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Electroreflectance and surface photovoltage spectroscopies
of semiconductor structures using an indium–tin–oxide-coated
glass electrode in soft contact mode

Shouvik Dattaa)

Department of Condensed Matter Physics and Materials Sciences, Tata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai-400 005, India

Sandip Ghosh
Paul Drude Institut fur Festkorperelectronik, Hausvogteiplatz 5-7, D-10117, Berlin, Germany

B. M. Arora
Department of Condensed Matter Physics and Materials Sciences, Tata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai-400 005, India

~Received 27 June 2000; accepted for publication 17 October 2000!

Measurements of electroreflectance and surface photovoltage spectroscopy of semiconductor
structures are described using a transparent indium–tin–oxide-coated glass electrode in soft contact
mode on the semiconductor surface. This improvisation~simplification! reduces the magnitude of
the ac modulation voltage necessary for the electroreflectance measurement to less than a volt from
about a kV~;103 V! as required in the conventional contactless setup. This soft contact mode also
enhances the sensitivity of the surface photovoltage signal by three orders of magnitude. We also
formulate an analytical criterion to extract the transition energies of a quantum well from the surface
photovoltage spectrum. ©2001 American Institute of Physics.@DOI: 10.1063/1.1332114#
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I. INTRODUCTION

Characterization of as-grown semiconductor structu
for optoelectronic and other device applications is of cons
erable interest. Photoreflectance1 ~PR! spectroscopy is
widely used for nondestructive testing of band gaps, la
composition, etc. An alternative electromodulation tec
nique, contactless electroreflectance~CER!,2 has also been
used by many workers with the advantage that the sam
can be cooled and measurement can be done without
wanted photoluminescence~PL!,3 particularly at low tem-
peratures. This low-temperature PL background problem
PR can also be remedied by dual-chopping PR,4 where both
pump and probe beams are chopped at different frequen
and the reflected signal is detected at the sum freque
While CER has some advantages, its use is limited beca
of the need of a high-voltage source for modulating the e
tric field. Recently, surface photovoltage spectroscopy5 has
also become widely used for characterizing bulk and qu
tum structures of semiconductors. In this article we will d
cuss some novel modifications of the conventional setup
both electroreflectance~ER! and surface photovoltage~SPV!
spectroscopies and show that these modified technique
spectroscopically equivalent to the conventional meas
ment procedures. Moreover, they also have some additi
advantages and simplicity. However, use of SPV spect
copy is relatively limited because of some analytic difficu
ties in extracting the transition-energy values form the S

a!Electronic mail: shouvik@tifr.res.in
1770034-6748/2001/72(1)/177/7/$18.00
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spectrum. Here, we will also try to formulate an analytic
criterion for extracting the transition energies of a quant
well ~QW! from the SPV spectrum.

II. SOFT CONTACT ELECTROREFLECTANCE
SPECTROSCOPY

In general, ER6–9 spectroscopy can be broadly categ
rized in ~1! longitudinal modes, and~2! transverse modes o
electromodulation schemes. In the longitudinal metho
where the modulation voltage is applied across the front
back surfaces of the sample, electromodulation can
achieved by various sample configurations like~1! liquid
electrolyte mode,10,11 ~2! metal–insulator–semiconducto
~MIS! structures,12,13 ~3! Schottky barrier methods,14,15 ~4!
p– i –n structure,16,17as well as~5! the contactless method o
CER.2 The liquid electrolyte method is simple to impleme
but can be used only over a limited temperature range aro
room temperature~;300–150 K! and offers less control o
the space-charge field owing to chemical passivation or
solution effects. The rest of the above methods can also
used at low temperatures, albeit with other limitations. T
MIS method requires careful sample preparation or dep
tion of some oxide layer on the sample. Schottky barr
configuration requires smaller voltage to operate; howeve
needs metal electrodes to be deposited on the sample sur
which by itself is a destructive technique. Thep– i –n struc-
ture can be used on specially fabricated samples and
duces a constant electric field as opposed to a posit
dependent field of other longitudinal ER modes. In t
transverse mode18–20 two metal electrodes are evaporated
the front surface of the sample and electromodulation is p
© 2001 American Institute of Physics
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duced by applying high voltage~;kV! across the thin~;1
mm! gap between the electrodes. However, this techni
can only be used on materials with resistivities greater t
;108 V cm. Among all these various ways of ER spectro
copy, the most recent and most commonly used ER spec
copy is CER.2 In CER, a transparent indium–tin–oxid
~ITO! electrode separated from the sample surface by a f
tion of a millimeter is generally used for the application
modulation voltage as well as the window for the incide
and reflected light. Although CER is a nondestructive te
nique and requires no sample preparation, it also suffers f
the drawback of using high voltage~;kV! for electric-field
modulation. In an effort to reduce the modulation voltag
we make the ITO electrode softly touch the semiconduc
surface. This ‘‘soft touch’’ means the spacing between
sample surface and the ITO-coated electrode is reduced
Newton’s rings become visible, so that the capacitive imp
ance of the whole two electrode assembly including
sample~i.e., front ITO electrode, sample, and back electro!
is limited by the sample itself, as will be explained belo
We have found that in this way the modulation voltage c
be reduced considerably to less than a volt, and in so
cases to few tens of mV.

Figure 1 shows schematically the construction of
sample holder. It consists of a grounded L-shaped cop
back electrode on which the sample is mounted. The bas
L-shaped plate is clamped on the cryostat cold head/fin
The top electrode is an ITO-coated glass slide. The unco
side of the glass is attached on a Bakelite frame with a r
angular window. Two metal screws join the top and botto
electrode assembly together such that the ITO-coated e
trode softly touches the sample surface as mentioned ab
We call this soft contact electroreflectance~SCER!. A fine
gold wire is electrically connected to the ITO-coated surfa
~point A in Fig. 1! on one side and to the metal screw hold
on the other side~point B in Fig. 1! of the Bakelite plate. The
screws are electrically insulated from the back electrode w
threaded Teflon rings embedded inside both of the hole
the back electrode which is kept at ground potential.
shielded cable is connected between the other end of
screw~point C in Fig. 1! and the back electrode. In the ca

FIG. 1. Schematic diagram of the sample holder used in both ER and
measurements.
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of ER, we apply the modulating ac voltage between th
electrodes. A 150 W quartz–tungsten–halogen lamp
monochromator arrangement is used as a light source. L
output centered at some wavelength is focused on the sa
with a lens and mirror arrangement. The window in t
Bakelite holder and the transparent ITO-coated glass al
the probe light to be incident~at near-normal incidence! on
the sample, and also allow the reflected light from the sam
to go out. The reflected light is collected with a Ge pho
voltaic detector. Proper-order-sorting filters are used in fr
of the Ge detector to block any unwanted light. Current fro
the detector is transformed into a voltage signal by a curre
to-voltage converter and fed into a SRS830 lock-in amplifi
The experimental bandpass~Dl! of the monochromator is
kept at ;32 Å. The change in the reflectivity@DR(l)# is
measured with the lock-in amplifier, in phase with the a
plied ac. The dc part of the signal@R(l)# is separated and
fed to the analog-to-digital port of the same lock-in amp
fier. After the measurements, we numerically calcul
DR(l)/R(l) vs l and get the ER spectrum.

Figure 2 shows two ER spectra of a sample containin
100-Å-thick strained In0.26Ga0.74As single quantum well in
the GaAs/In0.26Ga0.74As/GaAs structure. Dotted curve~a! in
Fig. 2 is the ER spectrum of thee1–hh1 transition as ob-
tained by the conventional contactless mode~CER! and
curve~b! in Fig. 2 is the ER spectrum as obtained in the n
SCER mode under similar experimental settings. The o
difference between the two is the amplitude of the ac volta
applied during the measurement. In the case of CER,
apply an ac amplitude of;1.25 kV for electromodulation,
while in the SCER configuration we apply only 0.5 V a
amplitude. The continuous curves in Fig. 2 are fitted us
the Aspnes9

DR

R
5(

j 51

n

Re@aj exp~ iu j !/~E2E0 j1 iG j !
m#, i 5A21, ~1!

V

FIG. 2. ~a! CER spectrum of thee1–hh1 transition,~b! SCER spectrum of
thee1–hh1 transition of the GaAs/In0.26Ga0.74As/GaAs single QW structure
Both spectra are fitted with the Aspnes line-shape function withm52, as
shown by continuous lines. Respective spectra are vertically displaced
plotted separately.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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first-derivative line-shape function (m52, assuming Lorent-
zian broadening! to the experimental data. Thee1–hh1

transition-energy values, as obtained from the line-shape
ting from the two curves are, respectively,E051.1768 eV in
contactless mode andE051.1774 eV in SCER~with experi-
mental resolutionDE;3 meV!. The fitted values of the
broadening parameter~G! are also nearly the same withi
experimental error~5.69 meV in the contactless mode an
6.07 meV in the soft contact mode!. This shows that SCER is
as reliable a spectroscopic technique as conventional C
and it has all the experimental advantages of CER as m
tioned above. Moreover, SCER has added advantages
cause it does not require a high-voltage source, which~i!
simplifies the electronics,~ii ! reduces experimental hazard
~iii ! reduces the chance of damage to the sample from a
dental electrical discharge, and~iv! avoids the possibility of
spurious pickup from the high-voltage ac unit into the we
modulated reflectivity signal.

To understand the reasons behind this reduction in
applied voltage, we consider an ideal case where the top
electrode and sample surface are assumed to be paral
each other. We note that for an air-gap separation~d! of the
sample and the ITO electrode of;0.3 mm, the capacitanc
of the air gap isCair;1.48310213 F for eair58.85310214

F/cm and area 0.05 cm2. On the other hand, for a
1016/cm3-doped n-GaAs sample with depletion depthW
50.3mm, static dielectric constant of;12.9, the capacitanc
of the sample isCsem5;1.931029 F. Assuming theCair

andCsemare in series, we see that in the CER mode, mos
the applied 1.25 kV ac amplitude is actually dropped acr
the air gap and only;0.1 V is applied across the sampl
which is sufficient to modulate the reflectivity spectrum.
the SCER mode, the impedance of the air-gap capacitor f
gap of, say, 100 Å, becomes comparable to the impedanc
the above sample. As a result, half of the applied volta
between the ITO and the ground electrode will drop acr
the sample. If the gap is made even smaller, then the frac
of the applied voltage dropping across the sample will
correspondingly larger. So, we can easily modulate the
flectivity spectrum by applying a low modulating voltage
the SCER. In reality, the sample surface and the surfac
the top electrode will generally not be absolutely parallel
flat. In that case, the top electrode will touch the sam
surface at some places and form a wedge structure such
a large number of small air gas are present between
sample and the top electrode. In this case, the requ
modulation voltage will depend on the relative magnitud
of CsemandCair

eq , whereCair
eq is the corresponding equivalen

capacitance of the small air gaps in parallel at the spot wh
the probe light beam falls on the sample. Thus, even ifCair

eq is
smaller thanCsem by an order of magnitude, we need
apply only 1 V to get;0.1 V drop across the sample, whic
is sufficient to obtain the ER signal.

Figure 3 shows a plot of the measured change in
modulated reflectance (DR) for a e1–hh1 transition in the
SCER experiment on another sample in which two 70
thick strained In0.26Ga0.74As QWs separated by 150 Å GaA
are sandwiched betweenp- andn-type GaAs.DR varies with
the modulation potential, and in this case, we are able
Downloaded 14 Jun 2002 to 158.144.58.148. Redistribution subject to A
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reduce the applied ac amplitude to;15 mV and still get a
good ER line shape. At this point, we would like to comme
on the upper limit of the ac amplitude that can be appl
during a SCER measurement. Applying a large modulat
voltage may heat up the sample or produce an unwan
electroluminescence~EL!21 signal, which can distort the ER
line shape. We have measured the EL background of
above sample under various applied ac voltages with
light from the monochromator blocked. As shown in Fig.
reduction in the applied ac voltage reduces this EL ba
ground sharply. For this particular sample, we see that be
;1.25 V ac amplitude the EL background vanishes tota
and merges with the noise level. Therefore, for this samp
is preferable to apply ac volts below this value while doi
the SCER measurements. Therefore, a preliminary meas
ment of the EL background is performed for each sam
and the maximum ac voltage which is allowed without a
unwanted EL background contribution is determined bef
the actual SCER measurement. Alternatively, in case
sample does not emit EL, the series current can be monito
to avoid excessive heating of the sample. In our meas
ments, the series current is always limited to less than ab
10 mA.

Another contribution to the upper limit of the applied a
value will come from a well-known standard criterion. F
transitions in bulk materials, the third-derivative Lorentzi
broadened Aspnes line shape in the low-field limit9 can only
be used in the case ofDR/R<1023. So one should experi
mentally determine these two limits for each sample bef
recording a SCER spectrum for further analysis.

III. SOFT CONTACT SURFACE PHOTOVOLTAGE
SPECTROSCOPY

Surface photovoltage spectroscopy~SPS! is a well-
known technique to map the electronic structure of b
semiconductors near the band edge as well as at subband
energies. In surface photovoltage,22–29 we measure the
change in surface potential due to optically excited electro
hole pair generation under periodic illumination and sub

FIG. 3. Comparison of the maximum (DR) signal of thee1–hh1 transition
from SCER and the EL background at various ac amplitudes. EL ba
ground vanishes below;1.25 V.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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quent carrier redistribution and/or capture in the surfa
states. Recently, SPV has emerged as a powerful techn5

to study surface states,30–35 heterojunctions,36,37 quantum
wells,38–40and other nanostructures.41–43Various techniques
like the Kelvin probe method,44–46MIS structure,47–51direct-
contact measurements like the electrolyte method,52 deposit-
ing a semitransparent metallic contact,53–57 or depositing a
transparent conductor58–60 on the sample have been used
measure the SPV. The Kelvin probe technique uses a
capacitive method of measuring the SPV~'contact potential
difference! by applying external dc bias. Although it ha
been widely used, the Kelvin probe method suffers fro
noise-related problems, as a result of the residual elec
static pickup by the Kelvin capacitor as well as the str
capacitances, which necessitates the use of careful elec
shielding. SPV measurements using a fabricated MIS st
ture on a semiconductor sample are also useful, but the t
nique requires special sample preparation. Alternatively,
insulating spacer or air/vacuum gap can be used betwee
sample and the front electrode. But, this reduces the cap
tive coupling of the electrodes with the sample. As a res
the measured SPV is much less than the intrinsic SPV g
erated within the sample. The electrolyte method suff
from surface passivation and dissolution effects as well a
limited temperature range of operation. All the other me
ods of depositing a semitransparent metal or transparent
ducting film on the sample are useful, but these are obviou
destructive techniques.

The same soft contact mode arrangement of the t
electrode assembly including the sample~as described in the
previous section and in Fig. 1! is also useful for sensitive
nondestructive measurements of surface photovoltage s
tra. We call this method the soft contact surface photovolt
~SCSPV! experiment. For SCSPV measurements, we p
odically chop the light incident on the sample and meas
the photovoltage produced due to separation of photoge
ated carriers under surface electric fields. Instead of apply
ac voltage from outside as in SCER, we pick up the abo
mentioned ac SCSPV signal with the same set of electro
and leads. Finally, by recording the SPV signalS(l) vs l in
phase with the chopped light as the wavelength (l) of the
incident light is varied, we get the SCSPV spectrum. In t
case, we use appropriate order-sorting filters just after
monochromator to prevent unwanted light from falling
the sample.

In Fig. 4 we plot the SPV spectra of the QW samp
used for the CER/SCER measurements, as shown in Fi
Figure 4~a! is the SPV spectrum as measured in the us
contactless mode and Fig. 4~b! is the SCSPV spectrum. Th
main features corresponding to the band edge of GaAs
the In0.26Ga0.74As single QW are reproduced in both expe
ments. For further comparison of the transition energies
calculate the numerical derivative spectrum,d@E
3SPV(E)/dE# vs E, whereE is the incident energy, and fi
the Aspnes line-shape function@Eq. ~1!# with m52. This
procedure can be justified as follows. We assume that
SPV magnitude can be written as the open-circuit photov
age (VOC) such that61
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SPV>VOC5
kT

q
lnS 11

I Ph

I 0
D , ~2!

whereI Ph is the short-circuit photocurrent,I 0 is dark current,
k is the Boltzmann constant,q is electric charge, andT is
sample temperature. For a thin absorbing layer of thicknet
~e.g., 100 Å QW!, at !1, wherea is the absorption coeffi-
cient. In the case of selective photogeneration only wit
the QW (Eg of the well ,hn,Eg of the barrier!, photo
current densityI photo can be written as

I photo5S AhqF0~12R!

hn D 3@12exp~2at !#

'
AhqF0~12R!

hn
3~at !, ~3!

whereF(x) is the light intensity at a distancex within the
sample such thatF(x)5F0 exp(2ax), F0 being the incident
light intensity andR is the reflectivity,h is the quantum
efficiency,A is the illuminated area of the sample, andhn is
the incident photon energy. In the region of the QW sp
trum, the measured spectral response of the excitation l

FIG. 4. ~a! SPV spectrum in the contactless mode,~b! SCSPV spectrum of
the GaAs/In0.26Ga0.74As/GaAs single QW structure.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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from the lamp and monochromator combination is found
be nearly independent of wavelength, thus requiring no
ther correction for excitation intensity normalization.41 By
suitably choosingF0 , we can arrange the equation such th
I ph!I 0 . Then from Eq.~2!, we find thatVOC is proportional
to (kT/q)(I ph/I 0). Using this with Eq.~3!, we see that

SPV}
a

hn
. ~4!

Assuming that the variation inR is small compared to the
variation ina near the optical transition, we find that@(hn)
3SPV(hn)# is proportional to the absorption coefficie
a(hn). We see from Eq.~4! that the numerically differenti-
ated quantityd@hn3SPV(hn)#/d(hn) actually scales as
da/d(hn). Using elementary calculus and the facts thata
52pne2(v)/nc, e5n2 ande(n)5e1(n)1 i e2(n), one can
derive62 the differential relationda in terms ofDe1 andDe2

as

da~n!5g~n!De1~n!1d~n!De2~n!, ~5!

where g(n) and d(n) are similar to Seraphin coefficient
used in the modulated reflectance spectroscopy. The di
ential relation given in Eq.~5! is generally valid and the
exact functional form ofDe1 andDe2 are different depend
ing on the physical situation. When we calculate the num
cally differentiated quantityd@hn3SPV(hn)#/d(hn) or
da/d(hn), then theseDe1 and De2 are respective change
of e1 and e2 at two nearby energy values. The resulti
spectrum is qualitatively equivalent to
wavelength-modulated63 absorption spectrum. It is known64

that the spectral features of the wavelength-modulation s
trum can be represented by first-derivative line-shape fu
tion. Therefore, with this analogy, we use the Aspnes fi
derivative line-shape function havingm52 to fit the
numericald(E3SPV)/dE spectrum of SPV of thee1–hh1

transition.

FIG. 5. ~a! SPV spectrum of thee1–hh1 transition in the contactless
mode, ~b! SCSPV spectrum of thee1–hh1 transition of the
GaAs/In0.26Ga0.74As/GaAs single QW structure. Both spectra are fitted w
the Aspnes line-shape function withm52, as shown by continuous lines
Respective spectra are vertically displaced and plotted separately.
Downloaded 14 Jun 2002 to 158.144.58.148. Redistribution subject to A
o
r-

t

r-

i-

c-
c-
t-

Figure 5 shows the numerically differentiated SPV sp
tra of Fig. 4. The transition energies of thee1–hh1 lilne, as
obtained by using the above-mentioned line-shape fitting~as
shown by the continuous lines in Fig. 5, areE051.1757 eV
and E051.1764 eV ~with experimental resolutionDE;3
meV! for contactless and soft contact modes, respectiv
The broadening parameters areG57.26 meV andG57.02
meV for contactless and SCPSV modes, respectively. Wi
experimental accuracy, the spectroscopic signatures of
e1–hh1 transition energy are similar in both of these expe
mental methods of SPV. These transition energy values
also comparable to the values obtained above from the
experiments on the same sample. Although agreement
tween the transition energies is fairly good, there still
mains some questions regarding the overall shape of the
spectrum near the QW transitions. From Fig. 4, it is seen
in the SCSPV the ratio of the SPV magnitude for energ
above the band edge of GaAs, the SPV magnitude of the
transition is larger than the corresponding ratio in the c
tactless model. Further investigation is on going to expl
this result, which is also seen in other samples.

Next, we shall briefly comment on the validity of th
above line-shape fitting on the SPV spectrum of bu
samples. As earlier,F0 should be small for SPV!kT/q.
Furthermore, unlessaL!1, whereL is the minority-carrier
diffusion length, the expression for the bulk SPV is not5,27

directly proportional toa, unlike in the case of QW SPV. As
a result, use of the above-fitting procedure to obtain
transition-energy values is not strictly justified for bu
materials. However, empirically we have applied the sa
procedure to obtain transition energies for bulk GaAs
different temperatures. The resulting values when fitted w
Varshni’s equation65,66 produce parameters67 which are in
agreement with the standard values68 accepted in the litera-
ture. These transition-energy values for bulk GaAs a
match those determined from the ER experiments. Theref
it may be argued that the above-mentioned fitting proced
to extract the transition energies may still be a go
operational technique to analyze the SPV spectra of b
materials.

The most important aspect of SCSPV is the increase
the magnitude of the signal as compared with the SPV sig
in the contactless mode. The above band-edge signa
GaAs ~below 877 nm! increases by nearly three orders
magnitude in the case of the soft contact mode. This is
enormous increase in the signal strength. We understand
increase of the SPV signal in the soft contact mode in
following way. Figure 6 shows a schematic diagram of t
equivalent circuit of the SPV measurement.Vs is the photo-
voltage signal generated within the sample. Following ear
analysis of the contactless mode described above,Zair;3.4
31011 V and Zsem;26.33106 V are, respectively, the im
pedances of the air-gap capacitor and that of the capacito
the depletion region of the semiconductor at the meas
ment frequency of;20 Hz. Vmeas is the voltage measure
with the lock-in. Vout and Vin are, respectively, the outpu
and input voltages of the unity gain buffer.Rout ~;a few V!
andRin are the output and input resistance of the OP-AM
Rin is ;500 MV for a maximum bias current of;20 nA. We
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 6. Equivalent circuit diagram of the SPV setup. Zair reduces drastically in the soft contact mode.
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see from Fig. 6 thatVmeas'Vout;Vin as the buffer’s gain is
unity. So,Vmeas'VsRin /(Zair1Zsem1Rin). If we adjustZair

'Zsem in the soft contact mode, then the ratio between
measured voltage in the soft contact mode to the contac
mode is (Zair1Zsem1Rin)/(2Zsem1Rin), which for the mag-
nitudes given above is approximately;0.63103. This is in
agreement with the experimentally determined ratio.

One important point to be noted is the fact thatI Ph is a
function of F0 . Before applying the above fitting procedu
one must optimizeF0 such thatVOC!kT/q. We would also
like to remark that due to the decrease in the capacitive c
pling in the conventional contactless way of doing the SP
the measured SPV magnitude may be much less than
actual SPV magnitude generated within the sample. T
may create a false impression that SPV is smaller thankT,
whereas in reality it may be much larger.

Due to the enhancement of the signal strength
SCSPV, we could also measure weak SPV spectra of
surface barrier materials such asp-GaAs andn-InP ~;mV
SPV magnitude at above the band-gap photon energy o
corresponding material!, which is otherwise very difficult to
measure in any nondestructive fashion, due to the pres
of a large dark current. Figure 7 shows the SPV spectrum

FIG. 7. SCSPV spectrum ofp-GaAs. Note the sub-mV signal strength of the
above band-edge SPV magnitude ofp-GaAs measured at room temperatu
in the soft contact mode.
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a bulk p-GaAs sample with doping (;531016/cm3). Fur-
ther details of the SPV experiments onp-type GaAs and
n-type InP and related aspects will be published elsewher69
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