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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 improvisatgmplification reduces the magnitude of

the ac modulation voltage necessary for the electroreflectance measurement to less than a volt from
about a kV(~10% 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. @001 American Institute of Physic§DOI: 10.1063/1.1332114

I. INTRODUCTION spectrum. Here, we will also try to formulate an analytical

criterion for extracting the transition energies of a quantum
Characterization of as-grown semiconductor structuresvell (QW) from the SPV spectrum.

for optoelectronic and other device applications is of consid-

erable interest. PhotoreflegtaﬁceéP_R) spectroscopy is L. SOET CONTACT ELECTROREFLECTANCE

widely used for nondestructive testing of band gaps, layeéPECTROSCOPY

composition, etc. An alternative electromodulation tech-

nique, contactless electroreflectan@ER),> has also been In general, ER™® spectroscopy can be broadly catego-

used by many workers with the advantage that the sampléz€d in(1) longitudinal modes, an¢?) transverse modes of

can be cooled and measurement can be done without uflectromodulation schemes. In the longitudinal methods,
wanted photoluminescend®L).® particularly at low tem- where the modulation voltage is applied across the front and

peratures. This low-temperature PL background problem o?aCk surfaces of the sample, electromodulation can be

. ! achieved by various sample configurations like liquid
PR can also be remedied by dual-chopping"Riere both electrolyte modé®!! (2) metal—insulator—semiconductor

pump and probe beams are chopped at different frequenci?mls) structures?12 (3) Schottky barrier method4:'5 (4)

and the reflected signal is detected at the sum frequenc}f,_i_n structuret®”as well ag(5) the contactless method or
While CER has some advantages, its use is limited becauseER? The liquid electrolyte method is simple to implement
of the need of a high-voltage source for modulating the elecbut can be used only over a limited temperature range around
tric field. Recently, surface photovoltage spectrosédms  room temperaturé~300—150 K and offers less control of
also become widely used for characterizing bulk and quanthe space-charge field owing to chemical passivation or dis-
tum structures of semiconductors. In this article we will dis-solution effects. The rest of the above methods can also be
cuss some novel modifications of the conventional Setup dﬂsed at low temperatures, albeit with other limitations. The
both electroreflectancéER) and surface photovoltag&PV) MIS method requires careful sample preparation or deposi-

spectroscopies and show that these modified techniques a#@n Of some oxide layer on the sample. Schottky barrier

spectroscopically equivalent to the conventional measuregonflguratmn requires smaller voltage to operate; however, it

ment procedures. Moreover, they also have some additiongleeds metal electrodes to be deposited on the sample surface,

advantaces and simolicity. However. use of SPV spectro which by itself is a destructive technique. Thei-n struc-
9 plicity. ’ P Sure can be used on specially fabricated samples and pro-

copy is relatively limited because of some analytic difficul- duces a constant electric field as opposed to a position-
ties in extracting the transition-energy values form the SPVdependent field of other longitudinal ER modes. In the
transverse mod&2°two metal electrodes are evaporated on
dElectronic mail: shouvik@tifr.res.in the front surface of the sample and electromodulation is pro-
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FIG. 1. Schematic diagram of the sample holder used in both ER and SPV
measurements. Energy (eV)

FIG. 2. (a) CER spectrum of the;—hh; transition,(b) SCER spectrum of

lving hiah vol k\V r he thirf~1 thee;—hh, transition of the GaAs/l§L,Ga) 7AS/GaAs single QW structure.
duced by applying hig 0 tagév ) across the t r( Both spectra are fitted with the Aspnes line-shape function with2, as

mm) gap between the E|ec_tr0de_s- HOV\_/eYe_r_r this techniquehouwn by continuous lines. Respective spectra are vertically displaced and
can only be used on materials with resistivities greater thapiotted separately.

~10° QO cm. Among all these various ways of ER spectros-

copy, the most recent and most commonly used ER spectros- )

copy is CER In CER, a transparent indium—tin—oxide of ER, we apply the modulating ac voltage between these

(ITO) electrode separated from the sample surface by a fraglectroges. A 150 W quartzftungsten—h?lor?en lamp {?my?

tion of a millimeter is generally used for the application of Monochromator arrangement is used as a light source. Light
modulation voltage as well as the window for the incidentoutput centered at some wavelength is focused on the sample

and reflected light. Although CER is a nondestructive techWith @ lens and mirror arrangement. The window in the
nigue and requires no sample preparation, it also suffers frof@k€lite holder and the transparent ITO-coated glass allow
the drawback of using high voltage-kV) for electric-field the probe light to be incideriat near-normal incidengen
modulation. In an effort to reduce the modulation voltage,the sample, and also allow the reflected light from the sample

we make the ITO electrode softly touch the semiconductof® 90 out. The reflected light is collected with a Ge photo-
voltaic detector. Proper-order-sorting filters are used in front

surface. This “soft touch” means the spacing between the X
sample surface and the ITO-coated electrode is reduced unfif the Ge detector to block any unwanted light. Current from

Newton's rings become visible, so that the capacitive imped!® detector is transformed into a voltage signal by a current-
ance of the whole two electrode assembly including thd0-Vvoltage converter and fed into a SRS830 lock-in amplifier.

sample(i.e., front ITO electrode, sample, and back electjode '€ experim;ntal bandpaga\) of the monochromator is
is limited by the sample itself, as will be explained below. kept at~32 A. The change in the reflectivifAR(M)] is

We have found that in this way the modulation voltage Canm_easured with the lock-in amplifier, in Phase with the ap-
be reduced considerably to less than a volt, and in somplied ac. The dc part Qf, the signgR(A)] is separat_ed and.
cases to few tens of mv. fed to the analog-to-digital port of the same lock-in ampli-

Figure 1 shows schematically the construction of thef'er' After the measurements, we numerically calculate

sample holder. It consists of a grounded L-shaped coppeQR()\_)/R(M vs \ and get the ER spectrum. .
back electrode on which the sample is mounted. The base of I}gur.e 2 shows two ER spectra of a sample containing a
L-shaped plate is clamped on the cryostat cold head/fingef:00-~-thick strained 19,6Ga 74As single quantum well in

The top electrode is an ITO-coated glass slide. The uncoatdd® CaAs/IB2658 7/As/GaAs structure. Dotted curg in

side of the glass is attached on a Bakelite frame with a rectt!d- 2 IS the ER spectrum of the,—hh; transition as ob-

angular window. Two metal screws join the top and bottomt@ined by the conventional contactless MO@EER) and

electrode assembly together such that the ITO-coated eleg_urve(b) in Fig. 2 is th? I,_:R spectrgm as obtalrjed in the new
trode softly touches the sample surface as mentioned abov8CER mode under similar experimental settings. The only
We call this soft contact electroreflectan(@CER. A fine dlfference b_etween the two is the amplitude of the ac voltage
gold wire is electrically connected to the ITO-coated surfacé®PPlied during the measurement. In the case of CER, we
(point A in Fig. 1) on one side and to the metal screw holder@PPly an ac amplitude of-1.25 kV for electromodulation,

on the other sidépoint B in Fig. 1) of the Bakelite plate. The Wh”e_ in the SCER _conflguratlon we apply only _0'5 v ac
screws are electrically insulated from the back electrode witiRMPlitude. The continuous curves in Fig. 2 are fitted using
threaded Teflon rings embedded inside both of the holes ifl'® Aspne$

the back electrode which is kept at ground potential. Ar\{éR n

shielded cable is connected between the other end of t _ ; M i

screw(point C in Fig. 2 and the back electrode. In the case R Zl Re(a; exp(i6))/(E~Eqi+iT)™, i=y-1, (1)
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first-derivative line-shape functionm(= 2, assuming Lorent- 101

LBLILLL LILILLLL [BLILLL
zian broadening to the experimental data. The;—hh; " " mé
transition-energy values, as obtained from the line-shape fit- =102 E_
ting from the two curves are, respectivelp=1.1768 eV in 2 3
contactless mode arigy=1.1774 eV in SCERwith experi- < 103 N
mental resolutionAE~3 meV). The fitted values of the g’ E
broadening parametdl’) are also nearly the same within o -
experimental errof5.69 meV in the contactless mode and &H 10t =
6.07 meV in the soft contact modd his shows that SCER is - 3
as reliable a spectroscopic technique as conventional CER c 105 EL
and it has all the experimental advantages of CER as men- 2 3
tioned above. Moreover, SCER has added advantages be- «» -6 |

. . . - 10 IIIII|_|]] 111 IIIIIIE
cause it does not require a high-voltage source, wiiich
simplifies the electronicgji) reduces experimental hazards, 0.01 0.10 1.00 10.00
(iii ) reduces the chance of damage to the sample from acci- Applied ac amplitude (V)

dental electrical discharge, aifid) avoids the possibility of

spurious pickup from the high-voltage ac unit into the weakFIG. 3. Comparison of the maximumAR) signal of thee;—hh; transition

modulated reflectivity signal. from SCER and the EL background at various ac amplitudes. EL back-
To understand the reasons behind this reduction in thé™!nd vanishes below1.25 V.

applied voltage, we consider an ideal case where the top ITO ) ) )

electrode and sample surface are assumed to be parallel fgduce the applied ac amplitude tel5 mV and still get a

each other. We note that for an air-gap separatibrof the good ER line shape. At this point, we would like to comment

sample and the ITO electrode 6f0.3 mm, the capacitance on the upper limit of the ac amplitude that can be applied
of the air gap isC,,~1.48<10 13 F for e,;,=8.85x 10" 4 during a SCER measurement. Applying a large modulating

Flem and area 0.05 &m On the other hand. for a voltage may heat up the sample or produce an unwanted

10/ crré-doped - GaAs sémple with depletion aeptw electroluminescencéEL)?! signal, which can distort the ER

=0.3 um, static dielectric constant 6f12.9, the capacitance line shape. We have me_asured th_e EL background_of the

of the sample iSCq.n=~1.9x10"° F. Assuming theC, above sample under various applied ac voltages with the
sem . . air

andC..are in series, we see that in the CER mode, most OIflght from the monochromator blocked. As shown in Fig. 3,

the applied 1.25 kV ac amplitude is actually dropped acrosgadUCtlon in the app|l?d ac_voltage reduces this EL back-
the air gap and only-0.1 V is applied across the sample, ground sharply. For this particular sample, we see that below

which is sufficient to modulate the reflectivity spectrum. In ~1.25 V ac amplitude the EL background vanishes totally

the SCER mode, the impedance of the air-gap capacitor for%nd merges with the noise level. Therefore, for this sample it

gap of, say, 100 A, becomes comparable to the impedance preferable to apply ac volts below this va.Iug while doing
the above sample. As a result, half of the applied voltagé e SCER measurements. Therefore, a preliminary measure-

between the ITO and the ground electrode will drop acros ent of the EL background is performed for each sample

the sample. If the gap is made even smaller, then the fractioﬁnd the maximum ac voltage which is allowed without any

of the applied voltage dropping across the sample will beunwanted EL background contribution is determined before
correspondingly larger. So, we can easily modulate the reln€ actual SCER measurement. Alternatively, in case the

flectivity spectrum by applying a low modulating voltage in sample does not emit EL, the series current can be monitored

the SCER. In reality, the sample surface and the surface &P avoid excessive heating of the sample. In our measure-

the top electrode will generally not be absolutely parallel c)rments, the series current is always limited to less than about
flat. In that case, the top electrode will touch the sample10 A, N o .
surface at some places and form a wedge structure such that Anther contribution to the upper limit of the_ ap_plled ac
a large number of small air gas are present between th\éalue_ _W'" come from a \_/vell-known_ stand_ard_crlterlon. Eor
sample and the top electrode. In this case, the requir(zE"ijG'it'onsd '2 bulk nlw_aterlzra]ls, the :E'r?'de?.vﬁ'\lf?e ;orenltman
. . . : roadened Aspnes line shape in the low-field lfnaén only
modulation voltage will depend on the relative magnitude e used in the case &fR/R=10"2. So one should experi-

of CeemandCSl, whereCgllis the corresponding equivalent tally determine these two limits f h e bef
capacitance of the small air gaps in parallel at the spot wherd'€ntally determine these two Iimits for each sampie betore
recording a SCER spectrum for further analysis.

the probe light beam falls on the sample. Thus, evefifis
smaller thanCg.,, by an order of magnitude, we need to
apply ony 1 V to get~0.1 V drop across the sample, which lll. SOFT CONTACT SURFACE PHOTOVOLTAGE

. . . - SPECTROSCOPY

is sufficient to obtain the ER signal.

Figure 3 shows a plot of the measured change in the Surface photovoltage spectroscop8PS is a well-
modulated reflectanceAR) for a e;—hh; transition in the known technique to map the electronic structure of bulk
SCER experiment on another sample in which two 70-A-semiconductors near the band edge as well as at subband-gap
thick strained 1g ,Ga, .,As QWs separated by 150 A GaAs energies. In surface photovoltatfe?® we measure the
are sandwiched betweg@nandn-type GaAsAR varies with ~ change in surface potential due to optically excited electron—
the modulation potential, and in this case, we are able tdole pair generation under periodic illumination and subse-
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quent carrier redistribution and/or capture in the surface 100 prr—rrrrrrrrprry
states. Recently, SPV has emerged as a powerful technique Contactless Mode.
to study surface staté8;%® heterojunctions®3" quantum
wells 3-4%and other nanostructurés:**Vvarious techniques
like the Kelvin probe metho~*¢MIS structure!’~>direct-
contact measurements like the electrolyte meftfateposit-

ing a semitransparent metallic contatt>’ or depositing a
transparent conductr° on the sample have been used to
measure the SPV. The Kelvin probe technique uses a null
capacitive method of measuring the SP¥contact potential
difference by applying external dc bias. Although it has
been widely used, the Kelvin probe method suffers from
noise-related problems, as a result of the residual electro-
static pickup by the Kelvin capacitor as well as the stray 900 1000 1100
capacitances, which necessitates the use of careful electrical

shielding. SPV measurements using a fabricated MIS struc- Wavelength (nm)
ture on a semiconductor sample are also useful, but the tech-
nique requires special sample preparation. Alternatively, an
insulating spacer or air/vacuum gap can be used between the
sample and the front electrode. But, this reduces the capaci-
tive coupling of the electrodes with the sample. As a result,
the measured SPV is much less than the intrinsic SPV gen-
erated within the sample. The electrolyte method suffers
from surface passivation and dissolution effects as well as a
limited temperature range of operation. All the other meth-
ods of depositing a semitransparent metal or transparent con-
ducting film on the sample are useful, but these are obviously
destructive techniques.

The same soft contact mode arrangement of the two- ]
electrode assembly including the samfds described in the . NN U N N,
previous section and in Fig.) is also useful for sensitive 900 1000 1100
nondestructive measurements of surface photovoltage spec-
tra. We call this method the soft contact surface photovoltage (o) Wavelength (nm)
(S(,:SP\J eXpenme,nt' F_0r _SCSPV measurements, we PeME G, 4, (8 SPV spectrum in the contactless mo¢®, SCSPV spectrum of
odically chop the light incident on the sample and measurghe Gaas/ig ,Ga, ;AS/GaAs single QW structure.
the photovoltage produced due to separation of photogener-
ated carriers under surface electric fields. Instead of applying
ac voltage from outside as in SCER, we pick up the above- PV =k—TIn
mentioned ac SCSPV signal with the same set of electrodes oc

and leads. Finally, by recording the SPV sigB@h) vSA In -\ pere|,, is the short-circuit photocurrertty is dark current,
phase with the chopped light as the wavelength 6f the g the Boltzmann constang is electric charge, and is
incident light is varied, we get the SCSPV spectrum. In thiSgample temperature. For a thin absorbing layer of thickhess
case, we use appropriate order-sorting filters just after th?e.g., 100 A QW, at <1, wherea is the absorption coeffi-
monochromator to prevent unwanted light from falling on cjent. In the case of selective photogeneration only within
the sample. the QW (Eq of the well <hv<Ey of the barriey, photo

In Fig. 4 we plot the SPV spectra of the QW sample . rrent densityl yno caN be written as
used for the CER/SCER measurements, as shown in Fig. 2.

Figure 4a) is the SPV spectrum as measured in the usual | :(Anq¢>0(1—R)
contactless mode and Fig(b} is the SCSPV spectrum. The phota hv

main features corresponding to the band edge of GaAs and Anqdo(1—R)
the Iy »¢Gay 74AS single QW are reproduced in both experi- ~ AnaPol17H)
ments. For further comparison of the transition energies we hv
calculate the numerical derivative spectrumd[E  where®(x) is the light intensity at a distancewithin the

X SPV(E)/dE] vs E, whereE is the incident energy, and fit sample such thab (x) = ®, exp(—ax), ®, being the incident

the Aspnes line-shape functidiEq. (1)] with m=2. This  light intensity andR is the reflectivity, » is the quantum
procedure can be justified as follows. We assume that thefficiency,A is the illuminated area of the sample, amd is
SPV magnitude can be written as the open-circuit photovoltthe incident photon energy. In the region of the QW spec-
age (Voo such that! trum, the measured spectral response of the excitation light

[+
o

[22]
o

N
o

o

-

- N N .
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Figure 5 shows the numerically differentiated SPV spec-

~ [EContactless §PV tra of Fig. 4. The transition energies of teg—hh, lilne, as
_-.2 & obtained by using the above-mentioned line-shape fiti@sy
g shown by the continuous lines in Fig. 5, &g=1.1757 eV
a and E;=1.1764 eV (with experimental resolutiodE~3
a meV) for contactless and soft contact modes, respectively.
~ The broadening parameters dre=7.26 meV andl'=7.02
w meV for contactless and SCPSV modes, respectively. Within
B experimental accuracy, the spectroscopic signatures of the
; e;—hh, transition energy are similar in both of these experi-
EJ, mental methods of SPV. These transition energy values are
© Soft Co;act SPV also c_omparable to the values obtained above from the ER
experiments on the same sample. Although agreement be-
1.16 1.18 1.20 tween the transition energies is fairly good, there still re-
) ) ) mains some questions regarding the overall shape of the SPV
Energy (eV) spectrum near the QW transitions. From Fig. 4, it is seen that

in the SCSPV the ratio of the SPV magnitude for energies
FIG. 5. (8 SPV spectrum of thee;—hh, transition in the contactless ghgve the band edge of GaAs, the SPV magnitude of the QW
mode, (b) SCSPV spectrum of thee;—hh; transition of the L . . L )
GaAs/In »Ga 7/As/GaAs single QW structure. Both spectra are fitted with transition Is Iarger than _the qure_Spor_]dmg rat_lo in the COI_‘\
the Aspnes line-shape function with=2, as shown by continuous lines. tactless model. Further investigation is on going to explain
Respective spectra are vertically displaced and plotted separately. this result, which is also seen in other samples.

Next, we shall briefly comment on the validity of the

S above line-shape fitting on the SPV spectrum of bulk
from the lamp and monochromator combination is found to P 9 P

be nearly independent of wavelength, thus requiring no fur_samples. As earlierby should be small for SP¥KT/q.

. o . o Furthermor nl L<1, whereL is the minority-carrier
ther correction for excitation intensity normalizatithBy urthermore, unjesal <1, wherel is the ority-carrie

: . . diffusion length, the expression for the bulk SPV is %t
suitably choosingb,, we can arrange the equation such thatdirectl roportional tax, unlike in the case of QW SPV. As
I ;h<<lo. Then from Eq.(2), we find thatV is proportional y prop . |

. o a result, use of the above-fitting procedure to obtain the
to (kT/a)(Ipn/lo). Using this with Bq.(3), we see that transition-energy values is not strictly justified for bulk

materials. However, empirically we have applied the same
procedure to obtain transition energies for bulk GaAs at
different temperatures. The resulting values when fitted with
Assuming that the variation iR is small Compared to the Varshni’'s equatio??ﬁe produce parametéiﬁswhich are in
variation in« near the optical transition, we find thgthv)  agreement with the standard valffeaccepted in the litera-
X SPV(hv)] is proportional to the absorption coefficient ture. These transition-energy values for bulk GaAs also
a(hv). We see from Eq(4) that the numerically differenti- match those determined from the ER experiments. Therefore,
ated quantityd[h»xSPV(hv)]/d(hv) actually scales as it may be argued that the above-mentioned fitting procedure
da/d(hv). Using elementary calculus and the facts that to extract the transition energies may still be a good
=2mvey(w)inc, e=n” ande(v)=e;(v) +iey(v), One can  operational technique to analyze the SPV spectra of bulk
derivé®? the differential relatiorda in terms ofAe; andAe,  materials.
as The most important aspect of SCSPV is the increase in
_ the magnitude of the signal as compared with the SPV signal
da(r)=y(nAe(v)+sr)Ae(v), ®ih the contactiess mode. The above band-edge signal of
where y(v) and 8(v) are similar to Seraphin coefficients GaAs (below 877 nm increases by nearly three orders of
used in the modulated reflectance spectroscopy. The diffemagnitude in the case of the soft contact mode. This is an
ential relation given in Eq(5) is generally valid and the enormous increase in the signal strength. We understand the
exact functional form ofAe; andAe, are different depend- increase of the SPV signal in the soft contact mode in the
ing on the physical situation. When we calculate the numerifollowing way. Figure 6 shows a schematic diagram of the
cally differentiated quantityd[hvxXSPV(hv)]/d(hv) or  equivalent circuit of the SPV measuremeit.is the photo-
da/d(hv), then thesele; and Ae, are respective changes voltage signal generated within the sample. Following earlier
of €; and e, at two nearby energy values. The resultinganalysis of the contactless mode described abdyer 3.4
spectrum is  qualitatively  equivalent to  a x10" Q andZg,~26.3x10° Q) are, respectively, the im-
wavelength-modulatéd absorption spectrum. It is knoh pedances of the air-gap capacitor and that of the capacitor of
that the spectral features of the wavelength-modulation spe¢he depletion region of the semiconductor at the measure-
trum can be represented by first-derivative line-shape funcment frequency 0~20 Hz. V,4siS the voltage measured
tion. Therefore, with this analogy, we use the Aspnes firstwith the lock-in. V,, and V;, are, respectively, the output
derivative line-shape function havingn=2 to fit the and input voltages of the unity gain buffd,, (~a few Q)
numericald(EX SPV)/E spectrum of SPV of the;—hh;  andR;, are the output and input resistance of the OP-AMP.
transition. Ri, is ~500 MQ for a maximum bias current 6£20 nA. We

SPV: hi 4)
14
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Unity gain buffer amplifier
A re-=-t-—-1
: C : Zalr ZSem
1 R
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L---t—--d Vout()

O,

FIG. 6. Equivalent circuit diagram of the SPV setup;, Zeduces drastically in the soft contact mode.

see from Fig. 6 thaV neae VourVin as the buffer's gain is @ bulk p-GaAs sample with doping~5x 10'%cn?). Fur-
unity. So,Vmeas® VsRin/ (Zairt Zsenit Rin) . If we adjustZy; ther details of the SPV experiments grtype GaAs and
~Zmin the soft contact mode, then the ratio between the-type InP and related aspects will be published elsewtere.
measured voltage in the soft contact mode to the contactless
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