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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-oaated 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 ZnS&-GaAs heterojunction is determined to be of a type-Il configuration with a conduction-
band offset of 168 meV at room temperatur80163-1827)00924-1

I INTRODUCTION with a doping concentration of>210' cm™3. After the pre-
growth chemical cleaning, the GaAs substrates were treated
Recently, the investigation of the physical properties ofyith sulfur passivation in order to improve the quality of the
ZnSe-based 1I-VI wide-band-gap semiconductors has afgpitaxial heterointerfackAfter being loaded into the MBE
tracted much attention due to their important potential applichamber, the substrate was heated to 380 °C for 10 min to
cations in optoelectronics. With a small-lattice mismatch of;emove the extra sulfur on the surface and then cooled down
about 0.27% at room temperature, ZnSe/GaAs heterostrugs 280 °C to carry out the growth. Three samples were pre-
tures of high quality could be readily achieved by epitaxial-nareq. Samples S1 and S2 were treated wisBl,Sand
growth techniques, and have been studied intensiVély. (NH,) S passivations before growth, respectively. For com-
However, due to the complexity of the buried heterovalentparison, sample S3 is a GaAs substrate treated Wi€,S
interfaces which are difficult to be probed, a discrepancy ispassivation and exposed to Se beam flux for 1 min without
exhibited among the experimental results of the conduction(‘-:]rov\,ing the ZnSe epitaxial layer. The unintentionally-doped
and valence-band discontinuities. Using Raman scattering,ge epitaxial layers were found to betype with a doping
measurements, Olegtound that the ZnSe/GaAs heterojunc- ¢oncentration of about: 101 cm-2, The thicknesses of the
tion has a type-l band alignment with a conduction-bantsamples are about 100 nm which is smaller than the critical

offset of 0.3 eV, which was confirmed by the electroéyte— thickness for pseudomorphic growth, so the heterointerfaces
electroreflectance measurement performed by Kaestsal. are expected to be free of misfit dislocations.

Hanet al.’ obtained a different result by the measurement of To carry out the PV measurement, a Schottky contact
transverse acoustoelectric voltage spectroscopy, from whiclith an area of about 810~ 2 cn? was ’made on the front

the band alignment is revealed to be of type-Il with agjqe of the sample by evaporating Al through a mask. An
conduction-band offset qf 0.059 eV. Nlcollet al” have re-  Jhmic contact was formed by alloying indium on the back
lated the band offsets with the atomic structure and composjje The sample was mounted on the cold head of a close-
sition of thg mterface and ShOWEd tha@ the deta_ul_ of thecycle helium refrigerator, its temperature could vary in the
sample fabrication plays a crucial role in determining theznqe of 18-300 K. The PV spectra were measured under the
band d|.scont|numes at the hetgromterface. ) illumination of a monochromatic-light dispersed from a halo-
In this work, the photovoltai¢PV) measurement is used gen tungsten lamp and chopped at a frequency of about 70

to study the ZnSe/GaAs heterojunctions prepared Witlh; "rhe photovoltaic signal was detected by a lock-in am-
sulfur-passivation treatments prior to the epitaxial growth. It

s found that a broad-band PV signal is observed for th%mer' The energy resolution of the instrument is about 3
heterojunctions treated with sulfur passivation. A theoretical

calculation, which takes into account the photovoltages
yielded by both the carriers swept out of the space-charge
region and those accumulated in the triangle wells at the
interface, is carried out to fit the experimental PV spectra. |n Fig. 1, the dots are the PV spectra taken at room tem-
The results show that the PV spectra are originated by thgerature. The spectra of samples S1 and S2 show a broad-
crossband transition from the valence band of GaAs to thgand peaked at 1.3 eV below the steep rise of the intensity
conduction band of ZnSe with a type-Il band lineup at thewhich is originated from the band-edge absorption of GaAs.
heterointerface. The rationality of the analysis is corrobodt could be seen more clearly in Fig. 2, which shows the PV

. RESULTS AND DISCUSSION

rated by the current-voltage measurement. spectra of sample S1 measured at low temperatures. To make
a comparison, the PV spectrum of sample S3 of a GaAs
Il EXPERIMENT substrate without the ZnSe epitaxial layer, was taken at room

temperature and also shown in Fig. 1, in which no broad
Samples used in the PV measurements were grown by tHeand is observed. This implies that the broad band is not
molecular beam epitaxyMBE) on n*-GaAs(100) wafers related to any absorption-transition processes in the substrate
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tions between two localized deep levels could be plausibly
ruled out in that, contrary to the results shown in Fig. 2, the
PV signal of these transitions must increase dramatically as
the temperature ascends because the excited electrons or
holes need to be excited thermally further to the conduction-
or valence-band to yield the PV signal. Excluding the above
possibilities, the origin of the broad band would be unam-
biguously attributed to the heterointerface.

If there exist interfacial states with energy levels in the
band gap of GaAs, the following possible transitions would
be expected to occur at the heterointerfa@: transition
from the interfacial stats) to the conduction band of ZnSe;
(b) transition from the interfacial sta® to the conduction
band of GaAsjc) transition from the valence band of GaAs
to the interfacial stats); (d) transition from the interfacial
statés) near the valence band of GaAs to that near the con-
duction band of GaAs(e) transition from the valence band
of GaAs to the conduction band of ZnSe provided that the
conduction-band minimum of ZnSe is below that of GaAs,
i.e., the band lineup is of a type-Il configuration. However,
possibilities (a)—(d), which should have almost the same
temperature effect as that of band gaps, could be ruled out
based on the peak position shifting at low temperatures.
From Fig. 2 it could be seen that the peak position shifts

FIG. 1. The photovoltaic spectra of samples S1 and S2 taken &om 1.47 eV at 18 K to 1.44 eV at 70 K, which is much
room temperature. S1 and S2 are ZnSe/GaAs samples, S3 is a Galager than the shifts of the band gaps of GaAs and ZnSe
substrate. The dashed curve and the solid curve are the line shapegused by the temperature effect, both of which are about
derived from Eq.(2) and Eq.(7), respectively.

0.01 eV in that temperature range. Thus, the only possibility
which is responsible to the PV spectra is the cése It

stimulated by photons with an energy smaller than the banf€ans that the ZnSe/GaAs heterointerface of our sample has
gap of GaAs. It could also be excluded that the broad band & yPe-Il band alignment and the PV broad-band structure is
related to the transitions between the localized-deep level ifgsulted from the cross-band transitions between the valence
the band gap of ZnSe, if existed, and the conduction-oPand of GaAs and the conduction band of ZnSe which are

valence-band of ZnSe, since these transitions possess tRBOWN schematically in Fig. 3.

well-known line shape of a peak with a long tail at the high-

The rationality of the above assumption is checked by a

energy side rather than a broad band like those of samples $i€oretical calculation of the line shape of the cross-band
and S2 with a long tail at the low-energy side. The transi-transitions. Assuming that the wave functions for

Intensity(Arb. Units)

FIG. 2. The photovoltaic spectra of sample S1 at different tem-
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state of the valence band of GaAs and Btk state of con-
duction band of ZnSe aréy,(z) and c5(2), respectively.
The transition probability between these two stategg,
can be expressed as

2

Paﬁoc J,:wcﬁ(Z)*lp\/a(Z)dZ 5(ﬁw+Ea_Eﬁ)' (1)

Due to the large valence-band offset and relatively small
conduction-band offset between ZnSe and Gaés,(2)
vanishes in the ZnSe regioz<0) whereas/c4(z) is non-
zero in the GaAs regionz{>0), resulting in the overlap of
wave functions in the GaAs region near the interface, thus,
P,s is not vanished. By summing up all the states in the
conduction and valence bands that are possibly involved in
the transitions, the transition probabilit$(w) after the
sample is illuminated by photons with an energya$ is
derived from Eq(1) to be (see the Appendix

arcsin—————
Ac

fL(J)_Eg‘l‘AC
Ac

G(w)=C

for Aw<Eg, 2

peratures. The solid and dashed curves are the theoretical linwhereEy is the band gap of GaAs)¢ is the conduction-
shapes derived from Eqé?) and (8), respectively.

band offset between GaAs and ZnSe, dhds a constant
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V=bG(w), ©)

where the coefficienb depends on the mean spatial separa-

tion between electrons and holes at the interface, and is also
FIG. 3. Schematic-band diagrams of the ZnSe/GaAs heteroproportional tor.

structure.

boc 7, (6)
which is independent dfw—Eq andA. The bestfit of Eq.  Since the polarity of, is opposite toV;, the total photo-
(2) to the experimental spectrum is shown as the dashegtage is given by
curve in Fig. 1 by suitably adjusting the paramet€rsk,,
andA.. It shows good coincidence only at the low-energy kT
side. The cause of the deviation could be attributed to the V=V;=Vy=--In[aG(w)+1]-bG(w). @
band-discontinuity structure of the heterojunction. From the o
band diagram shown in Fig. 3, it is obvious that all the pho-BY adjustinga, b, Ac, andEg, the PV spectra of sample S1
togenerated holes would accumulate in the triangle well of? Figs. 1 and 2 can be fitted satisfactorily by H@) as_
the valence bands near the interface due to the large-barfflown by the solid curves there. The dashed curves in Fig. 2
discontinuity between the valence bands. While in the conare the well-known square-root absorption line shapes of
duction band, the electrons accumulated in the triangle weaAs,
in the ZnSe side may have the probability of penetrating
through and leaping over the barrier into the GaAs side, giv- a(w)<\ho—Eg, ®)

ing rise to an equivalent CUrrehi, which is EVidently pro-  from which the band gaEg of GaAs can be obtained as
portional to the areal electron density, or G(w)7, whereé  well. The values ofA¢ andE, as a function of temperature
Tis the lifetime of the carriers. Thus the photovoltage relatedjerived from Eqgs(7) and(8) are shown in Fig. 4. The solid
with I; can be expressed as curve in Fig. 4 is the theoreticdl,-T relation, which is in
good agreement with E@8). The data obtained from E¢r)

are slightly smaller in the order &KT than those obtained
from Eq.(8). This might be due to the fact that it is easier for
the hot electrons in the triangle well to leap over the barrier
wherek is the Boltzmann constang, is the electron charge, at the interface, resulting in the apparent reduction of the
a is a coefficient which is proportional tg and the recipro- barrier height. From Fig. 4, it could be found that the

Vlzk?T In[aG(w)+1], 3

cal of the saturation leakage currdg{T), conduction-band offsek ¢ increases monotonically with the
temperature, demonstrating that the temperature dependen-
acx7/lo(T). (4) cies on the conduction bands of GaAs and ZnSe are differ-
ent.
Moreover, in addition to the above photovoltageresulting Due to the lack of theoretical and experimental under-

from the space-charge region, the electrons and holes accstanding of ther-T relation, the parameters andb cannot
mulated in the two triangle wells can also yield a photovolt-serve as proof of the rationality of our analysis. However,
ageV,, which is also proportional to the areal electron den-from Eqgs.(4), and(6), it could be found that the ratib/a is
sity o, and can be expressed as proportional to the saturating leakage currkgitm), i.e.,
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15 120 tron and hol¢ of ZnSe and GaAs are assumed torbeThe
‘.4 Hamiltonians of the electron and hole could be written as
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T(K - - _
(K) om a2 V(@ W2 =Eu2), (A1)
FIG. 5. The saturating leakage currelyt, the parameters”  whereV(z) is the potential functiony(z) is the envelope
(dots andb (squaresas a function of temperature. wave function, ancE is the energy. For the electron,
E z<0
I'=blaxlyT), 9 ={ —CV
o(T) ) V(z2) [Ecv+Ac, 0. (A2)

which can be obtained by the current-voltage measurementhus, the envelope wave f“”Ct"m:B(ZZ)Z of the Bth electron
To carry out the measurement i T), a small reverse bias State with an energy d&z=Ecy+(£7kj/2m) could be de-
of 30 mV was applied. The results bf(T) andI" are shown rived as

in Fig. 5, from which the validity of Eq.(9) is verified,

demonstrating the reasonableness of our analysis. It couléics(2)

also be seen from Fig. 5 thiaf or the carrier lifetimer at the
heterointerface, changes slightly withwithin the tempera-

K ) 1 K )
1+i —’3>Ce"‘52+— (1—i —B)Ce'kﬁz, z<0

ture range of 18—300 K. This might be a result of the Fermi- =1 2 Kg 2 kg
level pinning at the interfacial states so that the recombina- Ce Ksz, 7z>0,
tion effect on the surplus carriers is basically unchanged with (A3)

temperature. Moreover, the linear relationship betwégn
and T implies that the carrier transportation in this hetero-Where
structure is mainly not the mechanism of thermal emission,
the latter should possess an exponential characteristic. To K2+k2=2—m A (A%)
clarify the carrier-transportation mechanism of our samples, BITET 2 TC
further study is needed.

We also did the measurements on several ZnSe/GaA"ind
samples without th& treatment of the GaAs substrates prior

to the growth. No broad-band peaked at 1.37 eV was ob- C= 2hkg o Kg (A5)
served, which implies that the interfacial structure is differ- V2mAc VA '

ent from that of the passivated one. This is not unreasonable
since the structure at the heterointerface depends sensitivelly fact, thegth electron state should have two more quantum

on the interfacial atomic arrangement and composition. ~ nhumberskg, andkg, , orkg, , therefore, the real wave func-
tion of the Bth electron state could be approximately written

as

IV. SUMMARY .

bep(r)=gWep(2)e e "uco(r), (A6)
In conclusion, the PV measurements on the ZnSe/GaAs . ) ]

heterojunctions have been carried out in the temperatur&@hereuco(r) is the Bloch wave function at thE-point of

range of 18—300 K. For the ZnSe grown Brireated GaAs  the conduction band. Accordingly, the energy of Bik state

substrate, a broad band which appeared near the absorptith

edge of GaAs is observed, which is assigned to the cross- 5
band transitions from the valence band of GaAs to the con- E.—E~o+ h_ (K2+K2)) (A7)
duction band of ZnSe. The experimental PV spectra could fit BECV T om e AL

the theoretical derivation only if we assume that the band

lineup at the ZnS&-GaAs heterointerface is a type-Il struc-  As for the hole state, the envelope functigg,(z) of the
ture, i.e., the conduction-band edge of ZnSe is lower thamth state vanishes foz<O due to the relatively large
that of GaAs with a band offset of 168 meV at room tem-valence-band offsek,, thusyy,(z) could be expressed as
perature and smaller at lower temperatures. The validity of

the analysis is also demonstrated by the results of current- _]0, z<0

voltage measurements. Pva(2)= sink,z, z>0. (A8)
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Just like what was discussed for tjth electron state, the = /(2m/#?)(hw—Ecy)=(2mAE2)(ho—E gtA)= Ja,

real wave function and the energy of thth hole state could (A16)
be found as
0o k,=p cos, (Al17)
Bua(1) =~ thya(2) € Tuyo(r), (A9)
and kB: P sing, (A18)
X and
E,=— 5= (KX+K%)), (A10)
o b= 2m A19)
respectively, wherai(r) is the Bloch wave function at I (

I'-point of the valence band. ,
G(w) can be rewritten as

; p*cog e sirfe
(b— p®cos 6+ p?sirf)?

2. Calculation of transition probability G(w)mi frpdpfzwd
Ac Jo

According to Lippmann-Schwinger formula, the probabil-
ity P,z of transition from thenth state of the valence band to

the gth state of the conduction band induced by the photon dt 2” t?sint 6 A20)
with an energy ofiw can be written as (b t cosd)?’ (
Pop*|Topl’8(hw+E,~Ep), (A11)  The integration with respect té can be transformed as fol-
lows:
where §(w+E,—Ep) is the Dirac delta function,
. fzwde t2sirf 9 fzwt _ 0d< 1 )
% ——— = singd| ——
Tap*A-Pcy(0)d¢  « LJ dz —£= e KsZsirk,z 0 (b—t cos)? 0 b—t cosd
a B 0 JAC . )
t sing |“7
k,Kkzé T Tho
a™p kaL'kBL b tCO$
=A-Pc(0) ——7—7-, (A12) 0
VAc(K5+KZ) fzﬂ t cosd y
and o b—tcow
27 dé
Pcv(o):f d’TUCo(r)*PUVo(r), (A].S) :bjo b_t CO§—27T. (AZ]-)

which is the matrix element of momentubh HereA is the  Let z=¢€'?, therefore,
vector potential of the photon field. With the unimportant
coefficients omitted, the transition probability stimulated by 27
the photon field with an energy dfw can be obtained by J fﬁ 5

. . . . —t
summing upP,,; with all the states that could be involved in o b-tcos = l4=1 bz tz
the transitions as 2
=27 RGS(MQTJ, (AZZ)

k2K 2=
G(w) f dk,,, dk,dk
* P Ac (K5+ k2)2 where Reg/<1[f(2)] denotes the residue d{z) in the re-
72 gion |z|<1, and could be obtained as
8 ho—Ecy— 5= (K2+k3+2k2 )|
2m 5 1
(A14) |§<f(2bz T I (A23)
According to the definition of the delta functioB(») could )
be transformed into Thus Eq.(A19) could be rewritten as
&(o) 1f ik dk k2K &l 2ma b r(t)a a
o — s, (w) arcsi -—
(e Ac 2/2m(ki+k§)sﬁw{cv at B (K[23+ ki)2 AC \/b2 t2 AC AC b 0 Ac
(A15)
) hw_Eg+Ac ﬁw—Eg-f—Ac
from which it could be found that the integral is taken within xarcsl Ac - Ac - (A24)

a circle with the radius ofy(2m/4)(hw—Ecy) in the
k.Kz plane. Using the following substitutions: Equation(2) in the text is derived.
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