoelectric
spectrum of GaAs, which was isolated and observed
by Rehn. " The GFF yields an excellent fit to that
line shape with no third-derivative term and with
the ratio AEt/~b, a. much larger than in Hgt
Cd„Te, as one would expect. We conclude that the
parameter AEJ contains a part linear in E which
measures the linear piezoelectric effect and a part
primarily quadratic in E which measures at least
qualitatively plasticity and long-range strains, and
that the parameter Ao. is proportional to the densi-
ty of polarizable defects and contains parts linear
and quadratic in E.

This generalization enables the EER to provide
significant new information not available from ASE
measurements. Moreover, the simplicity of the
technique and of the fitting procedure makes EER
particularly valuable for the exploration of the ef-
fects of surface treatments in semiconductors.
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