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Surface photovoltage studies of InxGa1ÀxAs and InxGa1ÀxAs1ÀyNy quantum well structures
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Surface photovoltage in GaAs-based type I strained quantum well structures is discussed. First, a model for
the photovoltage generation in our samples is presented. Then surface photovoltage spectra of two structures,
GaAs/InGaAs/GaAs and GaAs/InGaAsN/GaAs, are analyzed. The samples show four steplike main features in
the spectrum. The InGaAs sample shows also excitonic peaks associated with some of the steps. To explain the
spectra, a comparison with calculations and photoluminescence measurements is made. For photon energies
under the barrier band gap, the photovoltage is generated due to the optical absorption in the quantum well. To
account for the magnitude of the photovoltage in this case, carriers must escape out of the quantum well. We
propose and discuss three such carrier excitation-escape mechanisms. We discuss the role of an optical tran-
sition involving confined and extended states in the surface photovoltage spectra. By analyzing the temperature
dependence of the spectra we come to the conclusion that the transitions involving extended states play an
essential role in the photovoltage generation in our quantum well~QW! samples. This allows the determination
of the band alignment of QW structures. We find that by adding 1,7% N in In0.35Ga0.65As strained quantum
wells, the energies of the valence band maximum and conduction band minimum are lowered by 43 and 140
meV, respectively, at room temperature.

DOI: 10.1103/PhysRevB.66.205324 PACS number~s!: 73.50.Pz, 81.07.St, 78.20.Jq, 78.55.Cr
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I. INTRODUCTION

Surface photovoltage~SPV! spectroscopy has been us
for many years to study the properties of electronic sta
near the surface in semiconductors. Johnson1 used this tech-
nique to measure the surface potential in Ge. Later it a
found application for other semiconductors.2–4 Recent re-
views on the principles and applications of SPV spectr
copy can be found in Refs. 3–5. With the advent of crys
growth techniques,6 allowing the production of high quality
semiconductor heterostructures, SPV spectroscopy found
ditional applications. It was used to study electronic state
heterostructures,7 quantum wells~QW’s!, quantum dots and
superlattices,8–11 and nanostructures.12

In this paper we discuss the generation and the meas
ment of SPV in QW structures. We try to understand the r
of ~electrons and holes! confined and extended states in t
SPV generation. Optical transitions between confined st
in SPV spectra were reported and analyzed by differ
authors.8,9,11 However, to the best of our knowledge, tran
tions involving extended states in QW structures have
been discussed in association with SPV spectra until n
SPV spectra taken at different temperatures of two differ
single QW samples of type I, InGaAs and InGaAsN,13,6 are
compared and discussed. The samples were grown by
lecular beam epitaxy~MBE! on a GaAs substrate. By com
paring our experiments with calculations, we try to elucid
the role played by optical transitions involving confined a
extended states in our SPV spectra.

II. EXPERIMENT

A. Sample description

The samples were grown on ann-doped substrate (2
31018/cm3) and contain one QW embedded approximat
0163-1829/2002/66~20!/205324~8!/$20.00 66 2053
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in the middle of a GaAs buffer layer of a few hundred~300–
400! nm thickness. The QW and the grown GaAs layer a
not intentionally doped.

The InGaAs and InGaAsN QW samples were prepa
from MBE-grown laser structures. The In content is 20%
the InGaAs sample and 35% in the InGaAsN sample; the
content is 1.7%. The preparation of the samples included
removal of the upper confinement layer using chemical et
ing. Special care was taken to stop etching as soon as
confinement layer had been etched, so that the QW inside
GaAs undoped layer remains intact. The other confinem
layer on the substrate-side isn doped, like the substrate. Th
thickness of the InGaAs QW is 8 nm, and that of the I
GaAsN QW is 6.5 nm.

B. Measurement setup

The measurement setup5 is presented in Fig. 1. The
sample is sandwiched between the massive copper pla
the cryostat~ground contact! and a transparent~ITO! contact.
No dc contact is needed between the sample and the e
trodes, the distance between the sample and the electrod
a fewmm, thus making a capacitive~soft! contact. Chopped
light illuminates the sample on an area of about 535 mm2

through the transparent electrode. The signal taken from
transparent electrode is applied to a high impedance buffe~a
few GW) and analyzed by a standard lock-in technique.

C. Equivalent circuit

When light falls on the sample, electron-hole pairs a
generated near the surface. As will be shown in Sec. III
this region is present a built-in electric field causing the se
ration of electrons and holes; the result is a net current, flo
©2002 The American Physical Society24-1
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ing toward the surface. This situation is represented in Fi
as a capacitor charged by this current: there will con
quently be a voltage drop on this capacitor. The plates of
capacitor are the surface and then-type substrate were th
holes the electrons accumulate. Because chopped ligh
used, the PV will vary periodically with the frequency o
chopped light.

The coupling between the sample and the buffer is m
through the capacity that exists between the surface of
sample and the transparent electrode~ac coupling!, and only
variations of the PV across the sample are measured.
cause the substrate is strongly doped, the PV variations c
only from the undoped GaAs layer near the surface wh
contains the QW.

Figure 2 also gives the typical values of the circuit e
ments. The electrical circuit is a high-pass filter having
time constant of approximately 0.1 s. The signal will app
undistorted at the output of the buffer because the light ch
ping frequency is a few tens of Hz, but it will be reduced
about 30% due to losses in the capacity cascade and bu

FIG. 1. Experimental setup. The sample is sandwiched betw
the ground electrode~sample holder! and the transparent ITO elec
trode. The signal, collected from the transparent electrode, is
plied to a high impedance buffer.

FIG. 2. The equivalent electrical circuit.
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III. PHOTOVOLTAGE SIGNAL

A. QW not present

Next the mechanism of PV generation in our samples
explained ~Fig. 3!. As is well known, the Fermi level is
pinned~due to a high density of surface states! at the GaAs
surface approximately in the middle of the band gap14 ~0.7
eV under the conduction band!. In the strongly doped sub
strate (231018/cm3), the Fermi level has a position close
the conduction band. Consequently, there is a built-in elec
field (E'104 V/cm) in the undoped region between the su
face and substrate. The following hypotheses will be us
~a! the photons have an energy only slightly above the
GaAs band gap, and~b! the Fermi level is pinned at 0.7 eV
under the conduction band at the surface. The generatio

en

p-

FIG. 3. ~a! and~b! Generation of photovoltage. Under illumina
tion: the photons generate electrons hole pairs giving the photo
rent I. Some of the generated electrons and holes recombine, gi
I r . The electrons and holes separate in the built-in electric field.I th

is the thermionic current~compare to the case of unipolar devic
n-doped substrate in one side, surface states on the other side!. ~c!
When only the quantum well is excited, charge may accumulat
the QW.Q1 is the positive charge accumulated at the surface,Q2

the negative charge accumulated in the substrate,Q3 (Q4) is the
positive ~negative! charge accumulated in the QW at low temper
tures.
4-2
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the PV can be explained using the simple model explaine
Fig. 3. When light is applied, the built-in electric field sep
rates the photogenerated electron-hole pairs, giving a cur
charging the capacity between the surface and the subs
The current charging the capacitor can be separated
three parts:~a! I is the photocurrent~given by the photoge-
nerated electron-hole pairs moving in the built-in elect
field!, ~b! 2I r is the volume recombination current, and~c!
2bIth is the surface recombination current.

Knowing the absorption coefficient of the light in the m
terial, the currentI can be written as:

I 5eN0S~12e2ad!, ~1!

whereN0 represents the number of incident photons per s
ond and cm2, S is the surface of the sample, andN0(1
2e2ad) the number of electron-holes pairs generated in
layer of lengthd per second.

The two recombination currents are not known exactly.
take them into consideration two fitting parameters are in
duced:

~a! The volume recombination current is written as a fra
tion (12a) from the photocurrentI (0,a,1);

~b! The surface recombination current is written as
fraction b from the thermionic currentI th that would pass
over a Schottky barrier having the same height.15 From the
electrons inI th only a fractionb recombines at the surfac
~this fraction is, however, expected to be important beca
for GaAs the surface recombination rate is high,S
.106 cm/s).
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In quasiequilibrium conditions under illumination, th
photocurrentI will be compensated for by the sum of th
recombination currentI r and the currentbIth . Under non-
equilibrium conditions~illumination!, the sum of this cur-
rents will charge or discharge the capacity that exists
tween the surface and substrate:

dQ

dt
5I 2I r2bIth5aI2bIth ,Q5CU. ~2!

Replacing the general expression for the thermio
current,15 we obtain:

2
«

d
U8~ t !5aeN0~12ead!

2bA* T2e2U0 /UT~e[U02U(t)/UT21! ~3!

wheree is the electron charge,« the dielectrical constant,a
the optical absorption constant,A* the effective Richardson
constant for thermionic emission,T the temperature,k the
Boltzman constant, andUT5kT/e.

HereU is the potential difference between the surface a
substrate.U0 is the initial condition of Eq.~3!, the value ofU
before illumination. The photovoltage is then the differen
U02U. The first term on the right side of Eq.~3! gives the
photocurrent, the second term the thermionic current. Th
difference is equal to the current that charges the capacito
expressed by Eq.~2!.

As shown in the Appendix, the dependence of the S
signal on the temperature and light intensity is
Spp}H N0Tp

4
for small ~Spp!UT! signal amplitude

T lnS N0Tp

2UT
D for large~Spp.3UT! signal amplitude.
less

er
W.
ect
l-

cture

W,
d

HereSpp is the photovoltage peak-to-peak signal andTp
is the period of the chopped light. The valueUT is 6 mV at
70 K and 26 mV at 300 K. In the small signal limit (Spp
!UT) the signal is independent of temperature and prop
tional to the light intensityN0. With an increasing signal, th
dependence on the temperature increases and the depen
on the light intensity decreases. For large signal (Spp
.3UT) the dependence on the light intensity is logarithm
and the dependence on the temperature is almost linear.
medium (Spp'UT) SPV signal has both the dependence
temperature and light intensity weaker than linear.

In the following paragraphs the SPV spectra will be d
cussed. They are recorded using chopped light at dens
mW—tens ofmW / cm2. The SPV signal lies in the range o
tens ofmV—tens of mV—that is, a small to a large signa
The dependence on temperature of small signals~tens of
mV) is expected to be small~see the Appendix!; however,
for a strong SPV signal~tens of mV! the temperature depen
dence is close to linear.
r-

ence

he
n

-
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B. QW present

The case will be discussed when the photon energy is
than the band gap of the barrier~and substrate! material, so
that the light is absorbed only in the quantum well. Und
light absorption, carriers will be generated inside the Q
Carriers will also be present outside the QW: either by dir
excitation over the barriers16 or by thermal escape or tunne
ing ~or a combination of the last two! ~Ref. 17! ~Fig. 3!. For
the case presented in Fig. 3, the voltage across the stru
is given by the following relation:

U5Q1

d1

«S
1Q2

d2

«S
1

Q31Q4

2

x

«QW
, Q11Q35Q2

1Q4 , Q1 ,Q2 ,Q3 ,Q4.0. ~4!

Hered1 is the distance between the surface and the Q
d2 is the distance between the QW and the substrate, an«S
4-3
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and«QW are the dielectric constants of the substrate and Q
materials, respectively. The electron and hole wave functi
will not be centered in the same place because there i
electric field in the QW;x is this effective distance of sepa
ration of electrons and holes in the QW.Q1 . . . Q4 are ex-
cess charges that appear under illumination~as compared to
the equilibrium situation!. Q1 and Q3 are excess hole
charges, andQ2 and Q4 are excess electron charges. A
charges are considered positive.Q11Q3 must be equal to
Q21Q4 because the total charge is conserved.

The main contribution to the PV signal comes from t
carriers outside the QW, because they can separate in
built in electric field over longer distances. Let us estim
the PV signal if we considerQ15Q250. Considering a light
intensity of 10mW/cm2 which corresponds to
'1014 photons/cm2 s and a QW absorption ofad'0.01, the
generation rateG is 1012 electron-hole pairs/cm2 s. Taking a
typical electron-hole recombination timet of 1ns, the num-
ber of electron-hole pairs under illumination isN5Gt
5103/cm2 which givesQ35Q4'10216 C/cm2. Taking the
separationx'1 nm, we obtain a voltageQ3(x/e) of the
order of magnitude off V, too small to be measured.

Further the PV spectrum of a QW structure in the ene
region under the band gap of the substrate will be a prod
of two functions:~1! the absorption in the QW as a functio
of energy, and~2! a function describing the escape of carrie
from the quantum well and their separation in the elec
field. The second function will be strongly dependent
temperature. Then, based on Eq.~4!, the PV signal can be
written as

S}aQW~hn!3@ f e~hn,T!d21 f h~hn,T!d1#, ~5!

where f e(hn,T) @ f h(hn,T)# is the escape efficiency of th
generated electrons~holes! from the QW followed by a fur-
ther separation in the electric field over the distanced2 (d1),
andaQW is the QW absorption coefficient.

IV. RESULTS AND DISCUSSION

To record the spectra, a 100-W halogen lamp was use
a light source followed by a Jobin-Yvon monochromat
The monochromatic light was mechanically chopped~80 Hz!
and then projected uniformly on the sample~see Fig. 1!. The
area of the sample was about 1 cm2.

A. SPV spectra

In Fig. 4 the PV spectra of the two samples is represen
taken at three different temperatures. It is known from
literature18,19 that InGaAs and InGaAsN QW’s are of type
Both samples clearly show four steps, enumerated from
~1! to right ~4!. The first step has the same position in ene
like the photoluminescence~PL!, and is identified as the
e1-hh1 transition~Fig. 5!. The last step comes clearly from
the GaAs barriers. Steps 2–4 are attenuated with increa
temperature in both samples.

The second and third steps have very different strength
the two samples. While in the InGaAsN sample these
very clear~an increase in the SPV of about ten times at
20532
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K!, for the InGaAs sample they are not so significant. Th
are two more obvious differences between the two samp
~a! the first step is sharper in the InGaAs sample, and~b!, the
InGaAs sample shows excitonlike enhancements assoc
with steps 1–3. This can be correlated with the PL measu
ments~Fig. 5!. The PL-peak full width at half maximum fo
the InGaAsN sample is three times larger than for the
GaAs sample. We explain the difference in step sharpn

FIG. 4. Photovoltage spectra of the InGaAs and InGaA
samples taken at three temperatures. For the InGaAs QW, the t
mission spectrum for QW in-plane light propagation and perp
dicular E polarization is also shown.

FIG. 5. Comparison between the photovoltage and photolu
nescence spectra of the InGaAs and InGaAsN samples at 70 K
4-4
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and exciton enhancements in the two samples by the di
ence in the QW homogeneity. It is known that the InGaA
QW is less homogeneous as compared to the InGaAs Q20

The fact that the first step is associated with an excito
peak in the InGaAs sample confirms the validity of Eq.~5!,
as we will see next.

B. SPV generation mechanisms

As explained above@see Eq.~5!#, to account for the mag
nitude of the PV signal under illumination, it is necessa
that excited carriers come through some mechanism ou
the QW. As the photon energy is varied the SPV signal a
varies, producing the steps seen in the spectra. We have
tified three such possible excitation-escape mechanisms

~1! Transitions between confined states inside the QW~for
examplee2-hh2) for kuu50. The carriers escape in this ca
from the QW because of the sufficient high temperat
~thermal escape!, or through tunneling. Contributions to th
PV in this case are expected to come mainly fro
aQW—term in Eq.~5!. The termsf e(hn,T) and f h(hn,T) are
expected to be independent of the photon energy when
transitions between confined states are possible. The life
of the carriers in QW confined states, other than the gro
state, is far too small ('10 ps) compared with that of th
ground state ('1 ns). So the carriers will rather first relax i
the ground state and then escape from the QW. Feature
the SPV spectrum could be identified in this case with f
tures in the absorption spectrum. The first step in the S
spectra is associated with this type of transition (e1-hh1), as
discussed above.

~2! Transitions between confined states inside the QW~for
examplee1-hh1) for kuuÞ0. For sufficient highkuu and exci-
ton lifetimes, the electron and holes in confined states
have sufficient energy that, through elastic scattering p
cesses, they escape out of the QW~see Fig. 7!.

~3! Transitions between confined and extended states~for
example between hh1 and extended electron states!. In this
case carriers are directly excited in extended states out o
QW ~but there is the possibility that they are captured ag
in the QW!. The termsf e(hn,T) and f h(hn,T) will increase
strongly ~steplike! as a function of the photon energy fo
sufficiently low temperatures, with the onset of confined-
extended optical transitions. In this case it is expecte
strong increase in the SPV signal as a function of pho
energy without a significant increase in the QW absorptio
Datta11 et al. identified features in the SPV spectrum me
sured at room temperature with transitions between confi
states in InGaAs single QW. The features present at
temperatures are not commented upon except the one
lated to thee1-hh1 transition. On the other hand, Ksendzov16

et al. showed that transitions between confined states in
GaAs single QW and unconfined~continuum! states have
comparable strengths with transitions between confi
states in the QW. We have performed calculations~Fig. 6! of
the confined electron and hole states for the InGaAs sam
which show that there are~a! two confined electron levelse1
ande2, ~b! three heavy-hole levels hh1–hh3, and~c! no con-
fined light-hole state. For the InGaAsN sample no prec
20532
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calculations can be performed because the material pa
eters are not well known, but more confined electron lev
are expected than in the InGaAs case, because with add
of nitrogen:~1! the electron efective mass increases, and~2!
the conduction band offset increases strongly19 ~double as
compared to InGaAs case!. In the following we discuss how
the three excitation-escape mechanisms mentioned a
can explain the SPV spectra of our samples.

1. Transitions between QW confined states, kzzÄ0

To identify the role played by the confined states in t
SPV generation, the absorption spectrum was theoretic
calculated~using the multibandk•p method, without taking
excitonic effects into consideration! in Fig. 6. Except for
e1-hh1, there is only one allowed optical transition betwe
confined states for the QW nominal parameters~20% In and
8-nm thickness!, namely,e2-hh2, but this does not coincide
with any of steps 2 or 3 in the experimental spectrum. On
other hand, there is a very strong excitoniclike enhancem
associated with the third step in the InGaAs sample, t
could be associated with thee2-hh2 exciton. To account for
the possible dispersion in the QW parameters, these w
slightly varied for the calculated absorption spectrum in F
6 in order to make the calculatede2-hh2 transition coincide
in position with the third step in SPV spectrum. The para
eters used in Fig. 6 are 8 and 5 nm~which coresponds to one
monolayer change in thickness! and 22% In~a variation of
10% in the In composition!. We believe that only transitions
between confined states in the QW cannot account for
both steps 2 and 3 seen in our spectra because~see Fig. 6! of
the following

~i! For the InGaAs QW there is only one such allow
transition close to step 2 or 3, namely,e2-hh2.

~ii ! Although the InGaAsN QW has very different param
eters as compared to the InGaAs QW~and expected to have

FIG. 6. The calculated~using multibandk•p method! InGaAs
QW absorption spectrum for light propagation perpendicular~con-
tinuous line! and in a QW plane with perpendicular E-field pola
ization ~dotted line!. The calculations were made for 22% In and
and 5-nm QW thicknesses.e1-ch (ce-hh1) arrows indicate the en-
ergy difference between thee1 (hh1) and the top~bottom! of the
barrier valence~conduction! band.
4-5
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more confined electron levels than the InGaAs QW!, both
samples show four steps as main features in the spectra

~iii ! Steps 2 and 3 in the InGaAsN spectrum~the SPV
increases ten times! are too large to come alone from th
increase in due to optical transitions between confined st
~see Eq.~5!#. There must be an important contribution fro
the f e(hn,T) and f h(hn,T) terms. But, as discussed abov
this is unlikely if only transitions between confined states
considered;

Comparing the calculated absorption and measured
GaAs SPV spectra, we conclude that~Fig. 6! the following

~i! the second step in the SPV spectrum coincides with
calculated step in the absorption coming from optical tran
tions between extended hole states and confinede1 states.
This is further confirmed experimentally by transmissi
measurements, done in an attenuated total reflection ge
etry. In Fig. 5 the transmission of the QW for the in-pla
light propagation and perpendicularE polarization is shown.
In this case only optical transitions involving light holes a
allowed.21 We see indeed that the transmission of the sam
decreases when the electron-light holes optical transit
become possible~photon energies larger thane1-ch).

~iii ! the interpretation of the third step in the InGaAs SP
spectrum is more difficult and cannot be made nonamb
ous. Indeed, it is possible that the third step comes enti
from thee2-hh2 transition. But, on the other hand, it can al
come from transitions between hh1 confined states and ex
tended electron states (ce-hh1 transitions!. The calculated
absorption spectrum shows that the last transitions are
strong; however, they can account for an increase in S
signal due to termsf e(hn,T) and f h(hn,T) in Eq. ~5!.

2. Transitions between QW confined states, kzzÅ0

The absorption in QW contains at all energies above
e1-hh1 with kuu50 contributions from thee1-hh1 with kuu
Þ0 ~see Fig. 7!. Through elastic scattering events, which a
very frequent~the time between two such successive eve
is comparable with that of thermal relaxation!, it is possible
in principle that carriers come out of a QW if they ha
sufficient kinetic energies. For the InGaAs QW sample,
cause the electron effective mass is much smaller than
heavy-hole mass,Eh@Ee ~see Fig. 7!. For reasonably smal

FIG. 7. Escape of carriers out of an InGaAs QW through ela
scattering, aftere1-hh1 optical excitation withkuuÞ0.
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energies, only electrons can escape through elastic scatt
out of the QW. Then steps 2 and 3 in the spectrum might
in principle clarified bye1-hh1 and e2-hh2 transitions for
kuuÞ0. However, this is not the case here because of
following

~i! According to calculations, the second step for the
GaAs QW sample cannot be explained by any ofe1-hh1 or
e2-hh2 transitions forkuuÞ0 ~see Fig. 6!. Also, the third step
should be higher in energy in order to be possible to assig
to thee2-hh2 transition~for kuuÞ0).

~ii ! The PV spectrum of the InGaAsN sample shou
show more steplike features if there are more confined e
tron states as compared to the InGaAs QW sample.

3. Transitions between QW confined and extended states

The third mechanism—transitions between confined a
continuum states—can successfully explain the steps pre
in the SPV spectra. In the case of type I QW’s there is a h
probability of QW ~re!capture of the carriers in extende
states22 ~the times of capture of the order of tens of ps!, so
that actually not all the carriers excited in extended sta
will become free by separation in the electric field. The fo
lowing arguments show that the four steps seen in the
GaAsN sample can be explained by this excitation-esc
mechanism.

~i! If we identify the position of steps 2 and 3 with th
energiese1-ch and ce-hh1 ~see Fig. 6!, then the distance
between steps 1 and 2 should be equal with the dista
between steps 3 and 4. This is indeed the case for the
GaAsN ~and InGaAs! QW samples. If the energy differenc
betweene1(hh1) and the bottom of the QW are known, th
calculation of the band offsets is possible. These quantiza
energies are known for the InGaAs QW from the calcu
tions. Taking the same values for the InGaAsN QW, t
value of 79/21 results for the conduction to valence ba
ratio, in good agreement with other results from literature19

~ii ! To further clarify if this is indeed the main mechanis
of carrier escape from the quantum well, in Fig. 8 we plot t
height of steps as a function of temperature for the InGaA
sample. For step 4, the model presented in Sec. III pred
an almost linear dependence on the temperature. The s

c
FIG. 8. Variation of steps~1!–~4! for the InGaAsN sample with

temperature. The four steps are enumerated from left to right.
4-6
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must be essentially valid for steps 2 and 3, because for b
of them there is charge separation following direct excitat
out of the QW~transitions to extended states!. On the other
hand, the first step must have a stronger dependence o
temperature, coming from two processes:~1! thermal activa-
tion of the carrier escape~exponential dependence with th
temperature!, and ~2! the temperature dependence of ste
2–4. As can be seen in Fig. 8, steps 2–4 have similar t
perature dependences. Step 1 has a much stronger tem
ture dependence, especially for low temperatures;

~iii ! The calculations made for the InGaAs sample~Fig. 6!
show that the positions of steps 2 and 3 agree well with
e1-ch andce-hh1 energies. But as we discussed above,
third step cannot be assigned nonambiguously. If the m
contribution in step 3 comes frome2-hh2 transitions, this
would explain why the contribution~smaller in this case!
from thece-hh1 transitions is not clearly visible.

We have obtained above the conduction/valence band
tio of the InGaAsN QW sample from the SPV spectrum.
comparing these results with calculations done for an ap
priate InGaAs QW, we can determine the influence of nit
gen on the conduction and valence bands of strained InG
material. Incorporation of 1.7% N in strained In0.35Ga0.65As
QW influences the conduction and valence bands twofold
~1! reducing the strain, and~2! changing the intrinsic elec
tronic properties of InGaAs material. To isolate the seco
contribution we have calculated the ground levels of
GaAs/In0.35Ga0.65As/GaAs QW by including the reduce
strain present in the GaAs/In0.35Ga0.65As0.983N0.017/GaAs
QW. The calculations were done using the multibandk•p
approximation. By comparing the two results we find that
adding 1.7% N in strained In0.35Ga0.65As QW ~1! the energy
of the valence band maximum is pushed down by appro
mately 43 meV, and~2! the energy of the conduction ban
minimum is lowered as well by about 140 meV. These c
culations were done at room temperature.

V. CONCLUSION

The generation of surface photovoltage in type-I Q
structures has been discussed. A model for the photovol
generation in samples grown onn-doped substrates is firs
presented. Then SPV spectra of two QW structures an
lyzed. Both samples have a SPV spectrum with four pro
nent steplike features. By comparing the SPV and PL spe
with calculations and by analyzing the temperature dep
dence of different portions of the SPV spectrum, we come
the conclusion that optical transitions between confined
extended states are essential for the SPV generation in ty
QW structures. Different parts of the SPV spectrum rece
dominant contributions from optical transitions betwe
confined-to-confined or confined-to-extended states.
comparing the SPV spectra with calculations we were abl
determine experimentally the influence of N incorporation
the conduction~valence! band minimum ~maximum! in
strained InGaAs. The SPV spectroscopy opens perspec
to study the properties of confined and extended state
well as of band alignments in semiconductor QW structur
20532
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APPENDIX

To find the dependence of the solution of Eq.~3! on light
intensity and temperature, we write Eq.~3! under the form

y8~ t !5N~ t !2c~T!~ey(t)/UT21!. ~A1!

Here y5U02U is the photovoltage,UT5kT/e, and the
coefficient c(T)5(d/«)bA* T2e2U0 /UT. N(t) is propor-
tional to the light excitation~rectangular variation with pe
riod Tp):

N~ t !5H N0 , 0,t,
Tp

2

0,
Tp

2
,t,Tp .

The solution of Eq.~A1! can be written as a sum betwee
a transitory and a steady-state oscillatory solution:y5ytr
1yss. After long times, the transitory component becom
constant,ytr(t)5y0. We make the substitutiony°y01y in
Eq. ~A1! ~now y is the steady-state solution! and we write the
excitationN(t) as a sum between an average and an alte

tive component:N(t)5N0@ 1
2 1j(t)#, with j(t) varying be-

tween21/2 and 1/2. We work in a temperature range whe
c(T)!1 @c(T) decreases very fast with decreasing tempe
ture# and consequently exp(y0 /UT)@1, so

expS y01y~ t !

UT
D21'expS y01y~ t !

UT
D .

Then Eq.~A1! becomes:

y8~ t !'N~ t !2c~T!e[ y01y(t)]/UT. ~A2!

For j(t)50 the steady-state componenty(t)50 and the
y0 component is obtained:

05
N0

2
2c~T!ey0 /UT⇒c~T!ey0 /UT5

N0

2
. ~A3!

For constant light intensityN0, becausec(T) decreases
very fast with decreasing temperature,ey0 /UT must increase
very fast with decreasing temperature and the condit
exp(y0 /UT)@1 will be satisfied for temperatures smaller th
the room temperature. Replacing Eq.~A3! in Eq. ~A2! we
finally obtain an equation for the steady-state componen

y8~ t !5N~ t !2
N0

2
ey(t)/UT5N0Fj~ t !2

1

2
~ey(t)/UT21!G .

~A4!

Equation~A4! has an analytical solution. From this solutio
the peak-to-peak amplitude of the solution can be calcula
The result is
4-7
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Spp5UT lnS 11
ex

ex21
x

11
x

ex21

D with x5
N0Tp

2UT
. ~A5!

~a! For a small signal, Spp /UT!1, x!1 Eq.~A5! can be
written in the form@ex21'x, ln(11x)'x]:

Spp'UT lnS 11
x

2D'
N0Tp

4
. ~A6!

In this limit the photovoltage is independent of temperat
and proportional to the light intensity.

~b! For a large signal, Spp /UT.3, x@1 Eq.~A5! can be
written in the form

Spp'UT lnS N0Tp

2UT
D .
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