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The electric-field-induced change in the linear dielectric function for the &~ and &/+6 f
transitions of Qe, determined from low-field electroreflectance measurements, is shown
to be in quantitative agreement with the third derivative of the linear dielectric function
measured by high-resolution ellipsometry techniques. This result relates electroreflec-
tance spectra to other types of modulation spectra and provides the first direct verifica-
tion of the nonlinear optical interpretation of electroreflectance.

We report quantitative experimental verification
of the relation between low-field electroreflec-
tance (ER) spectra and the third derivative of the
linear dielectric function, predicted by a recent
theory" which identifies low-field ER as a reso-
nant third-order nonlinear optical susceptibility.
This result is obtained by comparing the field-in-
duced change in the linear dielectric function of
the E, and E,+4, transitions of Ge, as determined
from its low-field ER spectrum, with the third
derivative of the linear dielectric function, calcu-
lated from data taken on the same crystal by high-
resolution ellipsometric techniques. ' In addition
to being a stringent test of the above theory, this
result defines the relationship of ER spectra' to
those obtained by first-derivative modulation
techniques such as piezoreflectance, ' thermore-
flectance, ' and wavelength-derivative spectrosco-
py,

' and provides a simple qualitative explanation
of the fact that ER spectra are sharper and Inore
richly structured than those measured by other
modulation techniques. ' These results also show
that improved ellipsometric methods' enable the
dielectric function to be measured directly with
sufficient accuracy to allow the calculation of nu-
merically differentiated spectra whose experi-
mental uncertainties are not significantly larger
than those obtained by modulation spectroscopy.

The nonlinear optical approach to ER' relates
the complex one-electron dielectric function eo
to its complex field™induced change 4eo by the ex-

pression
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where E is the energy variable, and SQ is the
characteristic energy given in terms of the inter-
band energy E,„(k), or interband reduced mass
p., by

(jgg)3= e2(he p~g)aE (k) =ea@h2/8p (2)

where 8 is the uniform applied electric field.
Equation (1) is expected to be valid if SQ is near-
ly independent of E (critical-point transitions be-
tween nearly parabolic bands), and if h is suffi-
ciently small so that IRQ I &&I; where I'is the
phenomenological broadening parameter. How-
ever, correlation effects are not included, and
F is assumed to be energy independent. Correla-
tion effects can be incorporated to lowest order
by simply replacing Ac, and e, in Eq. (1) with
their experimentally measured equivalents 4e
and e, respectively. This can be proven either
from the results of Bees or from the explicit
equations approximating the dominant corrt;lation
effect, the electron-hole Coulomb interaction, by
a contact potential io,xi Since phenomenological
broadening is described by extending the energy
E into the complex plane as 6+iI", energy depen-
dence of I' appears after differentiation as a com-
plex prefactor 1+id'/dE, which can be removed
(made equivalent to d F/dE = 0) by explicit divi-
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sion. If we assume that correlation effects are
small and I' varies linearly with energy, it fol-
lows that Eq. (1) can be expressed approximately
as

30-
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which may be compared with experiment. Note
that Eq. (3) contains two crystal parameters: dI'/
dE, which determines the amount of line-shape
mixing of real and imaginary parts; and p [see
Eq.- (2) ], which determines the relative amplitude
of both sides. These differ from the correspond-
ing parameters, the contact interaction strength
and the momentum matrix element, which appear
when theoretical models are fitted to experimen-
tal ER data. ' This suggests that the comparison
of ER spectra with other types of optical spectra
can yield information not directly obtainable from
either spectrum alone.

To compare Eq. (3) to experiment, we have
measured 4e by ER and e by ellipsometry for the
E g and Ej + +y transitions of the same 0.18-0-cm
n-type Ge crystal. These transitions lie in a con-
venient energy range and involve nondegenerate
and nearly parabolic energy bands 2.u-x4 All mea-
surements were made at room temperature. The
ellipsometric measurements were made from
1.9 to 2.6 eV on a Syton-polished (100) surface"
2 cm in diameter, and the results are shown in
Fig. 1(a). Experimental details and a description
of the high-resolution automated scanning ellip-
someter are given elsewhere. ' Data were taken
in 5-meV increments with a wavelength resolu-

0
tion of 8 A. The primary source of noise for E
&2.05 eV arose from the 0.01' digital resolution
of analyzer and polarizer azimuth angles. This
noise could be reduced substantially by averaging
adjacent data points where necessary. The cal-
culated first, second, and third derivatives of e—in the form E 'd" /dE" (E'e) with n = 1, 2, and 3,
respectively —are shown in Figs. 1(b)-1(d), with
experimental uncertainties represented by error
bars. The first-derivative curves of Fig. 1(b)
strongly resemble line shapes obtained in piezo-
reflectance, thermoreflectance, and wavelength-
derivative spectroscopy, as expected.

The field-induced change 4e was calculated
from an ER spectrum also taken on a (100) sur-
face, and the results are shown in Fig. 1(e). A
standard surface-barrier electrolyte technique"
was used, and uniform-field conditions were ap-
proximated with depletion bias. " These spectra
correspond to an electric field strength of 38 kV/
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FIG. 1. Heal and imaginary parts of (a) e; (b) E 2

&& (d/dE)(E2e), in eV ~; (e) E (d /dE )(E e), in eV
(d) E ~(d /dE3)(E z), in eV; and (e) experimental field-
induced change b ~ from electroreflectance measure-
ments. Spectra (b)-(d) were evaluated from the experi-
mental ellipsometer data given in (a). Experimental
uncertainties are shown for (c), (d), and (e).

cm, well within the low-fieM limit for these tran-
sitions. ' If Fig. 1(e) is compared with Figs. 1(b)-
1(d), it is immediately obvious that the line shapes
Ae differ substantially from the first- and second-
derivative line shapes of Figs. 1(b) and 1(c), but
bear a striking resemblance to the third-deriva-
tive curves of Fig. 1(d). There is a one-to-one
correspondence of all spectral features in the
latter case, even extending to the small subsidi-
ary oscillations between the main structures,
which is missing completely in Fig. 1(c). We con-
clude that ER spectra are related to the third
derivative of the linear dielectric function, as
predicted by theory.

A quantitative comparison of Eq. (3) with exper-
iment was performed by determining p and dl'/
dE from a least-squares fit of a linear combina-
tion of the real and imaginary parts of Fig. 1(d)
with the imaginary part of Fig. 1(e). The line-
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FIG. 2. Best fit of the linear combination of line
shapes of Fig. 1{d) (dashed line) with the imaginary-
part line shape of Fig, 1{e) (solid line). All energy
scales were calibrated against the 5461-A line of Hg,
and no relative shift of energy scales was used in this
fit.
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shape results are shown in Fig. 2. Despite the
assumptions inherent in Eq. (3), the agreement
is excellent, being well within the experimental
uncertainty. The best least-squares fit was also
determined using an arbitrary relative shift of the
energy scales as an additional variable, but the
only difference was a 2-meV shift of the spectra
of Fig. 1(d) to lower energies, which is less than
the energy resolution and provides positive veri-
fication of the functional energy dependence of
Eq. (3). From the fitting parameters and the
known value of the (100) electric field, and its
projection angle on the (111)symmetry axes, we
calculated p, =0.076m, and dI'/dE=0. 36. The
value of p. is in good agreement with the theoreti-
cal estimate by Dresselhaus and Dresselhaus of
p, = p, = 0.049m„" which is evidence that the
basic theory is quantitatively correct. The value
of dI'/dE is larger than the value -0.08 expected
from room-temperature estimates" of the broad-
ening parameters of the E, and E,+~, transitions;
this is probably because of the high sensitivity of
this parameter to experimental uncertainties
through the asymmetry of the line shape. The
line-shape differences seen in Fig. 2 are such
that dI'/dE would be reduced for the E, transition
if an individual best fit were made.

A simple physical explanation of the third-de-
rivative behavior can be obtained by noting that,
since modulation accounts for one derivative, the
real difference between ER and other techniques
lies in the appearance of the two extra deriva-
tives. These two derivatives occur because the

electric field interacts by accelerating electrons
and holes within one band, and therefore the re-
sponse must depend directly on the effective
mass. The effective mass is given by the second
derivative of the band energy with respect to k.
In the spectral representation, this second deriv-
ative can be transformed into two derivatives
with respect to E with the resulting appearance
of the proportionality constant p,

' as seen in
Eqs. (1) and (3). This characteristic dependence
of ER upon k-space gradients of the band energy
is a direct consequence of the symmetry-break-
ing effect of the perturbation term —el x, which
destroys lattice periodicity in the field direction
and. broadens the density of states.

The above results conclusively link the electric-
field-induced change in the dielectric function to
the third derivative of the dielectric function, and
provide quantitative verification of the perturba-
tion or nonlinear optical approach to ER. '~ The
first-, second-, and third-derivative curves of
Figs. 1(b), 1(c), and 1(d) clearly define the rela-
tionship of ER spectra to first-derivative modula-
tion spectra, and show why ER spectra are sharp-
er and more richly structured than those obtained
with other techniques. Since other consequences
of the third-derivative nature include better sepa-
ration of critical points and reduced sensitivity
to background effects, this suggests that struc-
ture in ER spectra can be related more accurate-
ly to the local band-structure properties of spe-
cific critical points. " The results presented
here also demonstrate that the linear dielectric
function can be measured sufficiently accurately
to permit multiple differentiation; the resulting
spectra are suitable for direct comparison with
modulation spectra, and the appearance of new
scaling parameters indicates that additional in-
formation can be obtained by this procedure.
Comparison of ER spectra with twice-differenti-
ated first-derivative modulation spectra is also
suggested. Finally, we note the interesting pos-
sibility of generating fourth- or fifth-derivative
spectra by successive differentiation of ER spec-
tra, which may prove useful in the analysis of
finer details of critical-point structure.
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The potential produced by isoelectronic impurities is investigated and shown to be criti-
cally dependent upon screening. Two methods of calculation of the screened potential are
used in this paper, one based on a first-principles wave-function approach and the other
using the semiempirical theory of energy bands in semiconductors. The relaxation of the
host crystal is also taken into account and shown to be important. The results are in sat-
is factory agreement with experiment.

Isoelectronic impurities in semiconductors may
produce bound states in the forbidden gap, ' bind-
ing a hole (or an electron). Experimental data
are now available which suggest that an isoelec-
tronic impurity may bind a hole (electron) only
if its electronegativity is smaller (larger) than
that of the host atom it replaces. This rule, how-
ever, does not indicate which systems will ac-
tually have a bound state. It is also found experi-
mentally that only very large atoms (Te and Bi)
or very small atoms (N and 0) produce bound
states (isoelectronic traps). On the theoretical
side, the results achieved have been only qualita-

tive' and even the binding mechanism is not yet
clear. One mould like to be able to calculate for
a given semiconductor whether a particular iso-
electronic substitution will bind a hole (or an
electron).

In the present paper we make binding calcu-
lations on a model potential for isoelectronic
impurities and apply it to the case of isoelectron-
ic donors (i.e. , hole traps). The bare impurity
potential is assumed to be the difference of atom-
ic pseudopotentials' and is then screened using
a dielectric function which reflects the local elec-
tron density. The relaxation of the host lattice


