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A comprehensive, experimental characterization of electric-field-induced Raman scattering
(EFIRS},a method to probe electric fields vrithin a semiconductor depletion region, is given. Reso-
nance effects, screening of the depletion region by photoexcited carriers, and the influence of tem-

perature on the Raman signal of the symmetry-forbidden, electric-fteld4ependent LO phonon are
discussed for the case of cleaved n-type GaAs surfaces. By comparing results from biased Schottky
devices arith those from adsorbate-covered surfaces, vrhich were cleaved in ultrahigh vacuum, it is
shorn that the theoretically expected linear relation between the LO-phonon Raman signal and the
Schottky-barrier height holds for the whole range of adsorbate-related potential barriers. In extreme

resonance, higher-order effects can affect this relation drastically. However, choosing appropriate

power densities of the exciting laser source leads to a partial screening of the space-charge layer by
photoexcited carriers, which strongly attenuates these nonlinear effects. Hence a relatively simple

calibration of the Raman signals in terms of absolute barrier heights becomes possible by using
well-established Schottky-barrier heights as a calibration standard.

I. INTRODUCTION

The presence of an electric field within the probed
volume of a Raman experiment leads in polar crystals to
an additionthl higherwrder mechamsm for inelastic
scattering by LO phonons. This kind of electric-field-
induced Raman scattering (EFIRS) permits, for example,
to probe changes of the electric fields in space-charge
layers at semiconductor surfaces and interfaces. The use
of that technique is especially interesting for in situ stud-
ies of Schottky-barrier formation and to trace the develop-
ment of the potential barrier at the interface of semicon-
ductor heterojunctions. Compared to traditional photo-
emission spectrtneopy (PES) and contact-potential differ-
ence (CPD) measurements, which are widely used in this
field, EFIRS has the advantage of a much larger informa-
tion depth, due to both the larger light-penetration depth
with respect to the electron-i+cape depth of PES and the
fact that the electric field in the semiconductor is probed
rather than core-level shifts, which can be affected by
chemical shifts and interdiffusion processes. The latter
effects restrict PES measurements to coverages of about
10 A thickness, while CPD techniques are limited to
about one monolayer (ML) .' EFIRS, on the other hand,
can be used up to several 100-A thick overiayers, "'z thus
closing the information gap between conventional in situ

methods and electrical I- V and C- V measurements, which

require thick overlayers. Though several adsorbates pin
the Fermi level at low coverages, ' this intermediate range
can be important, e.g., in the carm of the Al/GaAs inter-
face, vrhere low-coverage PES experiments and electrical
measurements result in different bamer heights. ' Anoth-
er example is the epitaxialiy grown Ge/GaAs interface,
%vhere PES expcriHlents led to thc erroneous interpretation
of Fermi-level pinning at the interface, ' because the low-

coverage experiments failed to distinguish between pin-

ning at the Ge surface and at the interface. This result

was in contradiction to the experimental observation of a
two-dimensional electron gas at the Ge side of the junc-
tion, ' and indeed a subsquent EFIRS experiment showed
that epitaxially grown Ge forms an unpinned interface on
Gaas "

So far, the application of EFIRS was mostly restricted
to trace relative changes in band bending by following the
change of the LO-phonon Raman signal as a function of
adsorbate coverage of a cleaved III-V compound semicon-
ductor surface. Giving quantitative values for the barrier
height was somewhat problematic, as there were only a
few systematic studies available which investigated the in-
fluence of experimental parameters on the intensity of the
field-induced LO-phonon signal. ' The purpose of this
contribution is to present a comprehensive study of the
relevant parameters that might affect the predicted linear
relation between the field-induced LO-phonon signal Iio
and the square of the electric field gt', and thus the inter-
pretation of EFIRS results. As in situ EFIRS experi-
ments are usually performed under conditions of resonant
excitation to keep signal-averaging times short, and as the
experiment itself creates electron-hole pairs in the de-
pletion layer, are concentrate mainly on resonance and
screening effects, which are studied at different tempera-
tures. The results are presented and discussed in Sec. III,
preceded by a brief review of the basic mechanisms re-
sponsible for EFIRS in Sec. 11.

II. BASIC ASPECTS OF EeuN

First-order Raman scattering by LO phonons is sym-
metry forbidden in back scattering configuration from the
(110)cleavage plane of zinc-blende-type setniconductors. '7

Excitation close to resonance, however, enhances higher-
order mechanisms, which do not nectssariiy obey the
same selection rules. Two independently acting mechawa

nisms of that kind have betm discusstxl for "forbidden"

1986 The American Physical Society



F. SCHAFFLER AND G. ABSTREITER

ND
V(z) =e (zo —z)2'

(3)

where zo is the length of the abruptly terminated de-
pletion region, Vs is the potential at the surface
( z =0), ND ls t11c bUlk doplllg collccn'tratloll, 6ls thc'
static dielectric constant of the semiconductor, and e is
the free-electron charge.

Equations (I), (2), (3) have two important implications.
(i} The electric field decreases linearly with z. Therefore,
if one is interested in probing this field with EFIRS, the
penetration depth of the incident laser light should be
small compared to zo. (ii} The square of the maximum
electric field at z =0 is proportional to the potential bar-
rier V&. Hence, in the low-field limit, where the Raman
signal is expected to be proportional to 8', and with (i)
fulfiHed, the LO-phonon Raman signal directly reflects
the Schottky-barrier height.

In moderately doped (&10' cm ) III-V compound
semiconductors the light penetration depth 5 is smaller

LO-phonon scattering in polar HI-V compound semicon-
ductors. ' Both are based on the Frohlich interaction, i.e.,
the coupling between an excited electron-hole pair and the
longitudinal electric field associated with a LO phonon.
One mechanism is the well-known q-dependent Frohlich
term (q is the scattering wave vector) that leads to a
scattering crossection Bo/Boo-qz, which vanishes for
q =0.' Due to the small scattering wave vector involved
in optical experiments and because of the mainly covalent
bonding character, the q-dependent Frohlich contribution
to the one-phonon Raman spectrum is smail in III-V
compound semiconductors, but q-nonconserving mecha-
nisms like impurity scattering can enhance that promms
close to resonance. If a static electric field I' is present
within the scattering volume, the photoexcited electron-
hole pairs become polarized, leading to an lg'-dependent,
q-independent contribution to the Frohlich mechanism.

EFIRS has been treated theoreticaHy by Gay ct al. '

and by Zeyher ct al. They both find in the case of low
electric fields I' a Raman-scattering cross section
Bo/Boo- N', where 8' is the component of I' paraHel to
q. For higher fields a flattening of the 8' behavior is ex-
pected but has not been treated quantitatively, because of
the limited range of field strength, where the perturbation
ansatz of Gay ct ol is valid. . An experimental investiga-
tloll of this qUcstloil wlH bc glvcli ln Scc. III.

Pinczuk and Burstein were the first to show that
EFIRS can be used to probe the electric field within the
surface depletion layer of a polar semiconductor. ' Apart
from a small region at the end of the depletion layer,
which is slightly affected by free carriers, ' the field and
potential variation can be very well approximated by the
simple Schottky model. In this analytic formulation one
gets for z & zo (without image potential and finite-
temperature correction)

' 1/2

than zo, if the F. i gap (the two-dimensional critical point
of the band structure} is chosen for resonant excitation.
In the case of GaAs the relevant parameter is
5:—1/2a=85 A, where a is the light-absorption constant
at fico=3.0 CV=Ei (Ref. 21) and the factor of 2 arises
from the backscattering geometry. This leads to an inten-

sity of the LO-phonon signal of

Ii.o —I 8' (z)c 'i dz . (4)

An evaluation of (4) shows that Ilo Vb within 10%
for Vb ~ 50 mV and a doping concentration ND &7&&1011
cm . On the other hand, (4) is only a crude description
of the It,o versus Vs relation, as neither a possible satura-
tion of the N' behavior of ILO nor screening effects due
to the photoexcited electron-hole pairs are included. Both
effects will be discussed in more detail in Sec. III.

III. EXPERIMENTAL CHARACTERIZATION
OF EFIRS

To derive quantitative values for the Schottky-barrier
height as a function of surface coverage with adsorbates
from an EFIRS experiment, the influence of several pa-
rameters on IL0 has to be known precisely: (i) linearity of
ILO versus V&, (ii) resonance behavior, (iii) dependence on
the power density of the incident laser light, (iv) tempera-
ture dependence, and (v) influence of the doping concen-
tration of the semiconductor.

The first four parameters will be treated in the follow-

ing for the case of n type-GSAs (110) surfaces. The
dependence of the EFIRS signal on the doping concentra-
tion has been discussed in an earlier work, which showed
that ILo increases with the doping concentration because
of the QNn dependence of the surface electric field. This
results directly from Eqs.(1) and (2), assuming a constant
barrier height Vb. The ND dependence restricts the dop-
ing range where EFIRS can be used for a quantitative
evaluation of Schottky barriers to about 1X10' cm up
to some 10' cm . For lower doping concentrations the
electric field in the depletion layer and hence the field-
induced LO-phonon signal becomes so small that severe
signal-to-noise problems result. For higher doping, the
depletion length zo becomes of the order of 5 or even
smaller. For these reasons, we have mainly used
7X10' cm Te-doped GaAs samples from the same
crystal, to allow a direct comparison of the EFIRS sig-
nals.

Most of the experiments were performed in a stainless-
steel ultrahigh vacuum (UHV) chamber with a base pres-
sure of & S X 10" Torr. A double-notch/double-wedge
cleaving facihty and an oxygen leak valve allowed for
in situ studies of clean and oxygen exposed (110}surfaces.
In addition, metals could be evaporated at very low and
defined rates from effusion cells with pyrolytic BN cruci-
bles. The samples could be cooled to =85 K. Experi-
ments with Schottky devices were performed in a
temperature-controlled liquid nitrogen cryostat. For all
Raman measurements a standard equipment, consisting of
Kr+-ion laser and Stilben 3 dye laser, a double-grating
spectrometer, and a photomultiplier with associated



ELECTRIC-FIELD-INDUCED RAMAN SCA z-I ERING: . . .

pulse-counting electronics has been used. Experiments
were performed in backscattering configuration with the
polarization vectors of incoming and scattered light
chosen both paraHel to the (110) direction of the crystal.
In this geometry TO-phonon scattering, which is virtually
not affected by electrical fields, is symmetry aHowed' and
the corresponding signal ITo was uzi to normalize thc
"forbidden" LO-phonon signal I~.

1.2-

A. Resonance behavior and relation between I~ and Vq

To test the resonance behavior of EFIRS as a function
of an electric field within the scattering volume we per-
formed Raman experiments with Schottky devices, which
aHow the surface electric field to be tuned continuously.
The diodes have been fabricated by evaporating semi-
transparent Au or Ni-Cr contacts onto GaAs(110) sur-
faces, which were prepared by cleaving GaAs crystals at
atmospheric pressure and introducing the samples im-
mediately into a conventional evaporation system.
Mechanical masks were used, leading to typical contact
areas of 0.4 mmz. Ohmic Sn contacts have been alloyed
to the semiconductor prior to cleaving to avoid any heat
treatment of the devices. The !uimples were Te-doped
with a doping concentration of 1.3X10' cm, lower
than those used for the UHV experiments described
below, to achieve higher breakdown voltages of the
diodes, and to assure that so~~5. As laser illumination
of the samples during the Raman experiments unavoid-
ably leads to a photocurrent across the Schottky contact,
the voltage drop along the semitransparent metal gates
with a typical sheet resistance of 1—5 k~ was corrected
by using two contacts on the gate area. The bias voltage
was apphed to one of these, while the other was used for
high-impedance probing of the actual voltage drop across
the junction at the laser-iBuminatcd spot. The diodes
were characterized by I- V and C- V measurements and
selected for low reverse current and high breakdown volt-
age. Typical barrier heights were Vq-0. 8 eV.

Figure 1 shows two sets of Rarnan data for device tem-
peratures of 300 and 85 K. The curves represent the nor-
malized EFIRS signal Ito/ITo for various laser energies
around the respective temperature-dependent Ei-gap en-

ergy as a function of the voltage drop at the laser focus.
A strong resonance behavior is observed for both tempera-
tures: Close to the resonance maximum (respective top-
most curves in Fig. 1; compare also Fig. 3), the forbidden
LO-phonon signal reaches maximum values that are com-
parable to the aHowed TO-phonon signal at 300 K, and
becomes up to 4.5 times larger at 85 K. Besides the
strong enhancement, it is obvious that close to resonance
the relation between I„o/ITo and the effective interface
potential V= Vb; —V~ is strongly nonlinear. %Rile the
room-temperature curves show saturation, which moves
to lower electric fields as the excitation approaches the E&

gap, thc 1Q-resonance curves at 85 K show cvcn a decrease
at higher fields. This finding seems to be in contradiction
to the expected Hnear increase of Iio/ITo with increasing
reverse-bias voltage that has been discus!xd in Sec. II. On
thc other hand, the respective lower curves in Fig. 1,
which were recorded slightly ( &150 meV) out of reso-
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FIG. 1. Dependence of the normalized LO-phonon Raman
signal I~/ITo on the bias voltage applied to Schottky devices
with semitransparent gates for various laser energies around the
Ei gap of GaAs. The upper graph showers data at room tem-
perature, the lower at 85 K.

nance, show that the observed nonlinear behavior is a
resonance-related effect rather than an intrinsic deviation
from the predicted 8' behavior: Those curves, which are
in agreement with an earlier off-resonance experiment, '

give a strictly linear dependence of the EFIRS signal on V
within the range of field strength available with our
Schottky devices.

What are the resonance effects that cause a saturation
of ILo at relatively low fields, and, in extreme low-
temperature resonance, even a decrease of ILo as a func-
tion of 8'? One possible effect is the Franz-Keldysh
mix:hanism, ' which leads to a modification of the
valence- and conduction-band electron wave functions in
an electric field. While this effect allows q-independent
FroMich interaction~ind therefore EFIRS due to the
polarization of the photoexcited electron-hole pairs, it
also lowers the optical band gap, as the exponential
damped tails of the wave functions leak into the band gap
when the bands are tilted in an electric field. This band
gap lowering shifts the resonance position to lower ener-
gies with increasing field. Thus, in an experiment as
described above where thc exciting laser energy rcxQains
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constant while the electric field is varied, the detuning of
the resonance condition is expected to result in an artifi-
cial modification of the observed relation between I„o
and 8' . This argument is supported by the fact that the
absolute intensity of the TO-phonon signal, which is vir-

tually field independent slightly out of resonance, is at-
tenuated at higher fields, when excited under resonant
conditions. This effect is small at room temperature (less
than 10% over the field range in Fig. 1), but can become
significant in extreme low-temperature resonance (Fig. 2).

To determine the importance of the Franz-Keldysh
biuidgap lowering for the observed deviations of Ii o from
the I' behavior, resonance curves were measured for vari-
ous values of bias voltage apphed to the Schottky diodes.
Two sets of such curves are shown in Fig. 3 for tempera-
tures of 300 and 85 K, respectively. The negative bias
voltage was increased by a constant amount from one set
of data points to the next. Though we did not fit the data
to a certain line shape, as there are two critical points
within the frequency range examined (Ei and EI +&I),
care has been taken when drawing the hnes through the
data points to give a guide for the relative changes in the
resonance profile.

Figure 3 shows for both temperatures the expected shift
to lower energies with increasing fields. This is clearly
visible for the 85-K data, where the data points on the
high-energy side show decreasing phonon intensity with
increasing field, while those on the low-energy side show
increasing intensity (compare Fig. 1). A similar but less
pronounced behavior is observed in the room-temperature
data, especially in the two sets of data points on either
side of the resonance maximum, which is again consistent
with a resonance shift to lower energies. Nevertheless, the
Franz-Keldysh shift appears to be too small to explain the
resonance behavior of Fig. 1 completely: Both panels in
Fig. 3 show a sublinear increase of ILo/ITo next to the
resonance maximum on its low-energy side. As Vb~ (and
therefore 8' ) increises hnearly from one curve to the oth-
er, the field-induced contribution alone would lead to a
linear increase of ILo/ITo, and the resonance shift should
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FIG. 2. Raman spectra of the optical phonons for various
bias voltages apphed to a Gahs Schottky device. Laser excita-
tion is resonant for the device temperature of 85 K, leading to a
noticeable field dependence of the TO-phonon signal, which is
Ilot observed sl1ghtly oIIt of Icsollallcc.
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FIG. 3. Resonance behavior of Iio/ITo at two temperatures
for different values of Vt„, the voltage applied to the Schottky
devices. Note the different scales on both axis, which are due to
the temperature shift of the E~ gap and the large resonance
enhancxment at low temperatures.

B. Screening effects at adsorbate-covered surfaces

The resonance experiments arith Schottky devices
demonstrate that the electric-field-induced LO-phonon
signal is proportional to the square of the field within the
scattering volume, at least up to a field strength of
&4X10 V/cm. This holds for laser excitation slightly
out of resonance, while in extreme resonance higher-order
mechanisms lead to deviations from the g' relation.
How&ever, these results cannot be used to calibrate the
phonon-intensity ratio ILo/ITo in terms of band bending
at an adsorbate-covered semiconductor surface, because
the la~er illumination makes the two cases very different:
The illuminated Schottky device behaves like a reverse-
biased photodiode, while the adsorbate-covered, depleted

add intensity on the low-energy side. This is clearly not
the aise; instead, it appears that the resonance profile fiat-
tens with increasing fields, indicating that additional
higher-order mechanisms interfere in a destruct jvc
manner with the field-dependent Frohlich mechanism.

So far, little is known about such additional effects.
However, it seems to be likely that there is a connection
between the unusually large resonance enhancement—
especially at low temperature and the nonhnearities in
the EFIRS signal: This enhancement is larger than ex-
pected from theoretical treatments, and it has been specu-
lated that EI -gap excitons are responsible for that
discrepancy. ' As exciton lifetimes are strongly affected
even by small electric fields, a change in the resonance
profile with increasing field appears plausible. Neverthe-
less, a more detailed understanding of the relevance of
Ei-gap excitons for resonant Raman scattering in GaAs
1s necessary.
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FIG. 4. Dependence of the EFIRS signal from depleted
GaAs surfaces on the power density of the exciting laser radia-
tion at different temperatures. The laser energies were chosen
to match the respective, temperature-dependent resonance con-
dition. The arrows indicate power densities that were used in
most experiments. Note that the abscissa of the lower graph is
scaled logarithmically.

semiconductor surface acts like a free-running solar cell.
In the first case the applied voltage source keeps the inter-
face potential constant, resulting in a photocurrent across
the junction that depends on the power density of the laser
light. This current causes some deviations of the parabol-
ic potential variation of the Schottky model, but these ef-
fects are negligible for EFIRS experiments, as they mainly
affect the transition region between depletion layer and
semiconductor bulk, i.e., a region that is outside the
probing depth 5. We have tested the influence of the pho-
tocurrent on Iio/ITo by varying the light intensity and
find only a slight shift of the curves in Fig. 1 which can
be explained by the voltage drop across the relatively
high-ohmic semiconductor bulk of our samples. There-
fore, Schottky devices behave in EFIRS experiments vir-
tually like nonilluminated Schottky barriers. On the other
hand, no photocurrent is possible in adsorbate-covered
semiconductors, but a photovoltage in opposite direction
to the built-in Schottky barrier is established due to the
separation of photoexcited electron-hole pairs in the elec-
tric field of the depletion region, i.e., the potential barrier
becomes more and more screened with increasing laser-
power density. This is clearly demonstrated by the experi-
ments shown in Fig. 4: For oxygen exposed GaAs (110)

surfaces the dependence of ILo/ITo is plotted as a func-
tion of laser-power density. The measurements were per-
formed at different temperatures, and the laser energy has
been chosen to be close to the respective (temperature-
dependent) resonance position (compare Fig. 3). The band
bending was defined by oxygen exposure of the surfaces,
and has been estimated to be =0.6 eV and 0.5 eV, respec-
tively. At 300 K, ILo/ITo drops linearly with power
density, while at low temperatures the dependence is ex-
ponential over a wide power-density range. Figure 4 re-
veals two important facts: (i) There is no tendency for a
satlliatloil of Ii Q /ITQ with increasing power density, not
even at 500 and 1000 W/cm, respectively, corresponding
to 40 and 80 mW of absolute laser power in a point focus
of =100 JMm. Therefore the Schottky barrier is far from
being completely screened by photocarriers within the
studied range. This result is also of some importance for
the interpretation of surface photovoltage (SPV) measure-
ments, where sometimes a complete screening of the il-
luminated Schottky barrier has been assumed in order to
derive absolute barrier heights. (ii) ILo/ITo shows sa-
turation at very /ow power densities, but it is much harder
to achieve this situation at low temperatures: The lowest
absolute laser power used was 0.1 m%, corresponding to
1.2 W/cm2, which leads to considerable signal-to-noise
problems, as is indicated by the large error bar.

The measurements used for Fig. 4 were recorded very
close to resonance, where the experiments with Schottky
devices have shown pronounced deviations of Iio/ITQ
versus V from linearity. As the space-charge region is
partly screened by photocarriers in the case of adsorbate-
covered surfaces, it is interesting to compare the two cases
directly. For this purpose, we have performed EFIRS ex-
periments, where the surface electric field has been tuned

by adsorbate-induced formation of Schottky barriers. As
the atomically clean, "well" cleaved GaAs(110) surface is
known to show flatband behavior ( Vi, =0), the surface
electric field can be increased continuously by exposing
the surface to, e.g., oxygen, or by carefully controlled eva-
poration of metals. The final field at the surface is deter-
mined by the doping concentration and by the adsorbate-
dependent saturation barrier height [Eqs. (2) and (3)].

Two examples are shown in Fig. 5, one for samples ex-
posed to oxygen at room temperature, the other for sur-
faces that were successively covered with small amounts
of silver at 85 K. n-type doped GaAs samples with a car-
rier concentration of 7X 10' cm were used. With that
doping concentration and with a saturation barrier height
of 0.63 eV (Ref. 30) for the case of oxygen exposure and
=1 eV (Refs. 9 and 13) for silver, the Schottky model
[Eqs. (1) and (2)] gives surface electric fields of 3.4X 10'
and 4.6X10 V/cm, respectively. Therefore, the same
range of field strength is available as with the Schottky-
device arrangement described above. The experiments
were performed with the two violet laser lines of the
Kr+-ion laser, with wavelengths of 413.1 and 406.7 nm.
The first is quite close to the Ei-gap energy at room tem-
perature, while the latter is resonant at 100 K (compare
Fig. 3). The x axes in Fig. 5 are scaled in units of Lang-
muir (1 L=10 Torrs) as a measure for oxygen expo-
sure, and in angstroms of silver coverage, respectively. To
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FIG. 5. EFIRS experiments at adsorbate covered n-type-

GaAs {11Isurfaces, The upper part shows ILo/ITo for oxygen

exposed samples at 300 K; for the lower graph Ag was eva-

porated onto samples held at 85 K. The different data sets in

each frame correspond to laser excitation at 413.1 nm (3.00 eV)
and 406.7 nm (3.05 eV).

permit, a direct comparison of the related data gets degpite
the different proximity of the two laser lines to the respec-
tive resonance position, the data were normalized to the
start value of ILO/ITO after cleaving and to a mean
saturation value. The corresponding absolute scales for
the phonon-intensity ratios are given on either side of the
panels.

Figure 5 shows that the corresponding data agree
within the statistical fluctuations for both temperatures
studied, in contrast to the pronounced resonance behavior
found at the Schottky diodes. Especially the most re-
markable feature of the resonant low-temperature curves
in Fig. 1, namely, the decrease of ILo/ITo at higher
fields, is completely missing. On the other hand, the ab-
SolutC valuCS Of ILQ/I'ro in Fig 5 are lower than the cor-
responding ones in Fig. 1, being roughly limited to the
zclo blas valllcs ill Flg. 1. Tllls ls iiiorc evident for tllc
room-temperature data, where the saturation onset is less
pronounced. For that bias voltage the barrier height is
equal to the intrinsic value of =0.8 eV. This allows a
crude estimation of the actual surface fields at the il-
luminated, adsorbate-covered surfaces: According to Eqs.
(1) and (2), 8'(z =0) scales with QND. Using the two dif-
ferent doping concentrations for the devices and the
UHV-cleaved samples, we find that the measured satura-
tion fields at the adsorbate-covered surfaces are reduced
by roughly a factor of 2 as an effect of laser iHumination
with power densities between 40 and 60 %/cm .

The direct comparison between the EFIRS measure-
ments on Schottky devices and on adsorbate-covered sur-

faces shows that in the latter case screening by photoexcit-
ed carriers limits the surface electric fields to values below
the onset of the nonlinear, higher-order effects, which lead
to deviations from the 8' behavior very close to reso-
nance. As the extent of screening depends on the steady-
state concentration of photoexcited electron-hole pairs,
the device results should be reproduced in the limes of
vanishing laser intensity. Indeed, the dashed curve in the
lower part of Fig. 4, where the power-density dependence
of ILo/ITO has been studied at an oxygen exposed sur-
face, indicates a lowen ng o'f the phonon-intensity ratio at
very low light intensities. This is exactly what one ex-
pects from the low-temperature resonance behavior found
for the diodes (compare curve measured with the 406.7-
nm line in the lower part of Fig. 1): As screening becomes
less important at low laser intensities, the actual surface
field increases, reaching values where resonant higher-
order effects cause a decrease of ILO/ITO.

To get a feeling for the screening properties of the pho-
toexcited electron-hole pairs, we performed numerical cal-
culations of the illuminated space-charge region. The
simple quasiequilibrium model was used, which assumes
the valence- and conduction-band carriers to be in a
respective equilibrium situation, described by two quasi-
Fermi-levels p„and p~.

' ' ' This mode1 works quite well
for indirect-gap semiconductors like Ge, but may give
only a rough description in the case of GaAs, where radia-
tive recombination is of importance. The calculations are
therefore expected to reproduce trends rather than quanti-
tative values.

In the case of homogeneous illumination of a depleted
n-type GaAs sample, which is treated in the following,
the quasi-Fermi-levels are defined by 5p, the stationary
density of excess minority carriers just at the end of the
depletion layer. ' Acceptorlike surface states with a den-
sity parameter X„and a sharp energy level E„=—0.7
CV (with respect to the conduction-band minimum) are as-
sumed. The population of surface states with electrons is
determined by the electron quasi-Fermi-level. The local-
ized nature of the surface states is simulated by giving the
density distribution an exponentially decaying profile in
the z direction of the form e '~ . The finite extension of
these states becomes important in the case of an illuminat-
ed depletion layer, as the use of classical statistics leads to
a narrow layer of excess minority carriers with the density
maximum at z =0. This would create an unrealistic sur-
face dipole if the surface states were treated two dimen-
sionally.

Figure 6 shows results of our calculation: The varia-
tions of potential and electric field are plotted as a func-
tion of z and N» for the noniHuminated case (5p =0) and
for a photo-induced excess hole concentration of 5p = 10'
cm . The latter value has been chosen to give roughly a
reduction of the saturation surface field by a factor of 2,
as has been found in the experiments described above. By
comparing the respective graphs for the illuminated and
nonilluminated case, three main trends are recognizable:
(i) Screening by photocarriers reduces, as expected, the
values of g' and Vb, as well as the length of the depletion
layer. (ii) Screening becomes more effective at higher Vi,
values, and therefore cannot be described by simply scal-
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ing the Schottky model. (iii) At higher N~, the density of
excess minority carriers close to z =0 increases rapidly,
causing a sharp increase in 8' and Vi, within the first 50
A of the depletion layer. This is, as mentioned above,
mainly an artifact of our model, and depends to some ex-
tent on the value chosen for the decay length d of the sur-
face states. It is expected that diffusion terms and quan-
tum mechanical corrections will smear out the drastic
field increase.

The calculated variation of 8' (z) can be used to evalu-
ate the relative variation of ILo as a function of N„ac-
cording to Eq. (4): In the limes of vanishing illumination,
which applies for experiments at biased Schottky devices,
I„o is fairly linear in Vi„as mentioned in Sec. II but
shows a small increase in slope with increasing surface po-
tential. This reflects the increasing extension of the
space-charge layer with respect to the constant light
penetration depth. That trend is reversed in the case of an
illuminated surface, as screening becomes more efficient
for higher values of Vb, leading to a sublinear ILo versus
V~ relation. At higher X values the development of a
surface dipole may affect these results, but a reasonable
description of such effects is beyond the scope of our sim-
ple model.

C. Calibration of EFIRS

The simple calculations of screening effects in a space-
charge layer show that some nonlinearities in ILo/ITo
may be expected, but the model is too crude to derive
quantitative values. A more sophisticated description is
in principle possible, ' but every improvement is associat-
ed with new parameters, which are in most cases not well
characterized by experiments. Therefore, we choose a
more heuristic approach, exploiting an earlier experiment,
that was performed to find a calibration standard for
EFIRS experiments: In Ref. 12 we compared EFIRS ex-
periments at oxygen exposed GaAs(110) surfaces with
published CPD and PES results. Excellent agreement be-
tween the results of the three different techniques was
found, by just assuming a linear relation between Ii o/ITo
and Vs without any corrections (Fig. 1 in Ref. 12). This
means for our model calculation that there is obviously a
large extent of cancellation between the effects of increas-
ing depletion width and increasing screening efficiency.
Moreover, the creation of a surface dipole appears to be
overestimated by far in the simple calculation, and does
obviously not affect the Iio/ITo versus Vb relation
within the experimental uncertainties. Therefore we con-
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elude that for the moderate power densities of 40—60
W/cm (3—5 mW absolute in a 100-p,m focus) used in our
experiments the assumption of a linear relation between
the EFIRS signal and the barrier height is an excellent ap-
proximation, which allows a relatively simple calibration
in terms of absolute barrier heights.

Using an oxygen experiment as calibration standard is
expected to give an absolute accuracy comparable to the
uncertainties of PES measurements (=100mV) within the
barrier-height range accessible by oxygen exposure12
Higher accuracy can be achieved by making use of several
independent calibration points. For this purpose the re-
cently published I- V and C- V measurements on devices
prepared under UHV conditions on cleaved GaAs sam-
ples' will be very helpful. Using these data seems to be
especially advantageous for studying "high barrier" met-
als like Au, Ag, or Pd, which result in barriers of around
1 eV In these cases the oxygen calibration would have
to be extrapolated, resulting in unacceptable large error
margins. ' The use of device-derived barrier heights for
additional calibration points rather than PES results also
helps to overcome a source of systematic error of the
latter technique in case of metal overlayers that show
three-dimensional growth: The lateral potential inhomo-
geneities associated with such a growth mode can result in
additional uncertainties of the order of 100 mV. '

Despite the relative ease of calibration, it has to be
pointed out that such a calibration is not universal: The
discussion has shown that ILo/Iro depends more or less
pronounced on the exciting laser energy and its power
density at the surface, the doping concentration of the
sample and on temperature. Hence, it is necessary to re-
peat the procedure whenever one of these parameters has
been changed. These factors limit also the relative resolu-
tion of EFIRS in terms of Vb, which basically depends on
the signal-to-noise ratio of the two phonon signals and
therefore on the four parameters that affect ILo.

For temperature-dependent adsorption studies the cali-
bration can easily be extended to any temperature by sim-
ply following ILo/ITo for two definite barrier heights as
a function of temperature. This is shown in Fig. 7 where
the temperature dependence between 100 and 300 K is
plotted for clean ( Vb &100 mV) and depleted surfaces
with saturated barrier heights of =0.6 eV, reached after
02 and NO exposure, respectively. Measurements in the
upper part of the figure were performed with the 413.1-
nm line, the lower ones at 406.7 nm. In both examples
the laser power was kept constant at 5 m% absolute, cor-
responding to 60 %/cm in a point focus of 100 pm di-
ameter. A comparison of the two plots shows that the use
of the 413.l-nm line is advantageous in the whole tem-
perature range studied: The corresponding laser energy
fulfills the Ei-resonance condition at about 160 K, lead-
ing to relatively large Raman signals even at room tem-
perature. At lower temperatures, the strong temperature
dependence observed with the other laser line is dimin-
ished as the 413.1-nm line passes through resonance.
Therefore, ILO/ITo is only slightly temperature depen-
dent between 100 and 160 K and beyond 260 K. This is
important, as it is usually not convenient to attach a ther-
mocouple to the UHV-cleaved surface. Therefore the
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FIG. 7. Temperature dependence of ILo/ITo for the two vio-
let lines of a Kr+ -ion laser. The two sets of data in each graph
correspond to a potential barrier of 0.6 eV and to flatband. The
LO-phonon intensity for the latter case results from the q-
dependent term of the Frohlich mechanism, that shows a simi-
lar resonance and temperature dependence as the field-induced
mechanism.

temperature is in most cases measured somewhat remote
from the surface, which may cause an error of the order
of 10 K at lower temperatures. This is not acceptable
when the 406.7-nm line is used because of the extreme
temperature dependence of the Raman signal between 100
and 180 K, which is caused by the temperature depen-
dence of forbidden LO-phonon scattering itself in addi-
tion to the increasing resonance enhancement when the
temperature approaches 100 K, the approximate value
where the 406.7-nm line matches the optical Ei gap (com-
pare Fig. 3).

IV. CONCLUDING REMARKS

The purpose of this contribution was to give a
comprehensive experimental characterization of EFIRS
and the parameters that influence the Raman signal of the
field-induced LO-phonon. By comparing results from
biased Schottky devices with those from adsorbate-
covered surfaces, we could show that the theoretically
predicted linear relation between the field-induced LO-
phonon signal and the Schottky-barrier height holds for
the entire range of surface fields accessible by adsorbate-
related Fermi-level pinning at n-GaAs(110) surfaces.
Close to resonance, however, additional mechanisms lead
to significant deviations of the linear relation already at
moderate electric fields. These mechanisms, which affect
also scattering by TO-phonons, are not well understood as
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yet. Additional effort is necessary, especially to achieve a
better understanding of the unusual strong resonance
enhancement, which has been speculated to be related to
E, -gap excitons. For the application of EFIRS these
nonlinearities can be strongly suppressed by choosing
proper power densities of the exciting laser radiation,
which leads to a partial screening of the potential barrier
at the semiconductor surface, limiting the electric fields to
values where nonlinear effects are not important. Addi-
tional nonlinearities, which are expected to be introduced
by the screening properties itself, are smaller than the ex-
perinMntal uncertainties involved in the standard CPD
and PES experiments used for comparison. Therefore,
even under conditions of resonant excitation, which are

desirable to keep signal averaging times short, the as-
sumption of a linear relation between Schottky barrier
height and electric-field-induced LO-phonon signal is an
excellent approximation, which allows a relatively simple
calibration of the EFIRS signal in terins of absolute bar-
rier heights. The calibration can easily be extended to dif-
ferent temperatures.
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