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Photovoltaic study of ZnSe/GaAs heterostructures
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The ZnSe/GaAs heterojunctions formed by epitaxially grown ZnSe thin films onS-treated GaAs substrates
are characterized by the photovoltaic measurements. By analyzing the photovoltaic spectra obtained at differ-
ent temperatures, the broad-band photovoltaic signal is assigned to the cross-band photon-absorption transi-
tions between the valence band of GaAs and the conduction band of ZnSe near the heterointerface. The band
alignment of the ZnSe/S-GaAs heterojunction is determined to be of a type-II configuration with a conduction-
band offset of 168 meV at room temperature.@S0163-1829~97!00924-7#
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I. INTRODUCTION

Recently, the investigation of the physical properties
ZnSe-based II-VI wide-band-gap semiconductors has
tracted much attention due to their important potential ap
cations in optoelectronics. With a small-lattice mismatch
about 0.27% at room temperature, ZnSe/GaAs heteros
tures of high quality could be readily achieved by epitaxi
growth techniques, and have been studied intensively1–4

However, due to the complexity of the buried heteroval
interfaces which are difficult to be probed, a discrepancy
exhibited among the experimental results of the conduct
and valence-band discontinuities. Using Raman scatte
measurements, Olego5 found that the ZnSe/GaAs heterojun
tion has a type-I band alignment with a conduction-ba
offset of 0.3 eV, which was confirmed by the electrolyt
electroreflectance measurement performed by Kasselet al.6

Hanet al.7 obtained a different result by the measuremen
transverse acoustoelectric voltage spectroscopy, from w
the band alignment is revealed to be of type-II with
conduction-band offset of 0.059 eV. Nicoliniet al.8 have re-
lated the band offsets with the atomic structure and com
sition of the interface and showed that the detail of
sample fabrication plays a crucial role in determining t
band discontinuities at the heterointerface.

In this work, the photovoltaic~PV! measurement is use
to study the ZnSe/GaAs heterojunctions prepared w
sulfur-passivation treatments prior to the epitaxial growth
is found that a broad-band PV signal is observed for
heterojunctions treated with sulfur passivation. A theoreti
calculation, which takes into account the photovoltag
yielded by both the carriers swept out of the space-cha
region and those accumulated in the triangle wells at
interface, is carried out to fit the experimental PV spec
The results show that the PV spectra are originated by
crossband transition from the valence band of GaAs to
conduction band of ZnSe with a type-II band lineup at t
heterointerface. The rationality of the analysis is corrob
rated by the current-voltage measurement.

II. EXPERIMENT

Samples used in the PV measurements were grown by
molecular beam epitaxy~MBE! on n1-GaAs(100) wafers
560163-1829/97/56~3!/1416~6!/$10.00
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with a doping concentration of 131017 cm23. After the pre-
growth chemical cleaning, the GaAs substrates were tre
with sulfur passivation in order to improve the quality of th
epitaxial heterointerface.9 After being loaded into the MBE
chamber, the substrate was heated to 380 °C for 10 mi
remove the extra sulfur on the surface and then cooled d
to 280 °C to carry out the growth. Three samples were p
pared. Samples S1 and S2 were treated with S2Cl2 and
(NH4)xS passivations before growth, respectively. For co
parison, sample S3 is a GaAs substrate treated with S2Cl2
passivation and exposed to Se beam flux for 1 min with
growing the ZnSe epitaxial layer. The unintentionally-dop
ZnSe epitaxial layers were found to ben-type with a doping
concentration of about 131016 cm23. The thicknesses of the
samples are about 100 nm which is smaller than the crit
thickness for pseudomorphic growth, so the heterointerfa
are expected to be free of misfit dislocations.

To carry out the PV measurement, a Schottky cont
with an area of about 531023 cm2 was made on the fron
side of the sample by evaporating Al through a mask.
ohmic contact was formed by alloying indium on the ba
side. The sample was mounted on the cold head of a cl
cycle helium refrigerator, its temperature could vary in t
range of 18–300 K. The PV spectra were measured unde
illumination of a monochromatic-light dispersed from a ha
gen tungsten lamp and chopped at a frequency of abou
Hz. The photovoltaic signal was detected by a lock-in a
plifier. The energy resolution of the instrument is about
meV.

III. RESULTS AND DISCUSSION

In Fig. 1, the dots are the PV spectra taken at room te
perature. The spectra of samples S1 and S2 show a br
band peaked at 1.3 eV below the steep rise of the inten
which is originated from the band-edge absorption of Ga
It could be seen more clearly in Fig. 2, which shows the
spectra of sample S1 measured at low temperatures. To m
a comparison, the PV spectrum of sample S3 of a Ga
substrate without the ZnSe epitaxial layer, was taken at ro
temperature and also shown in Fig. 1, in which no bro
band is observed. This implies that the broad band is
related to any absorption-transition processes in the subs
1416 © 1997 The American Physical Society
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stimulated by photons with an energy smaller than the b
gap of GaAs. It could also be excluded that the broad ban
related to the transitions between the localized-deep leve
the band gap of ZnSe, if existed, and the conduction
valence-band of ZnSe, since these transitions possess
well-known line shape of a peak with a long tail at the hig
energy side rather than a broad band like those of sample
and S2 with a long tail at the low-energy side. The tran

FIG. 1. The photovoltaic spectra of samples S1 and S2 take
room temperature. S1 and S2 are ZnSe/GaAs samples, S3 is a
substrate. The dashed curve and the solid curve are the line sh
derived from Eq.~2! and Eq.~7!, respectively.

FIG. 2. The photovoltaic spectra of sample S1 at different te
peratures. The solid and dashed curves are the theoretical
shapes derived from Eqs.~7! and ~8!, respectively.
d
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r
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tions between two localized deep levels could be plaus
ruled out in that, contrary to the results shown in Fig. 2, t
PV signal of these transitions must increase dramatically
the temperature ascends because the excited electron
holes need to be excited thermally further to the conducti
or valence-band to yield the PV signal. Excluding the abo
possibilities, the origin of the broad band would be una
biguously attributed to the heterointerface.

If there exist interfacial states with energy levels in t
band gap of GaAs, the following possible transitions wou
be expected to occur at the heterointerface:~a! transition
from the interfacial state~s! to the conduction band of ZnSe
~b! transition from the interfacial state~s! to the conduction
band of GaAs;~c! transition from the valence band of GaA
to the interfacial state~s!; ~d! transition from the interfacial
state~s! near the valence band of GaAs to that near the c
duction band of GaAs;~e! transition from the valence ban
of GaAs to the conduction band of ZnSe provided that
conduction-band minimum of ZnSe is below that of GaA
i.e., the band lineup is of a type-II configuration. Howeve
possibilities ~a!–~d!, which should have almost the sam
temperature effect as that of band gaps, could be ruled
based on the peak position shifting at low temperatur
From Fig. 2 it could be seen that the peak position sh
from 1.47 eV at 18 K to 1.44 eV at 70 K, which is muc
larger than the shifts of the band gaps of GaAs and Zn
caused by the temperature effect, both of which are ab
0.01 eV in that temperature range. Thus, the only possib
which is responsible to the PV spectra is the case~e!. It
means that the ZnSe/GaAs heterointerface of our sample
a type-II band alignment and the PV broad-band structur
resulted from the cross-band transitions between the vale
band of GaAs and the conduction band of ZnSe which
shown schematically in Fig. 3.

The rationality of the above assumption is checked b
theoretical calculation of the line shape of the cross-ba
transitions. Assuming that the wave functions for theath
state of the valence band of GaAs and thebth state of con-
duction band of ZnSe arecVa(z) andcCb(z), respectively.
The transition probability between these two states,Pab ,
can be expressed as

Pab}U E
2`

1`

cCb~z!*cVa~z!dzU2d~\v1Ea2Eb!. ~1!

Due to the large valence-band offset and relatively sm
conduction-band offset between ZnSe and GaAs,cVa(z)
vanishes in the ZnSe region (z,0) whereascCb(z) is non-
zero in the GaAs region (z.0), resulting in the overlap of
wave functions in the GaAs region near the interface, th
Pab is not vanished. By summing up all the states in t
conduction and valence bands that are possibly involved
the transitions, the transition probabilityG(v) after the
sample is illuminated by photons with an energy of\v is
derived from Eq.~1! to be ~see the Appendix!:

G~v!5CFarcsinS \v2Eg1DC

DC
D

2
\v2Eg1DC

DC
G for \v,Eg , ~2!

whereEg is the band gap of GaAs,DC is the conduction-
band offset between GaAs and ZnSe, andC is a constant
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which is independent of\v2Eg andDC . The best fit of Eq.
~2! to the experimental spectrum is shown as the das
curve in Fig. 1 by suitably adjusting the parametersC, Eg ,
andDC . It shows good coincidence only at the low-ener
side. The cause of the deviation could be attributed to
band-discontinuity structure of the heterojunction. From
band diagram shown in Fig. 3, it is obvious that all the ph
togenerated holes would accumulate in the triangle wel
the valence bands near the interface due to the large-b
discontinuity between the valence bands. While in the c
duction band, the electrons accumulated in the triangle w
in the ZnSe side may have the probability of penetrat
through and leaping over the barrier into the GaAs side, g
ing rise to an equivalent currentI 1 , which is evidently pro-
portional to the areal electron densityse , or G(v)t, where
t is the lifetime of the carriers. Thus the photovoltage rela
with I 1 can be expressed as

V15
kT

e
ln@aG~v!11#, ~3!

wherek is the Boltzmann constant,e is the electron charge
a is a coefficient which is proportional tot, and the recipro-
cal of the saturation leakage currentI 0(T),

a}t/I 0~T!. ~4!

Moreover, in addition to the above photovoltageV1 resulting
from the space-charge region, the electrons and holes a
mulated in the two triangle wells can also yield a photovo
ageV2 , which is also proportional to the areal electron de
sity se and can be expressed as

FIG. 3. Schematic-band diagrams of the ZnSe/GaAs het
structure.
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V25bG~v!, ~5!

where the coefficientb depends on the mean spatial sepa
tion between electrons and holes at the interface, and is
proportional tot.

b}t. ~6!

Since the polarity ofV2 is opposite toV1 , the total photo-
voltage is given by

V5V12V25
kT

e
ln@aG~v!11#2bG~v!. ~7!

By adjustinga, b, DC , andEg , the PV spectra of sample S
in Figs. 1 and 2 can be fitted satisfactorily by Eq.~7! as
shown by the solid curves there. The dashed curves in Fi
are the well-known square-root absorption line shapes
GaAs,

a~v!}A\v2Eg, ~8!

from which the band gapEg of GaAs can be obtained a
well. The values ofDC andEg as a function of temperatur
derived from Eqs.~7! and~8! are shown in Fig. 4. The solid
curve in Fig. 4 is the theoreticalEg-T relation, which is in
good agreement with Eq.~8!. The data obtained from Eq.~7!
are slightly smaller in the order ofkT than those obtained
from Eq.~8!. This might be due to the fact that it is easier f
the hot electrons in the triangle well to leap over the barr
at the interface, resulting in the apparent reduction of
barrier height. From Fig. 4, it could be found that th
conduction-band offsetDC increases monotonically with th
temperature, demonstrating that the temperature depen
cies on the conduction bands of GaAs and ZnSe are dif
ent.

Due to the lack of theoretical and experimental und
standing of thet-T relation, the parametersa andb cannot
serve as proof of the rationality of our analysis. Howev
from Eqs.~4!, and~6!, it could be found that the ratiob/a is
proportional to the saturating leakage currentI 0(T), i.e.,

o-

FIG. 4. The band gap of GaAs (Eg), and the conduction-band
offset (DC) vs. the temperature.~d! Eg derived from Eq.~7!, ~s!
Eg derived from Eq.~8!, ~j! DC .
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G5b/a}I 0~T!, ~9!

which can be obtained by the current-voltage measurem
To carry out the measurement ofI 0(T), a small reverse bias
of 30 mV was applied. The results ofI 0(T) andG are shown
in Fig. 5, from which the validity of Eq.~9! is verified,
demonstrating the reasonableness of our analysis. It c
also be seen from Fig. 5 thatb, or the carrier lifetimet at the
heterointerface, changes slightly withT within the tempera-
ture range of 18–300 K. This might be a result of the Ferm
level pinning at the interfacial states so that the recomb
tion effect on the surplus carriers is basically unchanged w
temperature. Moreover, the linear relationship betweenI 0
andT implies that the carrier transportation in this hete
structure is mainly not the mechanism of thermal emissi
the latter should possess an exponential characteristic
clarify the carrier-transportation mechanism of our samp
further study is needed.

We also did the measurements on several ZnSe/G
samples without theS treatment of the GaAs substrates pri
to the growth. No broad-band peaked at 1.37 eV was
served, which implies that the interfacial structure is diffe
ent from that of the passivated one. This is not unreason
since the structure at the heterointerface depends sensit
on the interfacial atomic arrangement and composition.

IV. SUMMARY

In conclusion, the PV measurements on the ZnSe/G
heterojunctions have been carried out in the tempera
range of 18–300 K. For the ZnSe grown onS-treated GaAs
substrate, a broad band which appeared near the absor
edge of GaAs is observed, which is assigned to the cr
band transitions from the valence band of GaAs to the c
duction band of ZnSe. The experimental PV spectra could
the theoretical derivation only if we assume that the ba
lineup at the ZnSe/S-GaAs heterointerface is a type-II stru
ture, i.e., the conduction-band edge of ZnSe is lower t
that of GaAs with a band offset of 168 meV at room te
perature and smaller at lower temperatures. The validity
the analysis is also demonstrated by the results of curr
voltage measurements.

FIG. 5. The saturating leakage currentI 0 , the parametersG
~dots! andb ~squares! as a function of temperature.
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APPENDIX

1. Expressions of the envelope-wave functions

To simplify the discussion, all the effective masses~elec-
tron and hole! of ZnSe and GaAs are assumed to bem. The
Hamiltonians of the electron and hole could be written as

F2
\2

2m

d2

dz2
1V~z!Gc~z!5Ec~z!, ~A1!

whereV(z) is the potential function,c(z) is the envelope
wave function, andE is the energy. For the electron,

V~z!5 HECV ,
ECV1DC ,

z,0
z.0. ~A2!

Thus, the envelope wave functioncCb(z) of thebth electron
state with an energy ofEb5ECV1(\2kb

2/2m) could be de-
rived as

cCb~z!

5H 12 S 11 i
Kb

kb
DCeikbz1

1

2 S 12 i
Kb

kb
DCe2 ikbz, z,0

Ce2Kbz, z.0,
~A3!

where

Kb
21kb

25
2m

\2 DC , ~A4!

and

C5
2\kB

A2mDC

}
kb

ADC

. ~A5!

In fact, thebth electron state should have two more quant
numberskbx andkby , or kb' , therefore, the real wave func
tion of thebth electron state could be approximately writte
as

fCb~r !5gwCb~z!eikb'•ruC0~r !, ~A6!

whereuC0(r ) is the Bloch wave function at theG-point of
the conduction band. Accordingly, the energy of thebth state
is

Eb5ECV1
\2

2m
~kb

21kb'
2 !. ~A7!

As for the hole state, the envelope functioncVa(z) of the
ath state vanishes forz,0 due to the relatively large
valence-band offsetDV , thuscVa(z) could be expressed a

cVa~z!5 H0, z,0
sin kaz, z.0. ~A8!
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Just like what was discussed for thebth electron state, the
real wave function and the energy of theath hole state could
be found as

fVa~r !'cVa~z!eika'•ruV0~r !, ~A9!

and

Ea52
\2

2m
~ka

21ka'
2 !, ~A10!

respectively, whereuV0(r ) is the Bloch wave function a
G-point of the valence band.

2. Calculation of transition probability

According to Lippmann-Schwinger formula, the probab
ity Pab of transition from theath state of the valence band t
the bth state of the conduction band induced by the pho
with an energy of\v can be written as

Pab}uTabu2d~\v1Ea2Eb!, ~A11!

whered(\v1Ea2Eb) is the Dirac delta function,

Tab}A•PCV~0!dka' ,kb'
E
0

`

dz
kb

ADC

e2Kbzsinkaz

5A•PCV~0!
kakbdka'•kb'

ADC~Kb
21ka

2 !
, ~A12!

and

PCV~0!5E dtuC0~r !*PuV0~r !, ~A13!

which is the matrix element of momentumP. HereA is the
vector potential of the photon field. With the unimporta
coefficients omitted, the transition probability stimulated
the photon field with an energy of\v can be obtained by
summing upPab with all the states that could be involved
the transitions as

G~v!}E dka'dkadkb

1

DC

ka
2kb

2

~Kb
21ka

2 !2

3dF\v2ECV2
\2

2m
~ka

21kb
212ka'

2 !G .
~A14!

According to the definition of the delta function,G(v) could
be transformed into

G~v!}
1

DC
E

\2/2m~ka
2

1kb
2

!<\v2ECV

dkadkb

ka
2kb

2

~Kb
21ka

2 !2
,

~A15!

from which it could be found that the integral is taken with
a circle with the radius ofA(2m/\)(\v2ECV) in the
kakb plane. Using the following substitutions:
n

t

r5A~2m/\2!~\v2ECV!5A~2m/\2!~\v2Eg1DC!5Aa,
~A16!

ka5r cosu, ~A17!

kb5r sinu, ~A18!

and

b5
2m

\2 DC , ~A19!

G(v) can be rewritten as

G~v!}
1

DC
E
0

r

rdrE
0

2p

du
r4cos2u sin2u

~b2r2cos2u1r2sin2u!2

}
1

DC
E
0

a

dtE
0

2p

du
t2sin2u

~b2t cosu!2
. ~A20!

The integration with respect tou can be transformed as fol
lows:

E
0

2p

du
t2sin2u

~b2t cosu!2
52E

0

2p

t sinudS 1

b2t cosu D
52

t sinu

b2t cosuU
0

2p

1E
0

2p t cosu

b2t cosu
du

5bE
0

2p du

b2t cosu
22p. ~A21!

Let z5eiu, therefore,

E
0

2p du

b2t cosu
5
1

i R
uzu51

2dz

2bz2tz22t

52p Res
uzu<1

S 2

2bz2tz22t D , ~A22!

where Resuzu<1@ f (z)# denotes the residue off (z) in the re-
gion uzu<1, and could be obtained as

Res
uzu<1

S 2

2bz2tz22t D5
1

Ab22t2
. ~A23!

Thus Eq.~A19! could be rewritten as

G~v!}
1

DC
E
0

a

dt
2pb

Ab22t2
2
2pa

DC
}

b

DC
arcsinS tbD U

0

a

2
a

DC

}arcsinS \v2Eg1DC

DC
D2

\v2Eg1DC

DC
. ~A24!

Equation~2! in the text is derived.
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