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Bound exciton effect and carrier escape mechanisms in temperature-dependent surface
photovoltage spectroscopy of a single quantum well
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The temperature dependence of the surface photovoltage spectrum of a strained GaAs/InxGa12xAs/GaAs
single quantum well shows unusual broadening of the line shape around thee1-hh1 feature below 100 K. With
evidence obtained from the temperature dependence of the photoluminescence spectrum, this unusual broad-
ening is attributed to a bound exciton transition that is prominent at low temperatures. Selectively excited dc
photocurrent experiments show that thermal emission and field-aided tunneling emission of photogenerated
carriers from the quantum well are responsible for the charge separation and subsequent generation of surface
photovoltage of the quantum well.
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I. INTRODUCTION

Surface photovoltage spectroscopy~SPS! is a well-known
technique to map the electronic structure of bulk semic
ductors near the band edge as well as at sub-band-gap
gies. In surface photovoltage1–8 ~SPV! experiments we mea
sure the change in surface potential due to optically exc
electron-hole pair generation under periodic illumination a
subsequent carrier redistribution and/or capture in the sur
states. Recently, SPV measurement has emerged as a
erful technique9 to study surface states,10–15

heterojunctions,16,17 quantum wells~QWs!,18–20 and other
nanostructures.21–23

In this paper we report SPS experiments on a single-Q
structure of strained GaAs/InxGa12xAs/GaAs over a wide
range of temperatures from 300 to 8 K. The results show
unexpected increase in peak width around thee1-hh1 feature
in the SPV spectrum below 100 K. From comparison of
temperature dependence of SPV and photoluminesc
~PL! spectra, we attribute the broadening to a bound exc
transition that is significant at low temperatures. We a
report selectively excited dc photocurrent experiments on
QW structure using a top Au Schottky contact with bias a
temperature dependence and show that both thermal e
sion and field-aided tunneling emission of photogenera
carriers are responsible for the SPV.

II. EXPERIMENTAL ARRANGEMENT

SPS, electroreflectance~ER!,24–26 and PL~Ref. 27! mea-
surements were done on strained GaAs/InxGa12xAs/GaAs
single-quantum-well samples~with nominal In contentx
'0.2! grown in our laboratory by using metal-organic vapo
phase epitaxy. The SPV measurement is done with chop
light in a capacitive geometry in a vacuum j
(,1024 mbar) at various temperatures from 300 to 8
~with DT;61 K! using a closed-cycle He refrigerator and
temperature controller. The sample is mounted on
L-shaped copper plate with silver epoxy and attached to
cold finger of the cold head which acts as the ground e
PRB 620163-1829/2000/62~20!/13604~8!/$15.00
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trode. A transparent conducting glass plate~coated with in-
dium tin oxide or ITO on the surface facing the sample! is
used as the top electrode as well as the window for the l
to shine on the sample. The ITO-coated surface of the g
window is adjusted to gently touch the top surface of t
sample. Experimental details of touching the sample surf
will be discussed in detail in a separate paper.28 A 150 W
quartz-tungsten-halogen lamp along with a1

8 Oriel mono-
chromator ~77250! having a grating with 1000 nm blaz
wavelength ~128 Å/mm dispersion! is used as the light
source. The spectral bandpass is kept at approximately 3
to optimize the balance between the resolution and the si
strength. Light from the monochromator is chopped at a f
quency of 2060.1 Hz before being focused on the samp
through the top transparent electrode. The ac photovoltag
picked up by the ITO-coated transparent electrode, usin
unity gain buffer circuit and measured with an SR830 lock
amplifier. A 715 nm order sorting filter is used to bloc
unwanted higher-order lines from the monochromator.l2

correction is applied to the measured SPV spectrum to
resent it as a function of energy. In the region of the Q
spectrum, the measured spectral response of the excita
light from the lamp and monochromator combination
found to be nearly independent of wavelength, thus requir
no further correction for excitation intensity normalization21

In all SPS measurements, we scan from a wavelength
nm, well above the GaAs band edge, to 1100 nm, below
band gap of InGaAs.

The experimental arrangement for the ER measureme
standard24–26 except for the fact that the top conductin
transparent ITO electrode gently touches the sam
surface.28 A Ge detector is used to measure the reflec
light. For PL experiments we use a model 207 McPhers
0.67 meter scanning monochromator with a 488 nm Ar1 la-
ser as the excitation and a Si diode as the detector.

III. CHARACTERIZATION OF SINGLE QW USING SPV
AND ER SPECTRA

Figure 1~a! shows the room-temperature SPV spectru
for a nominal 70 Å strained QW structure~sample A! of
13 604 ©2000 The American Physical Society
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PRB 62 13 605BOUND EXCITON EFFECT AND CARRIER ESCAPE . . .
GaAs/InxGa12xAs/GaAs with x'0.2. The top layer thick-
ness is 1000 Å andn-type doping is approximately 5
31016cm23. The spectrum consists of a feature characte
tic of the band edge of GaAs and several features chara
istic of the transitions between conduction and valence s
bands of the QW. An ER spectrum of sample A is shown
Fig. 1~b!. QW transition energy values from the ER spe
trum are obtained by using a numerical fit of the Aspnes29,30

line shape function,

DR

R
5ã~v!D«1~v!1b̃~v!D«2~v!

>(
j 51

n

Re@aj exp~ iu j !/~E2E0 j1 iG0 j !
m#, ~1!

where i 5A21, «(v) is the dielectric constant5«1(v)
1 i«2(v), ã(v) and b̃(v) are Seraphin’s coefficients, an
E0 j andG0 j are the energy and broadening parameters of
j th transition, respectively. Form53, the line shape approxi
mately takes care of the inhomogeneous broadening with
QW. For the bulk GaAs we use the same line shape w
m52.5 for the third-derivative functional form with Lorent
zian broadening.

In order to obtain the transition energy values from t
SPV spectrum, we first numerically calculate the fir

FIG. 1. ~a! SPV spectrum of sample A at room temperature;~b!
corresponding ER spectrum of sample A at room temperature.
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derivative spectrum„d@EV(E)#/dE vsE… of the SPV and
then similarly fit the Aspnes line shape function to the resu
ant derivative spectrum. This forms an analytical criterio28

for extracting the transition energies for a QW for whic
at!1, wherea is the absorption coefficient andt is the well
width, and the SPV can be shown to be;a/E. In the next
section we will show that the transition energies of the Ga
band edge at various temperatures as determined by
method produce fitting parameters which are in close ag
ment with those in the literature. So we adopt this method
the bulk materials as an operational procedure to extract
transition energies from the SPV spectra.

The experimental values of the transition energies
tained from the SPV and ER spectra are listed in Table
Also listed are the values calculated for a strain
GaAs/In0.23Ga0.77As/GaAs single QW of width 70 Å. Close
agreement is seen between the transition energy values
tained from the two spectroscopies and the calculated tra
tion energies.

IV. TEMPERATURE DEPENDENCE OF SPV SPECTRUM
AND BOUND EXCITON EFFECT

Figure 2 shows the SPV spectra of sample B~100 Å QW
of GaAs/In0.26Ga0.74As/GaAs! at several temperatures ove
the range 150 to 27 K. The transition energies obtained
the procedure outlined above for the GaAs band edge
e1-hh1 transitions are plotted in Fig. 3. As expected, t
spectra shift to higher energies with lower sample tempe
ture. Although it is not the main thrust of this paper, we sh
briefly comment on the above results since the tempera
dependence of the transition energies of bulk semiconduc
and their quantum structures is a topic of considera
interest.31–39 We have tried to fit our experimental resul
into different equations available in the literature, namely,~i!
the empirical relation of Varshni,31 ~ii ! two different equa-
tions of Passler,32 considering different expressions for th
electron-phonon interactions, and~iii ! an equation of Vina,
Logothetidis, and Cardona33 based on similar consideration
Results of fits to these equations are presented in Tabl
Although there is considerable scatter, in general we fin
feature common to all these fittings, in that the values of
parameterb or Q, characteristic of the average phonon e
ergy, are found to be smaller for the InGaAs QW than
GaAs. We also conclude that, since the values of the par
eters obtained for GaAs are in close agreement with thos

TABLE I. Comparison of transition energy values~in eV! as
calculated for a strained GaAs/In0.23Ga0.77As/GaAs single quantum
well and the values determined from SPV and ER spectra.e1-hh1 ,
e1-1h1, GaAs transition energies of SPV ande1-hh1, GaAs transi-
tion energies of ER are obtained by fitting an Aspnes line sh
@Eq. ~1!# with appropriate values of m. The rest of the transiti
energies are directly located from the respective spectra without
fitting.

e1-hh1 e1-hh2 e1-hh3 e1-lh1 GaAs

SPV 1.224 1.255 1.306 1.344 1.416
ER 1.228 1.260 1.306 1.347 1.417
Calculated value 1.228 1.258 1.305 1.356
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13 606 PRB 62SHOUVIK DATTA, B. M. ARORA, AND SHAILENDRA KUMAR
the literature~case 3 in Table II!, the method of extracting
the band-gap energy of the bulk materials from the S
spectra as described in the previous section is a fairly g
operational procedure.

A surprising feature of the temperature-dependent spe
in Fig. 2 is the shape near thee1-hh1 transition as the sampl

FIG. 2. SPV spectrum of sample B at different temperatur
Loss of sharpness of thee1-hh1 transition is obvious below 100 K
Figures are not to scale.

FIG. 3. Energies of various transitions as obtained from the S
spectrum of Fig. 2 plotted against temperature. Continuous line
resent the values of those transitions at various temperature
fitted with Varshni’s equation. Fitting parameters are shown
Table II ~cases 2 and 3!.
V
d

tra

temperature is lowered below 100 K. There is an obvio
loss of sharpness at lower temperatures. Figure 4 shows
plot of the broadening parameter (G0) of the e1-hh1 transi-
tion vs temperature obtained by fitting the line shape to
numerical derivative spectra of the SPV at various tempe
tures as mentioned above. From the plot we see that afte
initial decrease from room temperature the broadening
rameter for thee1-hh1 transition is nearly constant up t
;100 K and then begins to increase as the temperatur
decreased. The same features are also observed from
surements on sample A. However, theG0 values for the
GaAs transition decrease monotonically with temperat
~see the inset of Fig. 4!. As such theG0 values of the QW are
large and symptomatic of inhomogeneous broadening
duced by the quality of our QW material/structure. Even
the increase ofG0 at lower temperatures is unexpected.
may be remarked that broadening of the spectral feature
low temperatures is also observable but overlooked in
SPV spectra of InGaAs QW samples reported recently
Wu, Wang, and Huang.40

Some insight into the nature of the broadening is obtain
from the photoluminescence spectra of sample A shown
Fig. 5 for temperatures between 19.7 and 101.4 K. Th
spectra are also broader at lower temperatures. Moreover
can observe a prominent shoulderP2 on the low-energy side
of the main peakP1 at 19.7 K. The peakP1 is assigned as
thee1-hh1 transition. The shoulderP2 almost vanishes as th
temperature is raised beyond 70 K. From this temperatu
dependent behavior, we assign the shoulder to a bound e
ton ~BE! transition41 since this feature shows up on the low
energy side of thee1-hh1 peak and vanishes as th
temperature is increased. Similar PL features are also re
duced in sample B.

We have carried out deconvolution of the PL spect
separating the peaksP1 and P2, assuming the total line
shape to be double Gaussian below 101.4 K~having average
peak separation of;7 meV! and single Lorentzian abov
101.4 K. The integrated intensities of the deconvoluted pe
at various temperatures are plotted in Fig. 6 on a semilo
rithmic Arrhenius plot as functions of 1000/T. Activatio
energies of quenching of the peaksP1 andP2 are obtained
by fitting the plot in Fig. 6 to the equation42,43

I'
I 0

11g exp~2DE/kT!
. ~2!

The activation energy values obtained by the fitting a
DEP15160.2 meV and DEP2516.1 meV. DEP1 repre-
sents quenching of the PL from thee1-hh1 transition and is
connected closely to the emission of charge carriers from
QW explored in the next section.DEP2 , on the other hand
represents quenching of the PL of the bound exciton du
thermal activation from the bound to the free exciton. Sin
the rise in the SPV broadening parameter (G0) is also sig-
nificant below;70 K, the temperature below which the P
shoulderP2 becomes significant, it is proposed that the S
broadening is caused by the onset of the upward bound
citon transition. From the evidence presented above,
mechanism seems highly plausible. Above;70 K, the BE
transition strength reduces significantly and almost vanis

.

V
p-
as
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TABLE II. Values of the parameters obtained by fitting the transition energy vs temperature with different expressions given
literature: Varshni’s equation~cases 1–3!, Passler equations~case 4–7!, and Vinaet al. equation~cases 8 and 9!. Brief comments on the
fitted results are given in the right column.

Transition EG(0) (eV)
1024a
~eV/K!

b or U
~K! aB r or P

Fitted equations and
remarks

1. GaAs 1.518260.0020 6.0560.2 200.0 Varshni eqn. Eq.~1! of
Ref. 31. In case 1,
value ofb is kept
constant~Ref. 34!.

Also see Refs. 34–36.

2. e1-hh1 1.280160.0013 4.3160.24 81.0621.4

3. GaAs 1.51560.001 28 10.8162.75 588.96224 Fitted with Varshni
eqn. Parameters are
in close agreement

with Table I of Ref. 36.
4. GaAs 1.51460.0019 6.10460.72 282.8655.34 p'2.5 Passler eqn. Eq. 6 of

Ref. 32. Also see Refs.
37–39. Dependence on

the values ofp (2,p,3)
is weak in both cases.

5. e1-hh1 1.27960.0013 4.01360.14 104.8617.2 p'2.5

6. GaAs 1.51460.0017 6.45260.76 483.5691.4 r'0.6 Passler eqn. Eq.~9! of
Ref. 32. Also see Refs.
37–39. Dependence on

the values ofr
~0.3,r,1! is weak in

both cases.

7. e1-hh1 1.27960.001 33 4.06861.47 165.2628.6 r'0.6

8. GaAs EB51.588460.022 265.64655.1 0.075360.024 Eq.~4! of Ref. 33.
EG(0)5EB2aB . Also see

Refs. 36 and 37.
9. e1-hh1 EB51.360.0035 109.7618.9 0.02260.0044
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beyond 101.4 K, precluding observation of any broaden
due to this mechanism either in PL or in the SPV.

Another question needs to be discussed regarding
shape of the SPV spectra at low temperatures. Unlike
why are we not able to resolve this BE transition in the S
even though the experimental resolution is kept the sam

FIG. 4. The broadening parameter (G0) of e1-hh1 as obtained
from the SPV spectrum of sample B. ClearlyG0 increases below
100 K. Inset shows the broadening of the GaAs transition at var
temperatures. The dotted line is a guide to the eye and not a fi
g

he
L,

in

both the PL and the SPV experiments? To understand
qualitatively, we note that the SPV signal is different from
pure absorption signal since the excitations at higher ene
~say, from thee1-hh1 level! can decay to the BE state, whic
in turn can either decay radiatively by PL or dissociate a

s

FIG. 5. Photoluminescence spectrum of sample A at vari
temperatures. The prominent shoulder at the low-energy side o
e1-hh1 transition at the lower temperatures is attributed to a bou
excitonic transition. The spectra at various temperatures are sh
on the vertical scale for ease of presentation. A deconvolution of
PL spectra at the lowest temperature is also shown.
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13 608 PRB 62SHOUVIK DATTA, B. M. ARORA, AND SHAILENDRA KUMAR
produce SPV. Similarly, carriers from the BE level can a
be excited to thee1-hh1 level and then subsequently excite
to form e2-h pairs ~asDEP2!DEP1! to generate SPV. Be
ing a two-step process, the probability of SPV generat
from the BE level may be small compared to that from t
e1-hh1 level. This spreading of thee1-hh1 excitation into
various energy states prior to SPV generation can modify
SPV line shape and account for the difference between
PL and SPV spectra. Also, at low temperatures, increas
the radiative recombination rate~PL generation! actually re-
duces the SPV generation rate very much, because PL
SPV are two complementary mechanisms. So below;100 K
the e1-hh1 level effectively broadens as a result of the inte
action with the BE level. Above;100 K, thermalization of
carriers prevents the excitation of the BE level and no s
broadening in thee1-hh1-related SPV feature is observe
However, a detailed analysis of the line shape requires
ther investigation and modeling the various rate proces
which is beyond the scope of the work described here.

V. MECHANISMS OF SPV GENERATION IN A QW
STRUCTURE

The SPV of bulk GaAs results from separation of cha
carriers in the built-in surface field following carrier gener
tion by photoexcitation. How is the SPV generated when
excite carriers within the QW? In order to produce SP
separation of carriers is necessary after photogenera
Three processes of charge separation can be envisage
shown schematically in Fig. 7. These are~a! thermal emis-
sion of carriers out of the well followed by field separatio
~b! tunneling of carriers out of the well followed by fiel
separation, and~c! separation of carriers within the QW itse
with possible capture into interface traps. The QW in bo
samples A and B is situated within the depletion regio
which is around 1500 Å thick44 for n-type doping of;5
31016cm23, whereas the top cap layer of GaAs is 1000
thick @See Fig. 8~a!#. It is difficult to distinguish between
thermal and field-aided emission processes as such
measurements on samples in which the QW is situated in

FIG. 6. PL intensities of~a! the e1-hh1 transition and~b! the
bound exciton transition are plotted against 1000/T. Interestin
the PL intensity starts saturating below 100 K.
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depletion region. To distinguish between these processes
stead we select a sample C with the same structure
n-type doping (;531016cm23) as samples A and B; how
ever, in this case the top GaAs is thicker~around 3000 Å!
such that the QW is located in the neutral region at zero b
@see Fig. 8~b!#. Figure 9 shows a room-temperature 1/C2 vs
V plot of sample C with a Au-Ge-Ni back Ohmic contact a
semitransparent Au top Schottky contact. The onset of
saturation region in Fig. 9 at around 1.2 V negative b

y,

FIG. 7. Possible escape mechanisms for photogenerated ca
out of the quantum well and SPV generation.~a! Thermal emission
and carrier separation.~b! Field-aided tunneling emission and ca
rier separation, and~b! separation of photocarriers within the QW

FIG. 8. ~a! Schematic band diagram of samples A and B. T
also represents the band diagram for sample C under reverse
~say 22.5 V!. ~b! Schematic band diagram for sample C und
zero bias.
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PRB 62 13 609BOUND EXCITON EFFECT AND CARRIER ESCAPE . . .
occurs as the depletion region widens and reaches the d
at which the QW is located. Thus at zero bias the QW is w
beyond the depletion region. With the application of abo
22 V bias, sample C resembles the condition of bo
samples A and B, where the QW is already within the s
face depletion region. Thus, we can alter the field within
QW by varying the reverse bias.

To gain insight into the relative significance of therm
emission, field-aided emission, and charge separation
cesses, we have carried out measurements of the dc
tocurrent as a function of temperature at different reve
bias voltages applied to the top semitransparent Au Scho
contact of sample C. For photoresponse measurements
applied bias, we measure the dc photocurrent versus
voltage under dark as well as light conditions. The wa
length of the light~950 nm! incident on the semitranspare
Au Schottky dot is selected so as to produce a uniform g
eration rate in the QW over the range of temperatures 2
8.6 K used in these measurements. The photorespon
obtained from the difference between the current values
der illuminated and dark conditions@DI 5I (Illuminated)
2I (dark)#. Representative results of these measurements
shown in Fig. 10~a!. In Fig. 10~b!, we have replotted the dat
of Fig. 10~a! in an Arrhenius plot45 of DI versus 1000/T at
each bias. The results can be summarized as follows.

From Fig. 10~a! we see that at zero bias the photorespo
decreases by a factor of;50 as the sample temperature
lowered from 289 to 8.6 K. At larger reverse bias voltag
~say, at22.5 V!, the change in the same temperature rang
relatively small, about a factor of;6 only. From this
temperature-dependent behavior it is clear that, when
QW of sample C is situated in a field region, field-aid
tunneling emission is responsible for the removal of pho
generated carriers from the QW into the barrier region f
lowed by separation in the field region~the same mechanism
is also responsible for SPV generation in samples A and!.
Since the field-aided tunneling emission is relatively ind
pendent of temperature, the change in photocurrent du
cooling of the sample is small, as observed in the relativ
flat region in the Arrhenius plots for higher negative bias
in Fig. 10~b!. As the field in the QW region is reduced, th

FIG. 9. 1/C2 vs bias plot for sample C at room temperature. T
QW reaches the depletion edge as the reverse bias is increas
represented by the saturation region of the plot.
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field-aided emission strength reduces and the sample ha
be cooled to lower temperature before the field-aided em
sion becomes predominant. The changeover of the emis
mechanism occurs at a temperature where the strength o
thermal emission component decreases significantly in c
parison. This explains the highest sensitivity of the photo
sponse to the sample temperature when the applied bia
zero. Moreover, the existence of dc photocurrent under h
reverse bias even at the lowest temperatures used in the
periment clearly shows that the contribution of the th
mechanism@as mentioned in Fig. 7~c!# of photogenerated
carriers separating within the QW is insignificant in the SP
generation process.

The question may be raised: how does the net photo
rent arise where the QW is located in the neutral region?
suggested that after thermal emission carriers diffuse in
barrier region and minority carriers reaching the deplet
edge constitute the current flow. Accordingly, enhancem
of the photocurrent is expected as the depletion edge mo
closer to the QW. Within the scheme of carrier esca
mechanisms outlined above, it may be expected that at
bias the photocurrent will continue to decrease monoto

, as

FIG. 10. ~a! Photoresponse of sample C under different bias
plotted for various temperatures. Clearly the temperature dep
dence ofDI is orders of magnitude larger at zero bias than at22.5
V bias. ~b! Arrhenius plot of the photoresponse as measured
sample C.
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13 610 PRB 62SHOUVIK DATTA, B. M. ARORA, AND SHAILENDRA KUMAR
cally with lowering of the sample temperature down to t
lowest temperature;8.6 K used in the experiments. Con
trary to this, we find that the photocurrent tends to satur
below;100 K even at zero bias. Although the third mech
nism of photogenerated carriers separating within the QW
temperature independent, we exclude this process for rea
mentioned above. Alternatively, we need to assume that
field extends into the well region below 100 K even at ze
bias. Support for this is obtained from the measuremen
C-V characteristics at low temperatures. We find that the
region in 1/C2-V characteristics extends toward zero bi
with lowering of the sample temperature, which could gi
rise to some field-aided emission, thereby reducing the th
mal emission dependence.

The slope of the linear portion of each Arrhenius plots
Fig. 10~b! gives the activation energy of thermal emission
photogenerated carriers within the QW. Measured values
the activation energies range from 75 meV at zero bias to
meV at 22 V reverse bias. These activation energy valu
are much smaller than the values of activation energy of
quenching of PL~;160 meV! as reported above. It is usefu
to state, however, that the PL measurement is done un
Ar1 ion laser excitation with much larger excitation intensi
than the intensity of the light from the quartz-tungste
halogen lamp used in the SPV and dc photocurrent exp
ments. From this, we expect the bands to be essentially
during the PL measurement and the corresponding valu
the activation energy for emission of the carriers out of t
QW will be higher. Relatively smaller values of the activ
te
-
is
ns
e

of
t

r-

f
of
5
s
e

er

-
ri-
at
of
e

tion energy from the photocurrent measurements can re
because of the field lowering of the barrier height of the Q
A detailed modeling will be necessary to confirm this aspe

VI. CONCLUSIONS

We have reported the temperature dependence of sur
photovoltage measurements on a strain
GaAs/InxGa12x /As/GaAs single quantum well. We hav
discussed the effect of a bound exciton transition on
broadening parameter (G0) of e1-hh1 in SPV spectra below
;100 K. Photoluminescence measurements were perfor
to explain the unusual broadening of thee1-hh1 transition as
a result of this bound excitonic transition along with th
subband transitions in the quantum well. We have also
ported selectively excited dc photocurrent experiments
show that both thermal emission and field-aided tunnel
emission of photogenerated carriers from the quantum w
are contributing mechanisms for generation of SPV, w
field-aided tunneling emission dominating the low
temperature regimes.
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