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Klectroreflectance (ER) measurements at the I 8, FY (fundamental direct) threshold are
combined with electrical measurements in a detailed investigation of the nearly intrinsic
Ge —neutral-aqueous-electrolyte interface. Capacitance and photovoltage (PV) measurements
are combined to determine the flat-band potential and the impurity concentration of the space-
charge region. These measurements show that no fast surface states are present for mod-
erate modulating voltages for which the surface remains nondegenerate, and they allow the
surface field to be calculated accurately over this range of surface potential. The instan-
taneous PV response shows that the Dember potential obeys quasiequilibrium equations for
time intervals as short as 4 @sec. ER spectra are taken concurrently with measurements
of the semiconductor surface field, yielding spectra suitable for quantitative interpretation.
The very good agreement between these electrolyte and previously measured field-effect ER
spectra indicates that the electrolyte KR spectra originate in the semiconductor, and demon-
strates the equivalence of the two measurement techniques for this interface. By direct
observation of the instantaneous reflectivity response, it is shown that surface states, gen-
erated electrochemically if intrinsic Ge is modulated beyond near-degeneracy {p~ 300 mV),
seriously influence observed KR spectra. The low-field measurements possible with the
electrolyte technique indicate that the ER spectra do not vanish identically at flat band (zero
surface potential and field) for symmetric modulation of intrinsic material, as expected, but
rather reach a minimum for slightly p-type surfaces (q, =17 mV, 8 = 260 V/cm). The am-
plitudes of the observed KR spectra exceed the predictions of the Franz-Keldysh theory by
over an order of magnitude at all fields, providing strong evidence of enhancement by the
electron-hole Coulomb attraction and substantiating previous conclusions obtained primarily
on the basis of line-shape arguments. It is shown that sufficient strength to produce the
observed low-field ER spectra can come only from the n = 1 exciton absorption lines which
lose their discrete nature at room. temperature and behave as continuous states, The quali-
tative success of the inhomogeneous perturbation theory in describing line-shape evolution
with increasing field appears to be due to the similarity of Franz-Keldysh and modulated
continuum-exciton line shapes, together with a common dependence on the characteristic
energy O'Q. A lifetime broadening of 1.8 +0.5 meV is deduced for this transition.

I. INTRODUCTION

The independent measurement of the electric
field strength and its temporal and spatial depen-
dence is essential in obtaining electroreflectance
(ER) spectra suitable for quantitative interpreta-
tion, and particularly for line-shape analysis of
symmetry and correlation effects. " It is gener-
ally recognized that transverse ER methods' and
field-effect surface-barrier techniques' have been
much more successful in obtaining quantitative ER
spectra than electrolyte surface-barrier measure-
ments, ' in spite of several advantages which the
latter method offers, such as intimate electrical
contact to the semiconductor space-charge region
(SCR) for direct capacitance measurement and

surf ace-f ield determination, absolute calibration
of ER spectra by eliminating effects of reflected
light from dielectric layers, surface preparation
by cleaning or electropolishing during measure-
ment, and elimination of strain effects arising
from contact of dissimilar solid materials at the
semiconductor interface. Electrolyte ER has
la,gged behind the other methods principally because
of electrochemistry problems, whose complexity
usually prevents its advantages from being real-
ized for many semiconductors. But even in the
case of the Ge-aqueous-electrolyte system, which
is relatively simple and well known, e electrochem-
ical polarization effects cause slow changes to oc-
cur in the interface potential with corresponding
drifts in effective operating points. These drifts
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obscure and distort ER spectra, and necessitate
continuous monitoring and adjustment of the elec-
trolyte potential in order to obtain cluantitative re-
sults.

Through the use of improved techniques, we have
been able to perform the necessary simultaneous
ER and surface-field measurements on the Ge-
aqueous-electrolyte interface. It is the purpose
of this paper to present quantitative electrolyte ER
measurements of the I's, -I'7 (fundamental direct)
transition of Ge taken at this interface in order to
demonstrate the equivalence between these and
quantitative fieM-effect measurements, ' and also
to take advantage of the desirable properties of
semiconductor-electrolyte systems to investigate
more thoroughly the EB effect itself. In particu-
lar, we present spectra whose magnitudes far ex-
ceed those predicted by the simple Franz-Keldysh
theory. ' This effect suggests enhancement of these
ER spectra by the electron-hole interaction,
substantiating previous conclusions based primari-
ly on line-shape arguments. ' ' Low-field mea-
surements yield a broadening energy of 1.8+0. 5
meV for this transition, and also indicate that the
ER spectra do not vanish at flat band for intrinsic
Ge, as expected and usually assumed, but rather
for the surface biased 17+7 mV in the P-type
(hole- accumulation) direction. Photovoltage (PV)
measurements on this interface demonstrate that
the Dember potential follows quasiequilibrium
equations for time intervals at least as short as
4 psec.

The outline of the paper is as follow: The ex-
perimental apparatus is discussed in Sec. II. Be-
cause improved techniques were needed to determine
the surface fieM to the desired accuracy, we include
their description as an electrical properties sec-
tion, Sec. III, which is independent of the ER re-
sults presented and discussed in Sec. IV. Section
GI may be omitted if the ER results are of primary
interest and if the error limits quoted in Sec. IV
are accepted at face value. Over-all conclusions
are presented in Sec. V.

II. EXPERIMENTAL

The block diagram of the apparatus is shown in
Fig. 1 and is similar to systems previously de-
scribed in the literature. ' New features provide
a means for measuring interface capacitance and
PV, and also include a potentiostat system for con-
trol of the interface potential.

The optical system consisted of a Sylvania-type
FCS tungsten-halogen light source, modulated at
30 Hz by a single-blade chopper with a duty cycle
of 0. 995. The source light was filtered by a Jar-
rell-Ash 1-m Czerny-Turner monochromator hav-
ing a measured resolution of 1.0 meV in the wave-
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FIG. l. Block diagram of the electronic and optical
components of the measuring system.

length range of interest (I. 5 to l. 7 IM). Wavelength
calibration was performed using a low-pressure
Hg arc lamp. Emerging light was directed onto the
Ge sample, separated from the quartz cell window
by about 0. 5 mm of electrolyte. Only enough de-
viation from normal incidence was used to enable
separation of the reflected from the incident beam.
The reflected beam was focused through a Corning
'7-56 IR-pass glass filter onto a 2 x 2-mm2 Kodak
Ektron PbS detector, which had a response time
of 200 p, sec. Not shown is an Electro-Nuclear
Laboratories ].-mW HeNe laser, modulated by a
phase-locked mechanical chopper with a switching
time of 4 p, sec. The laser illuminated the sample
at normal incidence for PV measurements.

The electronic block diagram is also shown in
Fig. 1. The reference frequency of 104 Hz for ER
measurements was provided by a sine-wave oscil-
lator. This supplied the reference channel of a
Princeton Applied Research model HR-8 lock-in
amplifier, which demodulated the signal propor-
tional to the intensity change 4I from the detector
output. The 30-Hz signal, proportional to the to-
tal light intensity I and containing both window and
sample contributions, was detected by a Princeton
Applied Research Model 121 lock-in amplifier.
The demodulated signals were simultaneously re-
corded on a yI-ys-t recorder. The intensity I was
calibrated at a particular wavelength by scaling
the recorded signal to the change in dc voltage ob-
served at the PbS detector output (the oscillo-
scope in the "infinte" resistance mode' ) with to-
tal chopping of the light beam. The window con-
tribution to I was obtained at the end of each series
of measurements by removing the sample and re-
cording the resultant reflected intensity over the
entire spectral range. This contribution, typically
of the order of 20-40% of the total reflected in-



tensity, was subtracted from the recorded inten-
sity before calculating &I/I= &It/R. The modula-
tion signal 4I was already calibrated, since the
square-wave calibrator output of the HR-8 lock-
in amplifier was used to provide the square-wave
modulation voltage to the reference input of the
potentiostat. Peak-to-peak values of 4I were
therefore obtained by multiplying the recorded
signal by 2. 22. Use of the calibrating waveform
also provided a convenient check of phase shifts
ln the potentlostat and/or the ER response and
none were observed (+ 2'). Resolution of hR/If
was limited to about + 2~10 by rms noise of
200 nV.

The potentiostat controDed the electx'olyte po-
tential with respect to the grounded Ge working
electrode. It consisted of a buffer operational am-
plifier and a driving operational amplifier with an
RC feedback circuit. '7 The potentiostat acted as a
high-impedance operational amplifier with variable
response time, which held the electrolyte poten-
tial, as measured by a chemically isolated stan-
dard Calomel electrode, equal to an externally sup-
plied dc-coupled reference voltage. Variable re-
syonse time was necessaxy for stability and oyti-
mum waveform. The electrolyte potential was
controlled by the output amplifier driving a plat-
inum control electrode through a 10-kA resistor
in order to provide a means of measuring sample
current and interf ace capacitance.

The interface capacitance was measured by a
high-frequency eapaeitive divider technique capa-
ble of making capacitance measurements within
1 p. sec at any yart of the modulation cycle. The
method is described in detail elsewhere. " A 200-
kHz squa. x e-wave generator connected through a
100-pF in]ection cRpRcltox' formed the source and
known capacitance branch of the divider. The ca-
pacitance was obtained from the electrolyte po-
tential response measured at a Pt high-frequency
probe with the oscilloscope. The space-charge
capacitance C, was obtained by compensating for
measured stray cRpRcltRnces Rnd the series cR-
pacitance of the Helmholtz region. Since the mea-
sured capacitance was always constant over each
half of the square-wave modulation cycle after
risetixne transients, it was generally measured
near the center of eachhalf of the modulating cycle.
The high-frequency probe was also used to monitor
the fast PV response. The spacing between the

sample and cell window was determined by observ-
ing the decRy of the cRpRcltlve divider transientp
Rnd was set as small as possible without affecting
the observed capacitance value obtained by extrap-
olating back from 1 psec on the square-wave re-
syonse. The electrolyte film thickness so deter-
mined wa, s sufficient to provide enough conductivity

to assure reasonable uniformity of field over the
sul'fRce of the Ge sample Rnd adequate volume to
allow removal of electrochemical reaction prod-
ucts by diffusion, whi1e minimizing the optical path
through the weakly absorbing electrolyte. '9

The samples themselves wexe cut from two sin-
gle crystals of Ge, one nominally intrinsic 40-Q
em n-type Geao and the other 49-0 cxn p-type Ge.
The samples were cut in the form of pyramids to
decrease sample resistance, improve the Qhmic
nature of the back contact by increasing its area,
and increase the volume of electrolyte in the vicin-
ity of the reflecting surface. Both (110) and (111)
sample orlentatlona were prepared for eomparlson
purposes. The back face was approximately 1 ~ 1
cm and the height 1 cm. Qhmie contacts were
made by sandblasting and rhodium plating the back
surface before soldering on the copper support.
After mounting, the sides and apex of the pyramids
were etched in CP-4 and the pyramid and supports
were potted in Epoxy resin. After setting, the top
of the pyramid was ground to an area roughly 2 x 3
mm and opticaQy polished, ending with 1-p dia, -
mond paste. Two samples were electropolished
with a, KQH solution containing 0, 05- p. alumina33;

a third sample was given a Sytona' polish for com-
parison purposes. All were electrochemically
etched in the electrolyte for half an hour before
making any ER measux'ements. After long periods
in solution, the (111)surface developed etch pits,
but the (110) surfaces remained flat, in accordance
with the known morphology of these surfaces. ~4

The electrolyte was a 0. 10M solution of K~SO,
in distilled water, buffered with 0.025M NaaHPQ4
and 0. 025M KHBPQ, for a PH of 6.86. 36 The solu-
tion wR8 cleRned by gettex'lng w'1th Ge crushed j8
situ. The electrolyte gave repx oducible results
and contained no impurities producing fast sur-
face states, as shown by the capacitance and PV
measurements.

IIL ELECTRICAL PROPERTIES OF 6 -AQUEOUS-ELEC-
TROLYTE INTERFACE

Since the interpretation of the ER x esults de-
pends rather critically on a knowledge of the elec-
trical properties of the interface, we discuss
these in detail in this section. Qf primary impor-
tance is the detex'mination of sample doping in the
SCR. since the surface field calculated fx om the
measux ed eapaeitance depends too strongly on this
parameter to be able to use the nominal values.
%'6 outbne a method of determining the sample
doping, demonstrate its validity by several experi-
mental cross checks, and compare measured inter-
face parameters to theory. ER results are dis-
cussed in Sec. IV.
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A. Potential Distribution and the Space-Charge Equations

The Ge-aqueous-electrolyte system has been
extensively studies and much is known about its
properties. The flat-band or zero surface-field
condition for nearly intrinsic Ge in a neutral so-
lution occurs at about 200 to 300 mV anodic bias
with respect to the standard Calomel electrode.
This places the interface near the Ge-Ge(OH)a
phase boundary, ' and the resulting anodic current
causes a continual slow dissolution of Ge from the
crystal. ' The products of the electrochemical
reactions are water soluble, so no insulating lay-
er is formed and a steady-state situation can be
maintained. The I- V characteristics illustrated
in Fig. 2 are typical of the interface, and were
obtained from three samples used in EH measure-
ments. The parameter A. in Fig. 2 indicates sam-
ple impurity concentrations, and is defined by

X = n, /n, =n, /p, . , (3.1)
where n~ and P~ are the bulk equilibrium electron
and hole concentrations, and n& is the intrinsic
carrier concentration.

A dc steady-state bias divides between the semi-
conductor SCR and a surface dipole which depends
on the bias condition, solution PH, and sample ori-
entation and doping. ' ' The flat-band position,
indicated by an arrow in Fig. 2 for each sample,
depends on surface orientation as well as sample
doping. ~4 The quiescent or open-circuit potential
of the interface is unstable and depends on the
amount of oxygen in solution. ' It is evident that
the surface dipole prevents the dc bias from being
used as a measure of the semiconductor surface
field. However, this dipole changes relatively
slowly with time, so it is possible to apply rapid
modulations (e.g. , the 104-Hz potential used in
this experiment) to vary the semiconductor poten-
tial.

The ac component of the total interface poten-
tial, caused by external electrolyte potential or
illumination changes, can be divided into several
parts of increasingorder of importance. (a.)There
exists a potential drop in the electrolyte, the Gouy
layer, or the SCR of the electrolyte, which can be
completely neglected since the solute effectively
provides a doping of 10 cm 3 compared with a
carrier concentration n =P =n, =—2. 63 && 10" cm '
for intrinsic Ge at 302'K. ' (b) There may be a
Dewald potential, "which occurs for changes in
illumination under constant-current bias. It is
not relevant here since potentiostatic control is
used and there are no constraints imposed on the
current. (c) IR drops reach the millivolt range
for currents of approximately 5 pA in our sam-
ples (100-pA/cm current density). For large
anodic bias, this causes the ac component in the
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FIG. 2. Current-voltage characteristics of the three
samples used in electrical and ER measurements. The
potential of the Ge working electrode is measured with
respect to the Calomel reference electrode. Q desig-
nates the observed range of the open-circuit interface
potential. The location of the measured flat-band posi-
tion for each crystal is indicated. The parameters X

refer to the measured doping of the crystals. A and C
refer to anodic and cathodic bias, respectively.

b+1$
0's +5 1++ (3.3)

with b = y.„/p~ (mobility ratio) (3.4a)

and n = 4n, /n, = r p, /n; (injection ratio). (3.4b)

~n, = &P, is the nonequilibrium carrier concentra-
tion at the boundary between the quasineutral re-
gion and the SCR. Calculations indicate that the
Dember potential is essentially instantaneous with
respect to times of the order of microseconds. '
The sign is such that the illuminated surface is
more positive than the bulk. (e) The principal po-
tential change appears across the SCR itself. Re-
lations between the space-charge potential p and
the charge density p, electric fields, total space
charge Q„and space-charge capacitance C, are
given by the well-known equations'7'"

p=-en;ice'-(1/X) e '- [X- (1/X)D, (3.5a)

surface potential p, to be less than the ac compo-
nent of the total interface potential. It has no ef-
fect on the capacitance measurement from which
the surface fields are determined. (d) A Dember
potential occurs under illumination" since elec-
trons are more mobile than holes. The Dember
potential will be used to measure crystal doping
and demonstrate the absence of surface states. It
is given by

Vn, b= (kT/e) [(b —1)/(b+ 1)] 1n(e,/o, ), (3.2)

where O„o,are the surface and bulk conductivities,
respectively, and
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g= —sgn(y) g» X(ee —1)+—(e ' —1)—
y~

X-—

(3.5b)

(3.5c)@s=~~s

C,=- p,/8, ,

where y = e p/kT

(3.5d)

(3.6)

and the Debye field

SD, = (2uTn, /e)'~' (3.7)
where e is the static dielectric constant. The sign
of the field corresponds to a semi-infinite solid
filling z &z, = 0. The subscript s denotes a surface
value. These equations are valid in the absence
of surface states within the range of the Fermi
level; we operate in a potential range where sur-
face states are negligible.

Under illumination, it can be shown that the SCR
in quasiequilibrium can be described exactly by
substituting for n, and X in Eq. (3.4) the effective
values

n', = n, [1+n'+ a ( X+ I/X) ]'~' (3.8a)

X+ n ~'"
(3.8b)

Co = 2en, /8 D, (3. 9)

The almost complete independence of C „onX for
)y, „)& 1, as shown in Fig. 3, suggests that the
injection ratio n can be obtained from the ratio
C „/C„,where C

„

is the minimum value of the
capacitance of an illuminated surface. By Eqs.
(3.6), (3.8a), and (3.9), the square of this ratio
gives directly

B. Determination of Sample Doping

In this section, we outline a combination of ca-
pacitance and PV measurements which will deter-
mine the sample doping, the flat-band or zero sur-
face-field position (h.,= p, = 0), and the concentra-
tion of excess carriers generated by uniform illu-
mination. The method depends on measuring the
difference between the value of y„p,„,at the
space-charge capacitance minimum, C, = C „,and
the value of y„p,p, at the zero of the fast PV re-
sponse, i. e. , the quantity (ye „—y&). Fast PV
response is the "instantaneous" (less than 5 gsec)
change in p, upon illumination of the crystal.
(I(), „depends fairly strongly on the doping, where-
as y,p is completely independent of doping. The
reduced potential y, m«at C, = Cm« is obtained from
Eq. (5). The values of X which give C=C „at
y = y, „areplotted in Fig. 3, together with the
actual value of the capacitance at its minimum,
for a range )y, ) & 2, 8. The capacitance is given
in units of the minimum value for intrinsic ma-
terial,
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FIG. 3. Relation between y, m«and X at the minimum
value of space-charge capacitance Cm«. The value
of C « in terms of the intrinsic minimum Co is also
given.
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(3. 11)

This is physically equivalent to requiring the illu-
mination level change to occur in a time interval
much shorter than the relaxation time for charge
transfer across the interface. We find

y,p= lnb, (3. 12)

i.e. , the zero of instantaneous photopotential for
small changes in the injected carrier concentration
depends only on the mobility ratio. For Ge at
302 'K, p,p= 19 mV and the zero of instantaneous
PV occurs with the surface slightly n type with
respect to flat band. It immediately follows that
the difference between the values of p, p for initial-
ly illuminated and initially dark interfaces is just
the Dember potential itself.

Interface parameters can now be determined by
the following procedure. Flat band for y, = 0 is
determined by measuring the zero of instantaneous
PV and using Eq. (3. 12). Sample doping is now
obtained by measuring &smin at C m«and using

(C',./C „)'= (C',/C, )'[I+ n'+ n(~+ I/~)]"',
(3. 10)

where the prefactor is a slowly varying function
of X by Fig. 3, and the prime refers to an illumi-
nated surface.

The zero of PV can be found by calculating that
value of y„ory,p, for which a small change in
illumination (o.' -n+ &n) results in no change in
the semiconductor voltage, y, + VD, b, under the
boundary condition of constant total space charge":
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TABLE I. Comparison of theory and experiment for the determination of space-charge parameters by the method
outlined in Sec. IHB. The theory is cross checked by comparing the line pairs (3, 4), (10, 11), and (14, 15), and by
the capacitance ratio of line 7.

Line

2
3

5
6
7
8
9

10
.11
12
13
14
15

Quantity

(expt)

V.m~n (calc)
X (calc)
X (from p)
area (expt)
C~&„(expt)
(% of theory)
C~&'„(expt)
cL (cale)
Vo~g (calc)
@~0 -y (expt)
'F80 @ Smgn (expt)
@,'„„(calc)
A,
' (calc)

X'[from Eq. (3.8b)]

(110)40 Qcm W

21 +5 mV
—2+5 mV
1.06 +0.1
1.02 + 0.1
0. 071 cm2

25. 0 nF/em
118%
37.7 nF/em'
l. 12
6.5 mV
3+1 mV
21 +5 mV
—2+5 mV
1.06 +0. 1
1, 03

Crystal
(110)49 n em a
—5+5mV
24 +5 mV
0.5 +0.1
0.7+0.3
0, 069 cm2

29.2 nF/em'
136%
43. 0 np/em'
1,16
6. 9 mV
8 +1mV
10+5 mV
9+5mV
0, 77+0.1
0, 725

(ill)49 Acme
—1+4 mV
20+5 mV
0, 58+ 0. 1
0, 7+0.3
0.110 cm
28. 6 np/cm
133%
35, 0 nF/em
0.35
2. 8 mV
4. 5 +1 mV
6+5 mV
13 +5 mV
0.69 + 0, 1
0.67

Fig. 3 to determine X. After A. hasbeen determined,
the level of injection e follows from Eq. (3.10).

There are several other mays of obtaining the
doping and flat-band bias which involve the use of
PV, capacitance, or surface conductivity measure-
ments, or combinations of the three. Surface con-
ductivity is difficult to measure at an electrolyte
interface. The doping can be obtained in principle
by measuring the saturation values of the PV for
large cathodic and anodic bias, 7 but this method
requires invarianee of Q, which is usually not re-
alized over millisecond periods. For these and
other reasons, more accurate values of space-
charge parameters can be obtained from the pro-
cedure outlined here.

C. Resu1ts and Discussion

Table I summarizes the results of the aboveyro-
cedure when applied to the samples used for ER
measurements. The results are reproducible to
mithin the given error limits, Primed quantities
refer to an illuminated interface. Line 1 is used
to calculate p, „,which is given in line 2, by us-
ing y,o= 19 mV from Eq. (3.12). X given in line 3
follows immediately from Fig. 3. This value
should be compared with that calculated from the
nominal resistivity of the P-type samples and given
in line 4. o The experimental values of C „per
unit area, shown in line 6 and expressed as a per-
centage of their theoretical values in line 7, pro-
vide another comparison of theory and experiment.
The experimental values of C „given in line 8, to-
gether with line 6 and Eq. (3.12), enable o. to be
calculated as shown in line 9. Given n and A. , the
Dember potential is calculated from Eq. (3.2) and

shown in line 10. It can be compared with the dif-
ference between the experimental values of y,o

starting from illuminated and dark steady-state
conditions, respectively, given in line 11. Final-
ly, X may be determined directly from p', 0 and

p,' &, by the same procedure if m& and X', defined
by Eqs. (3.3), are used in place of s, and X, since
the theory is invariant with respect to this substi-
tution. Starting mith line 12 and using p,o= 19 mV,

„

is calculated in line 13, from which X follows
in line 14 by Fig. 3. A final comparison of theory
and exyeriment is possible by calculating X from
Eq. (3.Bb) using lines 3 and 9. The results of this
calculation are given in line 15.

Table I gives four cross checks which support
the theory and show in addition that surface states
are absent, and that the quasiequilibrium equations
apply to both y, and the Dember potential. These
checks occur for the values of A, given in lines 3
and 4, the capacitance percentage of line 7, the
Dember potentials of lines 10 and 11, and the ef-
fective dopings under illumination given by lines
14 and 15. The agreement between all values of
X and X' for the intrinsic crystal is excellent. The
value of A. obtained by capacitance and PV mea-
surements agrees with that obtained from the nom-
inal resistivity for the p-type material, but the
uncertainty is considerably less. The agreement
between the Dember potentials of lines 10 and 11
specifically indicates a lack of surface states, for
surface states would strongly affect the SCR con-
tribution to the total PV but would leave the Dember
contribution essentially unchanged, and the mea-
sured and calculated Dember voltages would differ
(additional evidence of the absence of surface states
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FIG. 4. Comparison of the theoretical and measured
space-charge capacitance C, for each crystal. The ex-
perimental points were taken during a series of EH mea-
surements. The arrows show the reference potential for
the modulating voltage. For clarity, the A, = 0.58 theo-.
retical curve has been omitted and the corresponding
experimental points have been shifted 5 mV to coincide
with the X= 0.50 theoretical curve.

is found in the measured capacitance-voltage char-
acteristics~' shown later). The excellent agree-
ment between the boo experimentally determined
values of X given in rows 3 and 4 for the intrinsic
sample can only occur if in addition the Dember
potential can be described as a quasiequilibrium
process with respect to the 4-JLI, sec risetime of the
light pulse. If this assumption were incorrect, the
value of X in rom 3 mould be 0. 6 larger due to the
19-mV shift in y, . The measured minimum ca-
pacitance is expected to be of the order of 25%
larger than the theoretical value, as shown in row

V, principally because of surface roughness4~ and

edge effects. The excellent agreement between
the values of A. in lines 14 and 15 provides further
substantiation of the theory and results.

Two points should be mentioned. First, the ca-
pacitance and PV measurements are necessarily
averages over the entire surface and therefore de-
termine average parameters. Uniformity must be
demonstrated in order to show that average and
local values are equal. To do this, me have mea-
sured the PV response to a highly focused beam
scanned over the surface, and have found the local
zero PV response always occurs within 2 mV of
the average value y,o. Some deviation occurred at
the extreme edges at the Ge-Epoxy bond, but these
edge effects are negligible when averaged over the
entire surface. Since y,o is a fixed potential, the
flat-band conditions deviated less than 2 mV across
the entire surface of each crystal studied. Second,
all potential differences have been measured with

a 104-Hz square wave. This is essential, for sur-
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FIG. 5. Theoretical relation between surface field

g~ and surface potential fI() ~ for the crystals used in the
experiment.

face dipole relaxation in dc measurements leads to
(observed) increases of about a factor of 2 in all
potential differences in Table I for a {110jsurface
(less for the more stable {111)surfaces), even if
the measurements are taken within 10 sec of each
other. This leads to the failure of all cross checks
discussed in connection with Table I.

A comparison of tPe measured capacitance with
its theoretical variation is shown in Fig. 4. These
data were taken simultaneously with measurements
of EB spectra to be given later. The experimental
points are plotted versus the applied modulating
square-wave voltage V„which is referenced to
zero at the values of y, for which the ER signal
reached a minimum for each sample (and indicated
by arrows in Fig. 4). Theory and data for the X

= 0. 58 crystal are shifted 5 mV to simplify display.
The excellent agreement for I p, )&100 mV illus-
trates that fast surface states have negligible ef-
fect, "and that no overvoltage is appearing across
the Helmholtz region ' in this potential range.
Deviation occurs for large cathodic bias because
of voltage drops across tQe Helmholtz region, and
for large anodic bias because of resistive losses
in the sample (see Fig. 2). The capacitance, how-
ever, remains a, true measure of p, .~9'30

The surface field can now be obtained accurately
from the measured capacitance and the values of
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A. given in Table I. The surface field 8, as a func-
tion of p, is given in Fig. 5, where y, is deter-
mined from C, by Fig. 4. 8, is most accurately
determined for )p, ( &100 mV, where the+5 and
+2 mV uncertainties in p, arising from uncertain-
ties in determining A. and C„respectively, lead to
an error of +100 V/crn or 10%%uq in h„whichever, is
greater F. or large bias () p, I & 150 mV}, accura-
cy was reduced because the relaxation time for
charge transfer across the interface became com-
parable to the relaxation time of the capacitance-
measuring voltage pulse. For large cathodic bias
(y, & 300 mV, surface strongly n type), surface-
state formation was observed, appearing as an
increase in C „ofat least a factor of 2. ' These
states could be removed by anodic etching. No ER
spectra were taken when the surface was influenced
by these states. Finally, minor changes of the
order of 10'%%uc in the value of C „would occur over
a series of ER measurements and were completely
explained by the temperature dependence of n, . '
C „wasalways measured between ER spectra in
order to provide proper normalization for measured
values of C, and therefore eliminate errors in
obtaining y, from Fig. 4.

IV. ER RESPONSE OF Ge-AQUEOUS-ELECTROLYTE
INTERFACE

A. Origin of Electrolyte ER Spectra

Reflectivity modulation of semiconductor- elec-
trolyte interfaces can beproduced or otherwise in-
fluenced by chemical reactions as well as changes
in the semiconductor SCR. Before discussing the
ER spectra in detail, we show that they are not
modified by chemical effects over the range of mod-
ulating potentials used here. This is done (a) by
demonstrating that the electrolyte ER spectra are
in very good agreement with those obtained by
field-effect measurements, 7 and (b) by using suf-
ficiently large modulating potentials so that chem-
ical effects may be seen explicitly.

A typical example of the agreement generally
found between quantitative field effect7 and the elec-
trolyte ER spectra to be presented here is shown
in Fig. 6. Several electrolyte ER spectra taken
on three different samples are shown together with
one field-effect spectrum in order to illustrate in
addition the general reproducibility of our results,
and their independence on sample preparation and
orientation. The results shown in Fig. 6 provide
evidence that these spectra originate from changes
in the semiconductor rather than from chemical
reactions, in that the electrolyte spectra agree
very we11 not only with the field-effect measure-
ments but also with each other for different sur-
face orientations. We emphasize that the electro-
lyte ER results of Fig. 6 are quantitative; the ex-
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FIG. 6. ERspectra for the three samples of Table I
taken at 300-mV modulation with cathodic bias (flat-band
to n-type modulation). Also shown is a normalized
curve taken from the field-effect results of Ref. 7.

perimental electrolyte spectra have not been scaled
(the dry sandwich spectrum was multiplied by l. 51
to bring the main negative peak into coincidence
with the electrolyte results; it appears smaller
in the original spectrum due to reflection from the
Mylar film and Sn0~ contact of the field-effectsand-
wich). The 10% reproducibility is typical of these
electrolyte spectra, and the 10'%%uo limitation exceeds
any dependence of the spectra upon sample orien-
tation and preparation, following an anodic etch of
1 mA/cm for a few minutes after initial prepara
tion. The smaller values quoted for the surface
field 8, of the electrolyte spectra are due partly
to systematic errors in the capacitance measure-
ment for large fields (& 15 kV/cm} and are dis-
cussed in Sec. III.

Further evidence of the semiconductor origin of
electrolyte ER spectra at low modulation potentials
can be obtained by comparing the instantaneous re-
flectivity change &R(t)/R to the modulating potential
V,(t) [not the SCR surface potential y, (t)] for mod-
erate and excessivly large modulation. At exces-
sive modulation levels, effects due to the electro-
chemistry of the interface can be seen explicitly.
Figure 7 illustrates this comparison in both cases.
Figures 7(b) and 7(d) represent &R(t) R/measured
at the ER peak at kur = 799.2 meV, using a Prince-
ton Applied Research Model TDH-9 waveform educ-
tor Figure. s 7(a} and 7(c) show the time variation
of the electrolyte or modu1ating potential which
produce the spectra below. Figures 7(a) and 7(b)
represent a moderate square-wave modulation of
190 mV (flat band to hole accumulation). The ER
response of Fig. 7(b) follows the modulating volt-
age to at least the detector response time of 200
p, sec, consistent with the known SCR response time
of less than 1 p.sec as observed in capacitance"'"
and electroabsorption ' measurements. The droop
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FIG. 7. Real-time ER response of the interface for
p-type (left) and excessive n-type (right) modulations.
The upper curves show the electrolyte potentials for the
ER responses below. All measurements were taken at
l~ = 799.2 meV, from flat band to the bias shown. The
horizontal time scales are 1 msec/(large division)
(104-Hz modulation frequency). The vertical scales
are upper left: 50 mV/(large division); lower left:
10 pV/(large division); upper right: 200 mV/(large di-
vision); lower right: 25 pV/(large division). The dc
light intensity for these measurements (including window
contribution) was 34 mV.

in the flat portions of t R(t)/R is due entirely to
low-frequency rolloff in the preamplifier.

Chemical effects due to excessive modulating
voltages can be seen explicitly in Fig. 7(d), which
gives the instantaneous response &R(t)/R for 400-
mV square-wave modulation of Fig. 7(c) (flat band
to electron accumulation). Figures 7(b) and 7(d)
exhibit the typical inversion which occurs in ER
spectra as the surface polarity is reversed. "'44

The excessive modulating voltage electrochemical-
ly generates surface states, causing the severe
distortion of the electrolyte voltage in Fig. 7(c) at
the end of the positive (electron accumulation) half
of the modulation cycle. These states prevent 8,
from returning to zero until they are etched away
by the negative voltage overshoot. Figure 7(d)
shows that nR(t)/R does not return to its reference
value for 600 psec, or until surface-state removal
is completed. Surface-state generation is also in-
dicated directly by large increases in the minimum
value of the space-charge capacitance at these mod-
ulation levels. %e note that even if the chemical
reactions occurring at excessive modulating
voltages do not change the ref lectivity directly as,
for example, by synchronously generating a highly
absorbing film, it is evident that Ge-electrolyte
ER spectra can be used for quantitative interpreta-

tion only as long as the modulating voltage does
not drive the surface to degeneracy in intrinsic
ma, terial. The much larger modulation voltages
used in all previously reported electrolyte ER ex-
periments have almost certainly influenced the re-
sulting ER spectra through these effects.
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FIG. 8. Peak-to-peak ER response for fixed mod-
ulation amplitude and varying dc bias for each crystal
of Table I. These measurements define the zero
ER response. Data points representing the different
modulation levels are scaled as indicated in the upper
left corner. y~ is the average space-charge region
potential for each modulating signal. "—' n" means that
the values have been divided by n before plotting.

B. Reference Reflectivity

Of fundamental importance in the measurement
of &R/R, particularly at low modulation levels, is
the determination of that value of surface potential
p, = p„for which R= Ro, i.e. , the ref lectivity is
that of the unperturbed surface. Then by definition

&R/R = (R —Ro)/Ro

All uniform field theories "predict an even de-
pendence of AR/R on 8,. Therefore, p, can be
determined in principle by measuring the average
or dc value of p„P„atwhich &R/R vanishes for
any symmetric modulating waveform. It is usually
assumed that the value p, = y,o so determined is
zero (flat band). Although this is not strictly true
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in an extrinsic semiconductor due to different ac-
cumulation and depletion field profiles, it should
be identically true in an intrinsic crystal. Sur-
prisingly, we have found that &R/R does not van-
ish identically for intrinsic Ge at any value of p„
and that the minimum value of 4R/R does not even
occur at flat band, but for y, =(- 17+7) mV, cor-
responding to a slightly p-type surface with a sur-
face-field strength of about h, ~~260+ 100 V/cm.

Measurements which lead to this conclusion are
presented in Fig. 8. Because hR/R does not van-
ish, we define "vanishing" as the extrapolation to
zero of the peak-to-peak value of &R/R for fixed
modulation voltage amplitude and variable dc bias,
with the sign of 4R/R being that of the average sur-
face potential y,. The data in Fig. 8 are identified
by the amplitude of the square-wave modulation,
and are all normalized to 20-mV modulation by
linear scaling as shown in the upper corner. hR/R
vanishes at p, =- 3 mV, —17 mV, and —15 mV in
the (110)X= 0. 50, the nearly intrinsic (110)A =1.06,
and the (111)X = 0. 58 crystals, respectively. These
values are observed to be independent of the mod-
ulating voltage amplitude V„atleast to 120 mV,
and are reproducible to within 2 mV from day to
day.

Since this in some sense defines a minimum or
extremum value of R, we define Ao and p,o to cor-
respond to the value of P, at which n R/R vanishes
for symmetric modulation, even though the crystal
is not quite in the zero-field or flat-band condition.
These are the potentials indicated by arrows in
Fig. 4. This choice does not noticeably affect
spectral line shapes, since the high-field half of
the modulation cycle completely dominates for mod-
ulation levels in excess of 100 mV, and the line
shapes are nearly independent of field below this
level as will be shown. Since 8, is nonzero at
Ro, the reference ref lectivity, surface-field values
quoted for specific spectra mill be differences mea-
sured with respect to this value. The success of
the linear scaling procedure in Fig. 8 indicates
that ER spectra for low modulation levels are bi-
linear in (p, —p,o) and 4V, where 4V is the am-
plitude of the modulation. From Fig. 8,
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spectra implies that the linear term is connected
with the main structure of the KR/R signal. Low-
level field-effect ER measurements should indicate
whether this is an effect in the crystal or an arti-
fact associated with the electrolyte techniques. A
possible explanation may lie in the field inhomoge-
neity acting on the exciton envelope, in view of the
large difference between electron and hole effec-
tive masses. The observed bilinearity of hR/R
predicts that the line shape of 4R/R obtained by
lock-in detection is independent of the line shape
of the modulating potential for all waveforms to
the extent that the entire spectrum scales as the
peak-to-peak value, since the bilinear form does
not mix harmonics in the modulating voltage,

C. ER Spectra and Discussion

A complete set of ER spectra for the nearly in-
trinsic crystal is shown in Figs. 9 and 10. The
data are divided into a low-field region given in
Fig. 9 and distinguished by virtually no dependence
of the spectral line shape on S„anda high-field

~R/R ~, ,=(0.48+0. 10)nV(p, —9.,) V-' . (4. 2) 0 j ) I

20mV
I I ~ - —~ I I t

This form shows that the nonzero value of y,o can
be interpreted phenomenologically in terms of a
weak second ER mechanism roughly linear in p, .
The origin of this linear effect is obscure; the two
obvious linear effects, free-carrier absorption and
electrochemically generated films, are estimated
to produce n, R/R signals of the order of 10 9 and
10", both much too small to be observed. In ad-
dition, they should have a broad spectral response
whereas the lack of zero offset in the experimental
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FIG. 9. Evolution of the ZH, spectra of the nearly in-
trinsic sample through the low-field range, character-
ized by invariance of line shape to modulating field. The
magnitudes of the modulating voltages are shown on the
right for each pair of curves; the corresponding values
of the difference between maximum and zero-ER surface
fields for each curve are shown on the left.
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whereas the cathodic bias response overshoots at
the high-energy end. This is further evidence of
a small component in the ER spectra which has a
diff erent functional dependence on potential than
the dominant part. The spectrum corresponding
to the larger surface field of any pair is always
larger except at the lowest modulation, where the
experimental errors were of the order of the un-
certainties in 4R/R and h,.

In principle, the line shapes of Figs. 9 and 10
could be calculated from the general theory which
combines Coulomb and uniform electric field ef-
fects, o "but this theory has not been developed
in a form readily suited for lifetime broadening
and direct experimental comparison. Approximate
limiting forms are adequate for our interpretation,
and in some cases provide better insight into the
physical processes involved. The relation between
the local field-induced change in the dielectric
function hz(z) and the observed spectra 4R/R for
nonuniform fields is given by

FIG. 10. Evolution of the EB spectra for the sample
of Fig. 9 through the high-field region. The amplitude
of the square-wave modulation voltage is shown on the
right and the corresponding surface-field difference on
the left.

AR/R —0.0109((&zg)+0.04 (b&g)), (4. 3)

where '4'

(Az) = (4z,)+ i (4z,)

region given in Fig. 10, where the spectra broaden
and undergo considerable change with increasing
field. The square-wave modulating voltages appear
on the right. The values of g, on the left are cal-
culated from the space-charge capacitance as dis-
cussed in Sec. III. Only spectra taken on the X

= l. 06 (110) Ge sample are shown, since all samples
gave similar results. Figure 10 shows datataken
to the maximum modulation levels attainable with

this interface. Anodic modulation (P-type surface)
was current limited; resistivity drops in the crys-
tal and electrolyte at the 140- and 180-mV mod-
ulation levels are apparent because both 8, and

the amplitude of bR/R are lower for anodic than

cathodic bias for these modulations. Cathodic mod-
ulation was limited by the formation of surface
states. The capacitance data plotted in Fig. 4

were obtained concurrently with these measure-
ments.

The curves of Fig. 9 present data taken at lower
modulation levels than previously reported. The
fairly simple spectral line shape remains invari-
ant, scaling quadratically with modulating voltage
as described phenomenologically by Eq. (4. 2) (note
that the dc bias must vary half as fast as the mod-
ulation amplitude). Certain systematic differences
between cathodic and anodic polarizations are ap-
parent at the ends of the spectra, in that the anodic
bias response overshoots at the low-energy end,

and (cK/|d )z = z

(4. 4)

The coefficients'~ in Eq. (4. 3) were evaluated for
a Ge-aqueous-electrolyte interface at z = z, (no,

4. 1y +6~=- 3500 cm ' a
= 1.33). Since the propagation vector K is nearly
real, AR/R is approximately proportional to

hz, (z,) in the uniform field limit.
We consider first the spectra in the low-field

limit given by Fig, 9, where the line shapes are
determined by the combination of broadening in-
herent in the sample together with the measured
1.0-meV resolution of the monochromator. The
smalldependence of 8 on zinintrinsic Geincreases
the coefficient of (4ea) from 0.04 to 0. 13 in Eq.
(4. 3). This is small enough to be safely neglected;
we will discuss Fig. 9 in the uniform field approxi-
mation and use only the first term in Eq. (4. 3).
Three physical mechanisms which could lead to
these line shapes will be investigated: n = 1 exciton
line broadening, continuum exciton broadening, and
the Franz-Keldysh effect.

The spectra of Fig. 9 can in principle arise from
a shift or broadening of the n = 1 exciton absorption
line; the shift mechanism was used by I ange and
Gutsche to describe electroabsorption in Cd8. 4~

The dielectric function for this line is given by the
expression'
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~(~)=-~—Q 8m 1
(a2 xo~(o -((u —(o,„)+iF (4. 5)

where ro= ' a~= 25. 6 nm, heavy hole
=43.3 nm, light hole

E»=1.04 meV, light ho1.ep.

=1.73 meV, heavy hole

q /(u'=(4v'e' )e P I'/m'(o'8) 2/(2v)'

=-3.1x10 ' m'sec ' atRo=0. 800 eV

rp is the exciton radius, Ro,
„

is the binding energy,
5,

„

is the momentum matrix element, SF is the
broadening energy, and Ro, is the critical-point
threshold. rp and Rr,„werecalculated from the
values Kp=16 for the dielectric constant, and
0. 0195m, and 0. 0325m, for the room-temperature
light- and heavy-hole reduced masses, respective-
ly. ~' The quantity Qo/&o~ was evaluated at Ro = 800
meV using the value le 0,„(= 0. 375/as calculated
from the limit of continuum absorption (n = 3500
cm ') observed at room temperature4~(k P theory'~
and the integrated absorption under the n = 1 absorp-
tion line for the strain-split heavy-hole exciton in
Vrehen's data,"yield 0. 395/as and 0. 361/as, re-
spectively, for the momentum matrix element, in
good agreement with the absorption measurements).

The respective line shapes arising from field-
induced changes in either ~,„orI" are readily cal-
culated from Eq. (4. 4), and only the line shape
for field-dependent broadening agrees with the
spectra of Fig. 9. Thus, field-induced broaden-
ing should dominate any field-induced shift in 5&,„.
This is in agreement with the predictions of the
general theory, ' " and consistent with results
discussed later. Since the quantitative variation
of A I',„on8 is not available in a form suited for
computation, we will estimate only the maximum
possible contribution from the n = 1 exciton absorp-
tion line, which is just equal to the contribution
to R from the line itself. It is easily shown from
Eqs. (4. 3) and (4. 5) that the peak-to-peak ampli-
tude of the line in R is R,„=l. 8 x 10, including
both light- and heavy-hole excitons. '4 This num-
ber was calculated using SF=2.2 meV, obtained
by noting (a) the observed peak separation on the
energy axis is 2. 5 s 0. 3 meV and (b) for low fields,
we should observe not e„butrather Be,/BF, which
has similar form but whose peaks are separated
by an energy 2h F/v 3.4' Correcting for the 1.0-
meV monochromator resolution would lead to an
actual broadening of 1.3+ 0. 3 meV on the basis
of this mechanism.

It is evident that the n = 1 exciton structure pos-
sesses sufficient strength to cause the observed
low-field structure. Yet further considerations

indicate that the model is oversimplified —it is
expected that the contributions from the light- and
heavy-hole excitons should saturate for fields of
the order of their respective ionizing fields,
& $&rp= ko,» or 240 V cm ' and 675 V cm '. This
saturation has been observed explicitly at 77 K by
Vrehen in electroabsorption on a sample with
strain-split excitons. 5 However, Fig. 9 shows
no such saturation tendency at these field levels.
Second, absorption measurements4~~ 48 show that
the n = 1 exciton line is mixed into continuum states
at room temperature where AF is of the order of
the binding energy. This suggests that the con-
tinuum contribution must also be considered as a
source of these spectra.

Modulation of the continuum absorption, which
includes the Coulomb interaction, is a second pos-
sible mechanism. The dielectric function of the
zero-field continuum exciton is described by"

~,(~)=(Qo/~') (2g/@) (4v'/~, )

x{I—exp[- 2v (8/2 pro(&o —, ~g ) ]'~'f '

(4. 6)

The expression is approximated to within 30% for
h l~ —~~ )&10 meV, the range of interest in Fig.
9, by neglecting the exponential term. In this
limit, and in the limit of la,rge broadening, it can
be shown that the convolution integral describing
electric field effects on e~ reduces to the simple
asymptotic expression"

d h((o, F, 8)--— a, —x—2 Q 2p 4m 0'

where hQ=(e b 8/8p, )'~' (4. 8)

Rees" has shown that the convolution integral for-
malism has approximate validity in the continuum,
and this is substantiated by the observed field de-
pendence of subsidiary oscillations in both elec-
troabsorption' (EA) and low-temperature ER"data.
Equation (4. 7) is applicable so long as the char-
acteristic energy h is less than SF, or 8,
& 1000V/cm. Below this value, the theoretical
curve simply scales quadratically in field, as is
observed in Fig. 9, The line shape «, given by
Eq. (4. 7) is virtually identical to those in Fig. 9
but the calculated magnitude is too small by a fac-
tor of 5. For instance, using previously deter-
mined values and a field strength of 1000V/cm,
SQ is 1.70 and 1.43 meV for light and heavy holes,
respectively. The energy separation between the
main peaks of &e, from Eq. (4. 7) is 0. 8308 F, giv-
ing SF= 3.0 meV, which yields a total contribution
to &R/R of 1.6 x 10 ' compared to the observed
value of 7 ~ 10 4 at this field, and the maximum
possible contribution estimated to be 18 && 10
from the n = 1 exciton lines.
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The third possible mechanism is the Franz-
Keldysh effect, which mould occur if the Coulomb
interaction mere absent. The exact broadened
expressions

~h(~ r h)=(q /~')(2t /a)"'e"'
x(2p[e"'Ai(g) Ai(sv) + mAi (z) Ai(n) )]+qz],

(4.9)

where z =(re~ —v —ir)/8, w = ze "~~;

8'=4@'

has the limiting form56

Ae((o, r, h) -—'" 22t
—" ns((u —(o, +rf) '~~, (4. 10)
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whose real part 4c, again has a line shape similar
to those in Fig. 9. But using the fact that the en-
ergy separation of the main peaks is 1.026A I", we
find the total contribution to hR/R from both light-
and heavy-hole bands to be 0. 16 x 10, compared
with 1.6 x 10 4 for the Coulomb continuum, 7 x 10~
observed experimentally, and an upper limit of
18 x 10 available from the n= 1 exciton lines,

The above figures show that completely neglect-
ing the Coulomb interaction leads to a theoretical
EB spectrum which is small by a factor of 45.
This clearly indicates that the Coulomb inter action
must be included in the theoretical description of
the low-field structure and substantiates previous
conclusions based primarily on line-shape argu-
ments '~'4 Second, the continuum contribution,
even in the presence of the Coulomb interaction,
is too small by a factor of 5 to account for the ob-
served spectra. This suggests that the major
contribution to the ER spectra must come from the
e = 1 exciton lines, but the observed lack of sat-
uration indicates that these lines have become
mixed with the continuum at room temperature,
completely losing their discrete identity.

%e now examine the high-field data, given in Fig.
10, which show the evolution of the spectral line
shape for increasing modulation levels. These
spectra are in very good agreement with the field-
effect data given in Fig. 6 of Ref. 7. The main
features of the spectra, the saturation of the main
negative peak with increasing field and the increase
and decrease in the lower-energy (red) and higher-
energy (blue) positive peaks, respectively, are
qualitatively accounted for by the theory of inhomo-
geneous perturbations as discussed more fully in
Hefs. 7 and 45. Rather than repeat the detailed
comparison of peak-height and peak-energy sepa-
ration versus field for each of the three main peaks
in the line shape of Fig. 10, as done in Figs. 11
and 12 of Ref. '7, we mention that these results
are substantially unchanged except that the lower

8, , Y/(:m

FIG. 11. Variation of the peak-to-peak value of ~/8
for the results of Figs. 9 and 10. The theoretical curves .

are scaled by adjusting the value of the momentum ma.-
trix element as described in the text. Above the cross-
over field of 16 kVjcm, the peak-to-peak value of AR /B
is determined by the louver-energy positive peak.

measured field for the electrolyte curves improves
agreement in the energy position (Fig, 12 of Ref.
'7) and reduces the agreement in the relative peak
height (Fig. 11 of Ref. 7). The crossover field,
defined as that value of 8, where the red and blue
positive peaks have equal magnitude, occurs at
16 kV/cm in the electrolyte and 30 kV/cm in the
dry sandwich results. The inhomogeneous per-
turbation theory based on the one-electron approx-
imation predicts 16 kV/cm for 5 I'= 2. I meV, in
reasonable agreement.

As a means of coDlpallng magnitudes~ we plot
t:he peak-to-peak value of EIt/B as a function of
field against the inhomogeneous perturbation the-
ory in Fig. 11. The experimental data are taken
from Fig. 9 and 10. For fields less than 16 kV/
cm, this difference is taken between the main neg-
ative and the blue positive peak. For higher fields,
the red positive peak is used. Above 10 kV/cm,
both experimental values are given, illustrating
the crossover. The theoretical curves are calcu-
lated from the Franz-Keldysh theory given by Eq.
(4.9) for both Sr=0 and hI'=2. 7 meV, where the
spatial dependence of the field is taken to be that
of intrinsic Ge. For comparison, one curve for
SI'= 2. 7 meV was calculated in the uniform field
approximation. AQ theoretical curves include
both lighi;- and heavy-hole contributions, and aQ
have the same relative normalization which is
given by a momentum matrix element )e P,„)
= 1.36g/as.
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The low-field square-law behavior clearly
requires broadening to be included in the theory.
In order to obtain the experimentally observed
peak saturation and crossover, the broadening
must be supplemented by the spatial broadening of
the inhomogeneous perturbation, as is evident in
Fig. 11. If both lifetime and inhomogeneous per-
turbation broadening are included in the theory,
the high-field experimental data are apparently
quite well described in the Franz-Keldysh approxi-
mation. Transverse ER measurements on semi-
insulating GaAs also show qualitative agreement
with this theory, without inhomogeneous broaden-
ing. '9

Yet as with the low-field data, the Franz-Kel-
dysh theory fails to account for the observed mag-
nitude of 4R/R. One comparison can be made
between the saturation value of the main negative
peak in Fig. 10 and that predicted by theory. Since
both theory and experiment yield a saturation, it
is expected that these numbers can be reliably com-
pared regardless of uncertainties in the actual
value af 8,. The experimental saturation value of
4R/R = —(3.6+0. 3}x 10 ~ is obtained either from
Fig. 10 or Fig. 6. For the momentum matrix
element [e P,„[=0.375/a~ theory predicts a sat-
uration value r R/R= —0. 24 x 10~, 15 times small-
er. This is confirmed by Fig. 11; the matrix
element of 1.36K/as required for proper normal-
ization multiplies the theoretical curves by a fac-
tor of (1.36/0. 37)~= 13.5. This appears to be in
agreement with recent measurements of Handler,
Jasperson, and Koeppen, who observed the sub-
sidiary oscillations predicted by the Franz-Kel-
dysh theory at higher fields for this threshold, and

who find them to be much smaller than the main
structure would suggest. As with the low-field
data, it appears necessary to include Coulomb
interaction enhancement to describe the high-field
data in the vicinity of the critical point, again in
qualitative agreement with exact theories.
The observed spreading of the line shape with in-
creasing field provides additional evidence that
the n = 1 exciton lines have effectively replaced
their discrete nature with continuum behavior,
otherwise a fixed-width remnant of the relatively
strong totally ionized discrete lines should be ob-
servable in the high-field spectra.

From Figs. 9-11 and the associated discussion,
we draw the following conclusions. (1) The Cou-
lomb interaction strongly influences ER at the
fundamental direct edge in Ge. This follows from
calculations which show that quantitative experi-
mental ER spectra are more than an order of mag-
nitude too large at all fields to arise from a sim-
ple Franz-Keldysh effect, but are consistent with
magnitudes calculated from simple models which

include the Coulomb interaction. This is in
agreement with previous conclusions based on
line-shape arguments. ~~'4 (2}Inhomogeneous per-
turbation effects determine the line shape at high
fields in intrinsic Ge. No other mechanism can
account for the observed crossover in amplitude
of low- and high-energy positive peaks seen in
Fig. 10. It appears that the good agreement be-
tween the broadened Franz-Keldysh based theoret-
ical curve and experiment in Fig. 11 is due mainly
to the similarity in line shapes between broadened
Franz-Keldysh and exact theories, and the fact
that both utilize the same characteristic energy
80 at high fields. (3) Only the n = 1 exciton lines
possess sufficient oscillator strength to account
for the observed magnitudes of the low-field spec-
tra, but the spreading and growth of these spectra
with increasing field is indicative of a continuum
origin. Therefore, at room temperature, the
n = 1 exciton states appear to act as continuum
states. This is consistent with the observed life-
time broadening and exciton binding energies for
this transition. (4) The broadening energy for
this transition lies somewhere between 1.3 meV
(n = 1 exciton line prediction) and 2. 0 meV (con-
tinuum exciton prediction). Most likely, the
higher value is correct; we take the broadening
as Sl =1.8+0. 5 meV, in good agreement with
the value of 3 meV obtained by Handler et al.
which was not corrected for monochromator res-
olution.

Finally, it is of interest to compare our results
with those of Hamakawa et al. , who also quoted
surface fields for specific ER spectra. The com-
parison cannot be made directly, since they used
dc interface control and sine-wave modulation of
amplitude up to 1.4 V, both of which cause other
effects which influence nR/R. Nevertheless, their
comparative field technique enables their ER spec-
tra to be used as a bridge to their previously mea-
sured electroabsorption data, ' where the fields
were well determined by capacitance measurements
on thin reverse-biased diodes or on thin intrinsic
Ge samples with evaporated Au contacts. The im-
portant feature is the appearance of a crossover
in the heights of the low- and high-energy positive
peaks in the K-K transform of the EA spectra, in-
dicating that inhomogeneous perturbations are also
important in EA. Their value of the surface field
at which crossover occurs (19 kV/cm) is in excel-
lent agreement with ours, and lends further support
to this conclusion.

V. CONCLUSION

In this paper, the intrinsic Ge-aqueous-electro-
lyte system has been investigated in detail regard-
ing electrical properties and ER spectra of the
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fundamental direct threshold. In Sec. III, a pro-
cedure for obtaining the impurity concentration in
the surface region, necessary for calculating the
surface field from the capacitance, was developed
and experimentally verified. The Dember poten-
tial was shown to obey quasiequilibrium equations
over microsecond intervals. The results of these
measurements enabled the Ge surface potential

p, to be determined within 7 mV for ) p, ) & 100
mV, including uncertainties in the doping in the
surface region. The results demonstrated that
dc measurements of the space-charge potential
are inaccurate, and that quantitative measurement
of any space-charge-dependent quantity, such as
ER, requires simultaneous measurement of the
surface field.

The ER results presented in Sec. IV showed that
the quantitative field-effect and electrolyte data
were in very good agreement. In addition, it was
shown that the time response of ER was consistent
with that observed in EA, 43 except when excessive
modulation voltages caused additional effects to
occur due to surface states. These observations
prove that ER spectra obtained by the electrolyte
technique originate from modulation of the Ge SCR,
and not to chemical effects. Since the surface
potential was well determined, the correlation be-
tween flat-band potential and the bias for which
the ER response vanished for symmetric modula-
tion was investigated, and it was found that the
minimum 4R/R response occurred for a surface
biased about 17 +7 meV p type with an intrinsic
sample. Since in addition the ER response failed
to vanish identically at any bias potential for sym-
metric modulation, the presence of a small addi-
tional component in ER, not described by existing
theoretica1 approximations, is indicated. The

narrow spectral range of this component demon-
strates its connection with the dominant ER mech-
anism, but its origin is obscure and further work
is needed to clarify its cause.

The evolution of the ER line shape with increas-
ing field shows that the inhomogeneous perturba-
tion average must be included in the qualitative
description, in agreement with the field-effect
measurements. ' Both low- and high-field mea-
surements show the Coulomb interaction strongly
influences on the line shape, since the Franz-
Keldysh theory underestimates observed spectra
by more than an order of magnitude. Therefore,
we have confirmed on quantitative grounds similar
conclusions previously reached primarily on line-
shape arguments. "'" Quantitative estimates also
indicate that the predominant ER contribution
arises from the n = 1 exciton line, but that this
line behaves as the continuum at room temperature
due to thermal mixing. It appears that the very
good agreement between the experimental results
and the predictions of the inhomogeneous pertur-
bation theory ' must come at least in part from a
strong line-shape similarity between Franz-Kel-
dysh and exciton continuum modulated line shapes
(in particular, a common dependence on the same
characteristic energy hQ}, coupled with the in-
homogeneity itself exerting the dominant line-
shape-determining influence. A broadening energy
of 1.8+ 0. 5 meV is deduced for this transition.
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