PHYSICAL REVIEW B 66, 205324 (2002

Surface photovoltage studies of IpGa; _,As and In,Ga; _,As;_,N, quantum well structures
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Surface photovoltage in GaAs-based type | 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(@&l) samples. This allows the determination
of the band alignment of QW structures. We find that by adding 1,7% NjpB®, ¢zAS 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.
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I. INTRODUCTION in the middle of a GaAs buffer layer of a few hundr&D0—
400 nm thickness. The QW and the grown GaAs layer are
Surface photovoltag€SPV) spectroscopy has been used ot intentionally doped.

for many years to study the properties of electronic states The |nGaAs and InGaAsN QW samples were prepared
near the surface in semiconductors. Johnsmed this tech- gom MBE-grown laser structures. The In content is 20% in
nigue to measure the surface potential in Ge. Later it alscme InGaAs sample and 35% in the InGaAsN sample; the N
found application for other semu;onduct&ré‘. Recent re-  content is 1.7%. The preparation of the samples included the
views on the principles and applications of SPV spectros-

copy can be found in Refs. 3—5. With the advent of crystal.removal of the upper confinement layer using chemical etch-

- ; ; ; 2 7ing. Special care was taken to stop etching as soon as the
growth technique$ allowing the production of high quality , o
semiconductor heterostructures, SPV spectroscopy found afonfinement layer had been etched, so that the QW inside the

ditional applications. It was used to study electronic states ifP@AS undoped layer remains intact. The other confinement

heterostructuresquantum wellsQW’s), quantum dots and Iayer on the substrate-5|densjqped, like the substrate. The

superlattice§; ™ and nanostructureg. thickness of_the InGaAs QW is 8 nm, and that of the In-
In this paper we discuss the generation and the measur&aAsN QW is 6.5 nm.

ment of SPV in QW structures. We try to understand the role

of (electrons and holeésonfined and extended states in the B. Measurement setup

SPV generation. Optical transitions between confined states

in SPV spectra were reported and analyzed by different The measurement sefups presented in Fig. 1. The
author$® However, to the best of our knowledge, transi- sample is sandwiched between the massive copper plate of
' Y he cryostatground contagtand a transpareiitTO) contact.

tions involving extended states in QW structures have n% X
been discussed in association with SPV spectra until nowN© dC contact is needed between the sample and the elec-

SPV spectra taken at different temperatures of two different’odes, the distance between the sample and the electrodes is
single QW samples of type |, InGaAs and InGaAs¥ are @ fewum, thus making a capacitisoft) contact. Chopped
compared and discussed. The samples were grown by méght illuminates the sample on an area of about% mn?
lecular beam epitaxyMBE) on a GaAs substrate. By com- through the transparent electrode. The signal taken from the
paring our experiments with calculations, we try to elucidatetransparent electrode is applied to a high impedance bifer
the role played by optical transitions involving confined andfew GW) and analyzed by a standard lock-in technique.
extended states in our SPV spectra.

C. Equivalent circuit
Il. EXPERIMENT

When light falls on the sample, electron-hole pairs are
generated near the surface. As will be shown in Sec. Ill, in
The samples were grown on amdoped substrate (2 this region is present a built-in electric field causing the sepa-
x 10*¥cm®) and contain one QW embedded approximatelyration of electrons and holes; the result is a net current, flow-

A. Sample description
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FIG. 1. Experimental setup. The sample is sandwiched between 55 I n-doped
the ground electrodésample holderand the transparent ITO elec- 57 < substrate

trode. The signal, collected from the transparent electrode, is ap-

K . . Euilt-in electric field E<E,
plied to a high impedance buffer.

. .. . . . . ¢) structure with QW
ing toward the surface. This situation is represented in Fig. 2

as a capacitor charged by this current: there will conse- L}f,l
guently be a voltage drop on this capacitor. The plates of the :
capacitor are the surface and thaype substrate were the :
holes the electrons accumulate. Because chopped light is
used, the PV will vary periodically with the frequency of
chopped light.

The coupling between the sample and the buffer is made
through the capacity that exists between the surface of the
sample and the transparent electréde coupling, and only ML SR PR N
variations of the PV across the sample are measured. Be- '
cause the substrate is strongly doped, the PV variations come FIG. 3. (a) and(b) Generation of photovoltage. Under illumina-
only from the undoped GaAs layer near the surface whicHion: the photons generate electrons hole pairs giving the photocur-
contains the QW. rentl. Some of the generated electrons and holes recombine, giving

Figure 2 also gives the typical values of the circuit ele-'r- The electrons and holes separate in the built-in electric figid.
. N ) . . is the thermionic currenfcompare to the case of unipolar device:
ments. The electrical circuit is a high-pass filter having a

. p . VO1s The si { will n-doped substrate in one side, surface states on the othér (&de
time constant of approximately 0.1 s. The signal wi appeaiypen only the quantum well is excited, charge may accumulate in

undistorted at the output of the buffer because the light chopge Qw.Q, is the positive charge accumulated at the surfae

ping frequency is a few tens of Hz, but it will be reduced by the negative charge accumulated in the subst@te(Qy) is the
about 30% due to losses in the capacity cascade and buffggositive (negativé charge accumulated in the QW at low tempera-
tures.

Ill. PHOTOVOLTAGE SIGNAL
Yourpur , o7

Coupling capacity
Usapre A. QW not present

100pF| Next the mechanism of PV generation in our samples is
| explained (Fig. 3. As is well known, the Fermi level is
pinned(due to a high density of surface stgtes the GaAs
1 OnF — Uoureur surface approximately in the middle of the band Yap.7
10GQ eV under the conduction bapdn the strongly doped sub-
SAMPLE e strate (2< 10'%cm®), the Fermi level has a position close to
= the conduction band. Consequently, there is a built-in electric
—— —— field (E~10* V/cm) in the undoped region between the sur-
face and substrate. The following hypotheses will be used:
(a) the photons have an energy only slightly above the the
GaAs band gap, an() the Fermi level is pinned at 0.7 eV
FIG. 2. The equivalent electrical circuit. under the conduction band at the surface. The generation of

current
source

Sample Amplifier input
impedance
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the PV can be explained using the simple model explained in In quasiequilibrium conditions under illumination, the
Fig. 3. When light is applied, the built-in electric field sepa- photocurrentl will be compensated for by the sum of the
rates the photogenerated electron-hole pairs, giving a currenécombination currenk, and the currenbly,. Under non-
charging the capacity between the surface and the substragguilibrium conditions(illumination), the sum of this cur-
The current charging the capacitor can be separated int¢nts will charge or discharge the capacity that exists be-
three parts{a) | is the photocurrentgiven by the photoge- tween the surface and substrate:

nerated electron-hole pairs moving in the built-in electric Q
field), (b) —1, is the volume recombination current, afal =
—Dbly, is the surface recombination current. dt

_Knowing the absorption c_oefficient of the light in the ma- Replacing the general expression for the thermionic
terial, the current can be written as: current'® we obtain:

=I1—1,—bly=al—bly,,Q=CU. )

l=eNyS(1—e *9), (1)

whereN, represents the number of incident photons per sec-
ond and cri, S is the surface of the sample, amdy(1 2 —Un/U -
3 : ) - _ [Ug—U(t)/Ut_
—e %9 the number of electron-holes pairs generated in the bA™T e 0"r(et0 =1 ©
layer of lengthd per second. wheree is the electron charge, the dielectrical constanty
The two recombination currents are not known exactly. Tothe optical absorption constat the effective Richardson
take them into consideration two fitting parameters are introconstant for thermionic emissiof, the temperaturek the

€
- U (D=aeN(1-e™)

duced: Boltzman constant, and+=kT/e.
(a) The volume recombination current is written as a frac- HereU is the potential difference between the surface and
tion (1—a) from the photocurrent (0<a<1); substrateU is the initial condition of Eq(3), the value olU

(b) The surface recombination current is written as thebefore illumination. The photovoltage is then the difference
fraction b from the thermionic current,, that would pass Uy—U. The first term on the right side of E() gives the
over a Schottky barrier having the same heighErom the photocurrent, the second term the thermionic current. Their
electrons inly, only a fractionb recombines at the surface difference is equal to the current that charges the capacitor as
(this fraction is, however, expected to be important becausexpressed by Eq2).
for GaAs the surface recombination rate is hig§, As shown in the Appendix, the dependence of the SPV
>10° cmis). signal on the temperature and light intensity is

NoTp

for small (S,,<U+) signal amplitude

PP NoT, : :
TIn for large (S,,>3U+) signal amplitude.
T

HereS,, is the photovoltage peak-to-peak signal and B. QW present

is the period of the chopped light. The valug is 6 mV at The case will be discussed when the photon energy is less

70 K and 26 mV at 300 K. In the small signal limi§{, 3 the band gap of the barrigand substratematerial, so
§UT) the S|gnal 1S mdepender_]t of temperature and Proporyat the light is absorbed only in the quantum well. Under
tional to the light intensitNo. With an increasing signal, the oy apnsorption, carriers will be generated inside the QW.
dependence on the temperature increases and the depende Arriers will also be present outside the QW: either by direct
on the light intensity decreases. For large sign&},(

I L2 bpd  excitation over the barrietSor by thermal escape or tunnel-
>3U+) the dependence on the light intensity is logarithmic. (or a combination of the last tydRef. 17 (Fig. 3). For

and the dependence on the temperature is almost linear. T ted in Fia. 3. th it the struct
medium S,,~U7) SPV signal has both the dependence on''® case presented in Fig. 3, the voltage across the structure

temperature and light intensity weaker than linear. is given by the following relation:

In the following paragraphs the SPV spectra will be dis-
cussed. They are recorded using chopped light at densites _ di d2 Q3z+Qs X B
uW—tens ofuW / cn?. The SPV signal lies in the range of U—Q18—5+Q28—S+ 2 eow Q1T Qs=Q>
tens of uV—tens of mV—that is, a small to a large signal.

The dependence on temperature of small sigiias of Q4 Q1,Q2,Q3,Q4>0. 4
nV) is expected to be smalkee the Appendix however,

for a strong SPV signdtens of m\j the temperature depen- Hered, is the distance between the surface and the QW,
dence is close to linear. d, is the distance between the QW and the substratesand
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andeqy are the dielectric constants of the substrate and QW T T
materials, respectively. The electron and hole wave functions 100
will not be centered in the same place because there is an
electric field in the QWx is this effective distance of sepa-
ration of electrons and holes in the QW, ...Q, are ex-
cess charges that appear under illuminatia® compared to

the equilibrium situation Q; and Q; are excess hole
charges, andQ, and Q, are excess electron charges. All
charges are considered positiv@; + Q3 must be equal to
Q,+ Q, because the total charge is conserved. 0,1

The main contribution to the PV signal comes from the
carriers outside the QW, because they can separate in the . . . . .
built in electric field over longer distances. Let us estimate 1,26 1,30 1,35 1,40 145 1,50
the PV signal if we considéd,=Q,=0. Considering a light Energy (eV)
intensity of 10uW/cn?  which  corresponds  to
~ 10" photons/crA s and a QW absorption afd~0.01, the
generation rat& is 10 electron-hole pairs/cfns. Taking a
typical electron-hole recombination timeof 1ns, the num-
ber of electron-hole pairs under illumination =G~
=10%/cn? which givesQ;=Q,~10 ¢ C/cn?. Taking the
separationx~1 nm, we obtain a voltag®s(x/e) of the
order of magnitude ofV, too small to be measured.

Further the PV spectrum of a QW structure in the energy
region under the band gap of the substrate will be a product
of two functions:(1) the absorption in the QW as a function ‘6‘?/
of energy, and2) a function describing the escape of carriers ﬁ_,_.{ (b)
from the quantum well and their separation in the electric 0,01 LV, : : : : :
field. The second function will be strongly dependent on 1,0 1,1 1,2 1,3 14 1,5
temperature. Then, based on E4), the PV signal can be Energy (eV)
written as

10

SPV (arb. units)
Transmission (arb. units)

100 4

-
o
|

110k £ ©)
'ﬁ-n-"}' E
[70K J'|(2)
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FIG. 4. Photovoltage spectra of the InGaAs and InGaAsN
Sxagw(hv) X[ fe(hv, T)dy+ fy(hy, T)d,], (5) sgmples taken at three temperatures. For the InGgAs QW, the trans-
mission spectrum for QW in-plane light propagation and perpen-
wheref(hv,T) [f,(h»,T)] is the escape efficiency of the dicular E polarization is also shown.
generated electroroles from the QW followed by a fur-

ther separation in the electric field over the distadg€di), k) for the InGaAs sample they are not so significant. There
and aqy is the QW absorption coefficient. are two more obvious differences between the two samples:
(a) the first step is sharper in the InGaAs sample, dndthe
IV. RESULTS AND DISCUSSION InGaAs sample shows excitonlike enhancements associated

To record the spectra, a 100-W halogen lamp was used &\I/glth steps 1-3. This can be correlated with the PL measure-

a light source followed by a Jobin-Yvon monochromator.ments(l:'g' 9. The PL-peak full width at half maximum for

The monochromatic light was mechanically chopg@d H2) the InGaAsN sample is three times larger than for the In-
and then projected uniformly on the samfsee Fig. 1 The GaAs sample. We explain the difference in step sharpness

area of the sample was about 1%cm

10

25 0,2 T 10
InGaAsN

InGaAs

A. SPV spectra

In Fig. 4 the PV spectra of the two samples is represented,
taken at three different temperatures. It is known from the
literaturé®!°that InGaAs and InGaAsN QW's are of type |.
Both samples clearly show four steps, enumerated from left
(1) to right (4). The first step has the same position in energy
like the photoluminescencéPL), and is identified as the
e;-hh; transition(Fig. 5). The last step comes clearly from J g
the GaAs barriers. Steps 2—4 are attenuated with increasing =735 S R £ T T
temperature in both samples.

The second and third steps have very different strengths in
the two samples. While in the InGaAsN sample these are FIG. 5. Comparison between the photovoltage and photolumi-
very clear(an increase in the SPV of about ten times at 70nescence spectra of the InGaAs and InGaAsN samples at 70 K.

a

SPV (arb. units)

Photoluminescence (arb. units)

‘ ~

Energy (eV) Energy (eV)
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and exciton enhancements in the two samples by the differ-
ence in the QW homogeneity. It is known that the InGaAsN 1.0
QW is less homogeneous as compared to the INGaASQW. .
The fact that the first step is associated with an excitonic£ g |

peak in the InGaAs sample confirms the validity of E5), 5
H Ko}

as we will see next. S o6l
c
8

B. SPV generation mechanisms % 04}
8
<

As explained abovgsee Eq(5)], to account for the mag-
nitude of the PV signal under illumination, it is necessary E‘ 02|
that excited carriers come through some mechanism out 0
the QW. As the photon energy is varied the SPV signal also  § ; Luas
varies, producing the steps seen in the spectra. We have ider
tified three such possible excitation-escape mechanisms.

(1) Transitions between confined states inside the @W

examplee,-hh,) for k=0. The carriers escape in this caseé g g The calculatedusing multibanck- p method InGaAs
from the QW because of the sufficient high temperatureyyy apsorption spectrum for light propagation perpendic(dan-
(thermal escape or through tunneling. Contributions to the n,0us ling and in a QW plane with perpendicular E-field polar-
PV in this case are expected to come mainly fromjzation (dotted ling. The calculations were made for 22% In and 8-
agw—termin Eq.(5). The termd(hv,T) andf,(hv,T) are  and 5-nm QW thicknesses;-ch (ce-hhy) arrows indicate the en-
expected to be independent of the photon energy when onlstgy difference between they (hhy) and the top(bottom of the
transitions between confined states are possible. The lifetimgarrier valencéconduction band.
of the carriers in QW confined states, other than the ground
state, is far too small<£10 ps) compared with that of the calculations can be performed because the material param-
ground state£1 ns). So the carriers will rather first relax in €ters are not well known, but more confined electron levels
the ground state and then escape from the QW. Features @€ expected than in the InGaAs case, because with addition
the SPV spectrum could be identified in this case with feaOf nitrogen:(1) the electron efective mass increases, &)d
tures in the absorption spectrum. The first step in the SPVYhe conduction band offset increases strofglglouble as
spectra is associated with this type of transitiep-ih;), as ~ compared to InGaAs capdn the following we discuss how
discussed above. the three excitation-escape mechanisms mentioned above
(2) Transitions between confined states inside the @  ¢an explain the SPV spectra of our samples.
examplee;-hhy) for k;#0. For sufficient highk; and exci-
ton lifetimes, the electron and holes in confined states can
have sufficient energy that, through elastic scattering pro- To identify the role played by the confined states in the
cesses, they escape out of the @3®e Fig. 7. SPV generation, the absorption spectrum was theoretically
(3) Transitions between confined and extended stdtes calculated(using the multiband- p method, without taking
example between hhand extended electron statek this  excitonic effects into consideratiprin Fig. 6. Except for
case carriers are directly excited in extended states out of theg-hh,, there is only one allowed optical transition between
QW (but there is the possibility that they are captured agairconfined states for the QW nominal paramet@@% In and
in the QW. The termsf(hv,T) andf,(hv,T) will increase  8-nm thicknesgs namely,e,-hh,, but this does not coincide
strongly (steplike as a function of the photon energy for with any of steps 2 or 3 in the experimental spectrum. On the
sufficiently low temperatures, with the onset of confined-to-other hand, there is a very strong excitoniclike enhancement
extended optical transitions. In this case it is expected associated with the third step in the InGaAs sample, that
strong increase in the SPV signal as a function of photortould be associated with the,-hh, exciton. To account for
energy without a significant increase in the QW absorptionithe possible dispersion in the QW parameters, these were
Datta! et al. identified features in the SPV spectrum mea-slightly varied for the calculated absorption spectrum in Fig.
sured at room temperature with transitions between confined in order to make the calculateg-hh, transition coincide
states in InGaAs single QW. The features present at lovin position with the third step in SPV spectrum. The param-
temperatures are not commented upon except the ones reters used in Fig. 6 are 8 and 5 riwhich coresponds to one
lated to thee;-hh, transition. On the other hand, KsendZbv monolayer change in thicknesand 22% In(a variation of
et al. showed that transitions between confined states in In10% in the In composition We believe that only transitions
GaAs single QW and unconfine@ontinuum states have between confined states in the QW cannot account for the
comparable strengths with transitions between confinetoth steps 2 and 3 seen in our spectra becaesFig. 6 of
states in the QW. We have performed calculati@Fig. 6) of  the following
the confined electron and hole states for the InGaAs sample (i) For the InGaAs QW there is only one such allowed
which show that there ar@) two confined electron leveks;  transition close to step 2 or 3, namedég-hh,.
ande,, (b) three heavy-hole levels hkhhs, and(c) no con- (i) Although the InGaAsN QW has very different param-
fined light-hole state. For the InGaAsN sample no preciseeters as compared to the InGaAs Qwhd expected to have

n 1 n 1 ) 1 ) 1 1 1
1,28 1,32 1,36 1,40 1,44 1,48
Photon Energy e (eV)

1. Transitions between QW confined stateg,=0
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FIG. 7. Escape of carriers out of an InGaAs QW through elastic
scattering, aftee,-hh, optical excitation withk)#0. FIG. 8. Variation of step$l)—(4) for the InGaAsN sample with
temperature. The four steps are enumerated from left to right.

more confined electron levels than the InGaAs RWbth
samples show four steps as main features in the spectra. energies, only electrons can escape through elastic scattering

(iii) Steps 2 and 3 in the InGaAsN spectrithe SPV  out of the QW. Then steps 2 and 3 in the spectrum might be
increases ten timgsare too large to come alone from the in principle clarified bye;-hh; and e,-hh, transitions for
increase in due to optical transitions between confined statds;#0. However, this is not the case here because of the
(see Eq«5)]. There must be an important contribution from following
the fo(hv,T) and fy(hv,T) terms. But, as discussed above, (i) According to calculations, the second step for the In-
this is unlikely if only transitions between confined states aregGaAs QW sample cannot be explained by anyeghh, or
considered; e,-hh, transitions fork; # 0 (see Fig. 6. Also, the third step

Comparing the calculated absorption and measured Inshould be higher in energy in order to be possible to assign it
GaAs SPV spectra, we conclude tligtg. 6) the following to thee,-hh, transition(for k;#0).

(i) the second step in the SPV spectrum coincides with the (ii) The PV spectrum of the InGaAsN sample should
calculated step in the absorption coming from optical transishow more steplike features if there are more confined elec-
tions between extended hole states and confmedtates. tron states as compared to the InGaAs QW sample.

This is further confirmed experimentally by transmission

measurements, done in E_m _attenuated total reflecti_on g€0M- 3 Transitions between QW confined and extended states

etry. In Fig. 5 the transmission of the QW for the in-plane ) ] N ]

||ght propagation and perpendicu|ﬁrpo|arization is Shown_ The thll’d meChanlsm—tranSItlonS between Conﬁned and
In this case only optical transitions involving light holes are continuum states—can successfully explain the steps present
allowed?* We see indeed that the transmission of the samplé the SPV spectra. In the case of type | QW's there is a high
decreases when the electron-light holes optical transitionBrobability of QW (re)capture of the carriers in extended
become possibléphoton energies larger thas-ch). stateé? (the times of capture_of the o_rder_of tens of,pso

(iii ) the interpretation of the third step in the InGaAs Spvth_at actually not all the carriers excited m_ex_tended states
Spectrum is more difficult and cannot be made nonambigqu”lbecome free by Separatlon in the electric f|8|d.'The fol-
ous. Indeed, it is possible that the third step comes entirel{PWing arguments show that the four steps seen in the In-
from thee,-hh, transition. But, on the other hand, it can also G@ASN sample can be explained by this excitation-escape
come from transitions between hiconfined states and ex- Mechanism. . _
tended electron stateséhh, transitions. The calculated (i) If we identify the position of steps 2 and 3 with the
absorption spectrum shows that the last transitions are n&nergiese;-ch andce-hh, (see Fig. 6, then the distance

strong; however, they can account for an increase in SPyetween steps 1 and 2 should be equal with the distance
signal due to termée(hv,T) andf,(hv,T) in Eq. (5). between steps 3 and 4. This is indeed the case for the In-

GaAsN (and InGaA$ QW samples. If the energy difference
betweene;(hh;) and the bottom of the QW are known, the
calculation of the band offsets is possible. These quantization
The absorption in QW contains at all energies above thenergies are known for the InGaAs QW from the calcula-
e,-hhy with k=0 contributions from thee;-hhy, with k|, tions. Taking the same values for the InGaAsN QW, the
#0 (see Fig. 7. Through elastic scattering events, which arevalue of 79/21 results for the conduction to valence band
very frequent(the time between two such successive eventsatio, in good agreement with other results from literafire.
is comparable with that of thermal relaxatjoit is possible (i) To further clarify if this is indeed the main mechanism
in principle that carriers come out of a QW if they have of carrier escape from the quantum well, in Fig. 8 we plot the
sufficient kinetic energies. For the InGaAs QW sample, beheight of steps as a function of temperature for the InGaAsN
cause the electron effective mass is much smaller than theample. For step 4, the model presented in Sec. IIl predicts
heavy-hole mas<,>E, (see Fig. 7. For reasonably small an almost linear dependence on the temperature. The same

2. Transitions between QW confined stateg,#0
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must be essentially valid for steps 2 and 3, because for both ACKNOWLEDGMENTS
of them there is charge separation following direct excitation
out of the QW(transitions to extended staje©n the other
hand, the first step must have a stronger dependence on t
temperature, coming from two processgl:thermal activa-
tion of the carrier escap@xponential dependence with the
temperaturg and (2) the temperature dependence of steps
2—4. As can be seen in Fig. 8, steps 2—4 have similar tem- To find the dependence of the solution of E8). on light
perature dependences. Step 1 has a much stronger tempergensity and temperature, we write H§) under the form
ture dependence, especially for low temperatures; ,

(iii ) The calculations made for the InGaAs sam(#iig. 6) y'(0)=N(t) —c(T)(eVPr—1). (A1)
show that the positions of steps 2 and 3 agree well with the Herey=U,—U is the photovoltagelr=kT/e, and the
el_-ch andce-hh; energies_. But as we d?scussed above, th_ecoefficient o(T)=(d/e)bA*T2eY/UT N(t) is propor-
third step cannot be assigned nonambiguously. If the maifjony) to the light excitatior(rectangular variation with pe-
contribution in step 3 comes frore,-hh, transitions, this .04t ):
would explain why the contributiorismaller in this case P
from thece-hh, transitions is not clearly visible.

The authors would like to thank to A. Yu. Egorov for
ssistance in sample preparation and to S. Birner and M.
bathil for the calculations.

APPENDIX

We have obtained above the conduction/valence band ra- No., 0<t<7p
tio of the InGaAsN QW sample from the SPV spectrum. By N(t)=
comparing these results with calculations done for an appro- 0 PotoT
priate InGaAs QW, we can determine the influence of nitro- "2 P
gen on the conduction and valence bands of strained InGaAs
material. Incorporation of 1.7% N in strained,jaGa, gsAS The solution of Eq(A1) can be written as a sum between

QW influences the conduction and valence bands twofold by transitory and a steady-state oscillatory solutigr:y,
(1) reducing the strain, ant®) changing the intrinsic elec- +Yss. After long times, the transitory component becomes
tronic properties of InGaAs material. To isolate the secondFonstantyy (t) =yo. We make the substitutiop—y,+y in
contribution we have calculated the ground levels of aEd.(Al) (nowy is the steady-state solutipand we write the
GaAs/In, 3:Gay gAS/GaAs QW by including the reduced e€xcitationN(t) as a sum between an average and an alterna-
strain present in the GaAsfBGayssASo.0sNo.017/GaAs  tive componentN(t)=Ng[ 5+ £(t)], with &(t) varying be-
QW. The calculations were done using the multibdngp  tween—1/2 and 1/2. We work in a temperature range where
approximation. By comparing the two results we find that byc(T)<1 [¢(T) decreases very fast with decreasing tempera-
adding 1.7% N in strained fnGay gsAs QW (1) the energy  ture] and consequently exyf/U)>1, so
of the valence band maximum is pushed down by approxi-
mately 43 meV, and?2) the energy of the conduction band Yot y(t) Yot+y(t)
minimum is lowered as well by about 140 meV. These cal- ex;{ Us _1%6)(‘{ Us )
culations were done at room temperature.

Then Eq.(Al) becomes:

"(t)~N(t) —c(T)elYoryOIUr, A2
V. CONCLUSION y' (O)~N(t)=c(T) (A2)
For &(t) =0 the steady-state componer(tt)=0 and the

Th neration of surf hotovol in -1 QW . .
e generation of surface photovoltage type-1 Q companent is obtained:

structures has been discussed. A model for the photovolta@'é’
generation in samples grown ondoped substrates is first N N
presented. Then SPV spectra of two QW structures an ana- 0= —O—C(T)eVO’UT:c(T)eYO/UT: -2 (A3)
lyzed. Both samples have a SPV spectrum with four promi- 2 2
nent steplike features. By comparing the SPV and PL spectra

with calculations and by analyzing the temperature depen- For constant light intensitiNo, becausex(T) decreases
y yzIng P P very fast with decreasing temperatue¥o’YT must increase

dence of different portions of the SPV spectrum, we come tQ : . .
X . " ) ery fast with decreasing temperature and the condition
the conclusion that optical transitions between confined and . oS
. L erp%/UT)>1 will be satisfied for temperatures smaller than
extended states are essential for the SPV generation in typet— : X
) " the room temperature. Replacing H&3) in Eq. (A2) we

QW structures. Different parts of the SPV spectrum receive, ) ) )

] I . - inally obtain an equation for the steady-state component:
dominant contributions from optical transitions between
confined-to-confined or confined-to-extended states. By N, 1
comparing the SPV spectra with calculations we were able to y’(t)=N(t) — 7ey(‘)’UT= Nol| &(t)— E(ey(t)’UT— 1)}.
determine experimentally the influence of N incorporation on (A4)
the conduction(valence band minimum (maximun) in
strained InGaAs. The SPV spectroscopy opens perspectivéxjuation(A4) has an analytical solution. From this solution
to study the properties of confined and extended states dbe peak-to-peak amplitude of the solution can be calculated.
well as of band alignments in semiconductor QW structuresThe result is
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e The dependence on temperaturéainos) linear, the depen-
1+ ——X dence on light intensity logarithmic.
e*—1 NoT i i ~ -
S, .=U-ln with x= 2P (A5) (c) For a medium signalS;,/Ur~1, both the depen- ]
pp X 2U+ dence on temperature and light intensity is weaker than lin
1+~ ear[transition between caséa) and(b)].
e’—1

Note that from Eq(A3) the y, component of the photo-

. oltage has the following expression:
(a) For a small signal S,,/Ur<1, x<1 Eq.(A5) can be voltag S WINg EXpressi

written in the form[e*—1~x, In(1+x)~X]: d T?
y0: UO_ UT In Z_bA* e

NoTp & NO

4 (AB) and decreases with increasing temperature.

o o The lock-in does not measure the peak-to-peak photovolt-

In this limit the photovoltage is independent of temperatureage signal but the first harmonic of the photovoltage. A nu-

and proportional to the light intensity. merical calculation of the first-order Fourier coefficients con-

(b) For a large signal S,,/Ur>3, x>1 Eq.(A5) can be  firms the results obtained above: in the range betwkgen

X
1+3)=

Spp%UTln >

written in the form =50K and T,=300K (T,/T;=6) the small signal
N-T (S PVpp/Uqu.l) increases 1.(_)16 times, the medium s_ignal
Sppquln(ﬂ). (Spp/Ur=1) increases two times, and the large signal
2U+ (Spp/Ur~6) increases five times.
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