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Band bendings, band offsets, and interface instabilities
in p+ GaAs/n -ZnSe heterojunctions

D. J. Olego
Philips Laboratories, Worth American Philips Corporation, 345 Scarborough Road,

Briarcli+Manor, ¹urFork 10510
(Received 30 January 1989)

The band bendings at the heterojunction interface between heavily doped p-type GaAs substrates
and lightly doped n-type ZnSe epitaxial layers were studied with electric-field-induced Raman
scattering by longitudinal-optical phonons. Molecular-beam epitaxy was used to deposit the ZnSe
layers. The band bendings were determined as functions of sample temperature and time elapsed
after formation of the junctions for different thicknesses of nominally conductive and nonconductive
ZnSe layers. These determinations yielded insight into the ability of the Fermi level to respond at
the interface according to various heterostructure parameters and external perturbations and al-
lowed an estimation of the band offsets. A temporal evolution of the band bendings with time con-
stants on the order of several days after formation of the junctions was detected. This effect is attri-
buted to instabilities of the GaAs/ZnSe interface due to atomic exchange.

I. INTRODUCTION

There is a renewed interest in the basic properties and
potential applications of semiconductor heterostructures
made of III-V and II-VI compound semiconductor ma-
terials. This interest stems, in part, from the advances in
epitaxial-growth techniques, which have yielded the ca-
pability of obtaining high-quality II-VI layers on III-V
substrates with abrupt interfaces on atomic scales. The
GaAs/ZnSe system is one of such III-V —II-VI systems
that have recently attracted considerable attention. It
has been shown that ZnSe layers can modify the op-
toelectronic properties of the GaAs surface, ' and can ei-
ther improve the performance or be instrumental in the
operation of GaAs devices. Novel GaAs/ZnSe tun-
neling structures have also been proposed. Their
characteristics have been computed and compared with
those of GaAs/Ga, Al„As devices. Optical nonlineari-
ties and integrated optical waveguiding in the visible are
also expected to be achievable with GaAs/ZnSe hetero-
structures. The exploitation and further development of
these ideas and technologies require a broad knowledge
of the physics and behavior of the interfaces between
GaAs and ZnSe. With this in mind, we have undertaken
an investigation of band bending effects in p+-
GaAs/n -ZnSe anisotype heterojunctions. They were
formed by growing, with molecular-beam-epitaxy, lightly
doped n-type ZnSe layers on heavily doped p-type GaAs
substrates. We have applied Raman spectroscopy in this
study and the band bendings were established from the
intensities of the electric-field-induced scattering by
longitudinal-optical phonons. Optical techniques, in gen-
eral, and Raman scattering, in particular, are well suited
to study the optoelectronic properties of ZnSe/GaAs in-
terfaces. This is because the critical layer thickness h,
for the generation of misfit dislocations is on the order of
0.16 pm. Then, if one is interested in heterojunctions

with ZnSe layers slightly below this thickness, such layers
are too thin for capacitance-versus-voltage measure-
ments. On the other hand, they are much thicker than
the escape length of electrons generated at the interface,
thus precluding x-ray photoelectron spectroscopy.

The band bendings of the p+-GaAs/n -ZnSe hetero-
junctions were monitored as a function of the nominal
electron concentration X in ZnSe, the sample tempera-
ture T, the ZnSe thickness h, and the time elapsed since
the junctions were made. From these measurements, the
energy positions of the Fermi level at the junction inter-
face with respect to the valence band of GaAs could be
inferred. In dealing with GaAs one of the important
questions is the ability of the bands to bend in response to
heterostructure parameters or external perturbations, as
opposed to the fixed band bendings usually encountered
at the GaAs-air, GaAs-metal, or GaAs-insulator inter-
faces for a given doping level in the bulk. We found that
at the GaAs/ZnSe interface the band bendings in GaAs
can be modified by changing the sample temperature and
the nominal electron concentration in the layers. De-
pendirig on the combination of these parameters, the
band bendings are larger or smaller than in the air-
exposed surfaces. This means that the Fermi level at the
junction interface can take positions below or above the
pinning one in p-type GaAs. The values of the band
bendings, in conjunction with a phenomenological model
put forward to explain the experimental results, were
used to extract an estimate of the band offsets. The con-
duction band of GaAs lies below that of ZnSe according
to this estimation. In the course of the experiments, an
unexpected time dependence of the band bendings with
time constants on the order of several days was observed.
This effect, which resembles closely the one reported for
the band offsets in certain GaAs/Ge heterojunctions, ' is
attributed to instabilities of the ZnSe/GaAs interface.
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The possible origin of the instabilities is discussed in light
of recent findings related to ZnSe on GaAs heteroepi-
taxy. "'

The organization of the manuscript is as follows. Sec-
tion II deals with experimental details of sample prepara-
tion and Raman measurements. It includes also a
description of the general characteristics of the ZnSe lay-
ers in terms of their electrical response and establishes
the nomenclature to be followed in the presentation. The
experimental results are described in Sec. III and their
discussion is given in Sec. IV. Finally, concluding re-
marks are presented in Sec. V.

II. EXPERIMENT

The ZnSe layers were deposited on the (001) surfaces of
GaAs substrates with bulk carrier concentration of
2X10' holes/cm . The chemical cleaning of the GaAs
surface prior to the molecular-beam deposition, the sub-
strate temperature, and the growth rates were similar to
those described previously. ' The molecular beams were
generated either from congruent evaporation of a poly-
crystalline charge of ZnSe or from elemental sources of
Zn and Se operating at a relative beam pressure ratio of
=1. The two approaches yielded, as expected, n -type
ZnSe layers. However, the free-electron concentration X
and related transport characteristics markedly differ de-
pending on the approach. In the films grown from the
elemental sources, X is on the order of 2X10' at room
temperature (RT), the resistivity is about 1 0 cm, and the
mobility is typically 400 cm /V sec. ' The free electrons
come from the ionization of unintentionally incorporated
donors present most probably in the sources. The layers
produced with the polycrystalline charge have a large de-
gree of compensation. Their resistivities at RT are in ex-
cess of 100 0 cm and X is expected to be much smaller
than the one quoted above for the other kind of layers. '

The transport properties of the ZnSe layers were estab-
lished with Hall effect, capacitance-voltage, and current-
voltage measurements performed on films thicker than
0.5 pm. The samples for Hall-efFect measurements were
grown on semi-insulating GaAs side by side and in the
same run as those on the heavily-doped substrates. In the
discussion of the Raman results, we will present detailed
data on heterojunctions with the ZnSe layer thinner than
0.5 pm. For these films we will assume the same concen-
tration of unintentionally incorporated impurities and,
therefore, similar transport properties as in the thicker
layers. This assumption is justified by low-temperature
photoluminescence results of the ZnSe layers, which
show the same features at the energies of the bound exci-
tons and donor-acceptor —pair spectra independent of
film thickness for a given method of preparing the films.
The main effect of the varying thicknesses is in the posi-
tion of the luminescence peaks. In the thinner films they
appear renormalized to higher energies because of the
built-in strain due to the lattice mismatch with the sub-
strate. The structural properties of the interfaces were
routinely checked with transmission-electron micros-
copy. The results for this set of samples were the same as
those reported previously. ' Excellent registry was
found between the atomic planes of the substrates and the
epilayers and misfit dislocations were absent in films
thinner than 0.16 pm.

The Raman spectra were taken in the back-scattering
geometry described by the notation z(x+y, x +y)z with
x and y along the [100] and [010] crystallographic direc-
tions, respectively, and z parallel to the [001] growth
direction. The exciting light was generated in most of the

+ 0
cases by an Ar -ion laser operating at 4880 A and fo-
cused on the surface of the samples at a power density of
about 40 W cm . This power density provided a reason-
able signal-to-noise ratio without indications of photoex-
citation or heating effects. The lack of photoexcitation
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FIG. 1. Band diagram in real space before (left-hand side) and after (right-hand side) formation of the heterojunction between
heavily-doped p -type GaAs and lightly-doped n -type ZnSe. The drawings are for illustration purposes and for definition of the
nomenclature. They are not to scale.
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was checked by establishing that the Raman line shapes
were independent of power densities up to = 120
%"cm . The incoming photons were not absorbed in
the ZnSe layers and their penetration depth in GaAs was
with 300 A on the order of the width of the space-charge
layer. The Raman light was analyzed with a double
monochromator and detected with photon-counting elec-
tronics.

Figure 1 illustrates general features of the band struc-
ture of the heterojunctions and defines the nomenclature
that wi11 be used throughout the paper. On the left-hand
side of the figure, we have the band structures of GaAs
and ZnSe in real space before the junction is formed. The
band gap of GaAs (E ' ') is =1.3 eV smaller than that
of ZnSe (E " '). The Fermi level in p+-type GaAs is
measured by 5 from the GaAs valence band and in the

-type ZnSe by 5~ from the ZnSe conduction band.
The offsets in the conduction and valence bands are
represented by EE, and EE„respectively. After the
junction has been formed (right-hand side of the figure),
the competitive processes of diffusion and drift of charges
across the interface can give rise to the band bendings V~

and VN. They, in turn, produce a built-in potential
VD=V +V& at the interface. In this context, it is im-

portant to mention that at the air-exposed surfaces of the
GaAs substrates a fixed V of 0.55 eV is present. It arises
because at the air/p-GaAs interface the Fermi level is
strongly pinned at around 0.5+0.05 eV above the top of
the valence bands, and in the bulk for 2 X 10'

holes cm 5z lies 0.05 eV below the valence-band max-
imum. ' The position of 5 is independent of tempera-
ture between RT and 12 K. Typical values for the
space-charge layer width and the maximum strength of
the surface electric field associated with this V are = 100
0
A and 10 V/cm, respectively. With respect to ZnSe,
the large differences in X provide a broad dynamic range
in the values of 5&. For % =2X10' electronscm, 5z
lies at around 20 and 170 meV below the ZnSe conduc-
tion band at 12 K and room temperature (RT), respec-
tively. In the compensated films, the Fermi level is ex-
pected to be much further away from the conduction-
band minimum and quite deep into the forbidden gap.

III. RESULTS

%"e discuss first the Raman results of the heterojunc-
tions with ZnSe layers thinner than the critical layer
thickness h„ that is, the case of interfaces free of misfit
dislocations. ' Figure 2 shows first-order Raman spectra
measured at RT and 12 K for two heterojunctions and
for an air-exposed and uncoated surface of a GaAs sub-
strate, which are included for reference purposes. Sample
A has a (0. 14+0.01)-pm-thick ZnSe layer and was grown
from the compound source and sample B consists of a
(0. 12+0.01)-pm-thick ZnSe layer obtained from ele-
mental sources. These spectra were recorded within a
12-h period after the ZnSe deposition. They are typical
representatives of all the data collected for samples of
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FIG. 2. First-order Raman spectra for heterojunctions A and B and a reference GaAs substrate. These line shapes were recorded

within a 12-h period after the heterojunction fabrication. The spectra are normalized to the I.&,A, intensity, and the horizontal lines
indicate the background levels. The vertical lines at the LO&,A, frequencies can be used to obtain, at a given temperature, the relative
changes in intensity with respect to the control sample. The stronger LOG,„,peaks in the heterojunctions indicate larger band bend-

ings on the GaAs side thin in the pinned air-exposed surfaces. The intensity changes are more pronounced in sample B, in line with
the expected larger electron concentration in its ZnSe layer.
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type A (compound source) or type B (elemental sources)
and layer thicknesses h ~ h, . The peaks labeled LOG.,A,
and I.G,A, correspond to scattering by vibrational modes
in the GaAs side of the junction. The L z,A, structure is
due to the hole plasmon-phonon coupled mode and the
LOG,A, band corresponds to the longitudinal-optical pho-
nons in the space-charge layer. The peak frequencies at
RT are 269 and 292 cm ' for L, G,A, and LOG,A„respec-
tively, and 271 and 295 cm ' at 12 K. The LOz»e peak
arises from scattering by the longitudinal-optical pho-
nons of the ZnSe layers of the heterojunctions. It appears
at 253 and 256 cm ' at RT and 12 K, respectively. The
Raman modes discussed above are allowed by the scatter-
ing selection rules. ' In the GaAs Raman peaks, the
dominant scattering processes are the deformation poten-
tial mechanism for the I z,A, mode and the electric-field-
induced scattering for the LOG,A, mode. The electric
field is the one in the space-charge layer due to V . The
deformation potential and the electro-optical mechanisms
are the main scattering processes for the LOz„s, mode.
However, we will see later that electric-field-induced
scattering plays also a role in the Raman process of this
mode. In what follows, we will be interested in the be-
havior of the intensities of the LO modes because of their
relationship with the built-in fields. The L, &,A, mode has
the character of a transverse-optical phonon. Its strength
is not affected by changes in surface electric 6elds and
provides for an internal calibration of intensities. We
note that the reference intensity ratio LOo,~,/Lo, ~, for
the p+-type substrate is larger at RT than at 12 K be-
cause of the detuning of the E& resonance at low temper-
ature with respect to the energy of the incoming photons.
Therefore, we will compare only the LO&,A, intensities of
the heterojunctions with those of the reference substrate
which were measured at the same temperature.

In the spectra shown in Fig. 2 one can readily see that
the LOG,A, intensities are stronger for the heterojunction
samples than for the substrate. The length of the vertical
lines at the LOG,A, peaks illustrate this fact. The most
dramatic increases are observed for sample B. We recall
that this heterojunction corresponds nominally to the sit-
uation of a more conducting ZnSe layer with larger X
and 5& closer to the ZnSe conduction band. When com-
pared with the reference GaAs surface, the LO&,A, inten-
sity has increased in sample B by a factor of 3.3 at 12 K
and 2.8 at RT. In sample 3 these factors are 1.8 and 1.1
at 12 K and RT, respectively. On the other hand, no
behavioral feature singles out for the LOz„s, peaks.
Their intensities in the spectra of Fig. 2 correlate with the
thickness of the epitaxial layers. In sample 3 this inten-
sity is =20% higher than in sample B. We have also
measured the same absolute values of intensities for this
mode in ZnSe layers with the thicknesses of samples A
and B but grown on semi-insulating GaAs substrates. It
appears then from these comparisons that the heterojunc-
tion formation has not affected the LOz„s, intensity
within the time period mentioned above.

Following these initial measurements, the intensities of
the LO peaks were monitored again after several days.
Something very intriguing was then detected. The
LOQaAs nt nsity had decreased and the LOznse intensity
had increased. The spectra drawn in Fig. 3 display the
effect and give the final relationship of intensities. In this
figure we are comparing the spectra obtained immediate-
ly after the heterojunctions were grown, such as those in
Fig. 2 (solid line), with the data gathered several days
afterwards (dashed line) when a steady-state situation was
reached. The vertical arrows point out the magnitude of
the changes and single out another experimental finding,
namely, that the LOz„s, peaks have roughly gained in
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FIG. 3. Comparison between the Raman spectra of samples A and B which were taken immediately after the heterojunction for-
mation {solid line) and several days afterwards (dashed line). fhe arrows render visually the interPlay between the LO&,A, and LOz„s,
intensities. The horizontal lines give the reference values for the substrate samples. The increase in the LOz„s, intensity is taken as
an indication of band-bending formation in the ZnSe layers. Note that the Anal LQz, A, intensity in sample A is weaker than in the
air-exposed surfaces. The changes of the peak intensities with time reflect some instabilities of the GaAs/ZnSe interface.
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strength what the LO&,~, ones have lost. The magnitude
of the effect is more pronounced in sample B, te the ex-
tent that its LOz„s, peak appears now stronger than that
in sample A, despite the fact that sample B has a thinner
ZnSe layer. The horizontal lines indicate the measured
intensities of the LO~,A, peak in the p -type substrate.
One can see that the final intensity of this peak in the
dashed-line spectrum of sample A is below the reference
intensity. The new ratio of intensities between the
LOG,~, peaks of the heterojunctions and the bulk sample
are, for heterojunction B, 1.76 and 2.36 at RT and 12 K,
respectively. For sample A, the ratio is 0.8 at RT and 1.5
at 12 K. At the present time we lack suScient experi-
mental data to correlate the temporal evolution of inten-
sities or the rate of change with any particular set of
growth conditions. However, in the case of samples of
type A, we have compared the situations in which the
final thermal cleaning of the GaAs surfaces in the growth
chamber was done with and without an overpressure of
As. No differences were found between these two pro-
cedures.

The variations of the LOG,A, intensities in the hetero-
structure spectra establish that the strength of the elec-
tric field in the space-charge layer of GaAs has changed
as compared with the situation in the air-exposed sur-
faces of the substrate. ' These changes come about be-
cause of modifications in the band bendings Vz. The
electric-field-induced contribution to the LO intensities is
in first order linearly proportional to the magnitude of
the band bendings. ' Such a relationship together with a
reference LOG,~, intensity for the V~ in the air-exposed
surfaces of the substrate can be exploited to obtain values
of V in the heterostructures. However, one has to rule
out first possible deviations from linearity that may arise
when the skin depth of the Raman light and the width of
the space-charge layer are comparable. We investigated
this aspect experimentally by performing additional mea-
surements in samples A and B with laser light excitation
at 4131 and 4067 A. The skin depth of the Raman light
generated by these photons is on the order of 30 A and
therefore smaller than the width of the space-charge lay-
er. We obtained with these laser lines values for the ratio
of intensities which are within +5% from those measured

0
with the 4880-A excitation. We infer from the compar-
ison that absorption effects do not in6uence the response
of the LOG.,A, intensities. We have not made more use of
the shorter-wavelength photons because they are strongly
absorbed in the ZnSe layers, thus precluding measure-
ments in heterojunctions with ZnSe layers thicker than
those in samples A and B. Additional experimental sup-
port for the applicability of the linear relationship is pro-
vided by the excellent quantitative agreement which was
obtained for n +-GaAs/n -ZnSe - heterojunctions with
ZnSe layers thicker than 0.5 pm between the band bend-
ings determined with Raman-scattering and capacitance-
versus-voltage measurements. " We have then estimat-
ed V from the measured LO&,~, intensity ratios in the
heterojunction samples by calibrating the LO&,~, intensi-
ty of the bulk spectra against V =0.55 eV. Table I sum-
marizes the values of V determined for samples A and B

TABLE I. Band bendings at room and low temperature for
heterojunctions A and B. The first entry corresponds to the
values immediately after the heterojunction formation and the
second one after the telnporal evolution. These values were ob-
tained with a reference V~ of 0.55+0.05 eV for the air-exposed
GaAs surface.

Sample
Vp (eV)

12 K 300 K
V~ (eV)

12 K 300K

0.99
0.83

0.6
0,44

0
0.16

0
0.16

1.83
1.3

1.54
0.96
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FICi. 4. Band bendings in GaAs as a function of the ZnSe
layer thickness. The triangles correspond to the initial values
and the circles are those after the temporal evolution. With in-
creasing layer thickness, the band bendings approach the value
for the air-exposed surface, which is singled out by the horizon-
tal arrow. The critical layer thickness is indicated by h, .

with the data of Figs. 1 and 2. The first entry line corre-
sponds to V immediately after formation of the junc-
tions. The second one gives the values for the steady-
state situation.

We have also investigated the band bendings in hetero-
junctions with ZnSe layers thicker than h, . Figure 4
displays the dependence of Vz obtained for samples
grown with the polycrystalline source (type A ). With in-
creasing layer thickness h above h„V tends to the
"pinned" value of 0.55 eV and the magnitude of the
spread between the initial values of V~ (triangles) and the
steady-state ones (circles) becomes less pronounced. Con-
comitant with these observations, the changes in LOz„s,
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intensities clearly seen in Fig. 3 disappear in thicker films.
Similar trends were realized in samples of type B. For
clarity of the display, these data are not included in Fig.
4. As an example, we mention that for a 0.5-pm-thick
ZnSe layer grown from elemental sources V at RT was 1

eV immediately after the growth and 0.7 eV after the
steady state was reached. These values are smaller than
those of heterojunction 8 in Table I for h ~ h„but larger
than the ones of a type-A sample of comparable h in Fig.
4

IV. DISCUSSION

The values of V quoted in Table I and plotted in Fig.
4 show that in the heterojunctions the band bendings can
be larger or smaller than in the air-exposed GaAs sur-
faces. It follows, then, that the Fermi level on the GaAs
side of the junction can be found in a range of energies
spanning more than 1.5 eV and can take positions above
or below the pinning one of 0.5 eV. In a previous study
we established that ZnSe layers reduce the barrier heights
at the surface of heavily-doped n-type GaAs. ' It could
have been argued at the time that this reduction comes
about because the Fermi level is being repinned closer to
the conduction band of GaAs and that the new pinning
position is something intrinsic to the GaAs/ZnSe inter-
face. The present results establish first that this is not the
case and, second, that the band bendings in GaAs depend
on the electrical nature of the ZnSe layers and on sample
temperature. When the ZnSe layers are expected to be
more conductive, larger values of V are always measured
provided that h is less than 0.7 pm. For a given hetero-
structure with h in the neighborhood of h„ the RT values
of V~ are smaller than those at 12 K.

The ability of V to react to these parameters is hin-
dered in the heterojunctions with the thicker ZnSe layers
as it is shown in Fig. 4. This is because of the repinning
of the Fermi level induced by the misfit dislocations. For
h ~ h, misfit dislocations appear at the interface to relax
the biaxial strain due to the lattice mismatch. The misfit
dislocations generate interface states whose density is
negligible for h h, and increases continuously with h
from low 10" cm for h =h, to mid 10' cm for h =1
pm. ' These states pin the Fermi level at the interface, '

as was established in several heterostructure systems in-
cluding n+-GaAs/n -ZnSe. ' The point to stress from
the results in Fig. 4 is that if interface states from other
sources are operative for h ~ h„ their density has to be
smaller than those for h h, otherwise we could not have
been able to observe the trends shown by V in Table I.

~
P

We will discuss these trends in more detail after we ad-
dress the implications of the changes in the LOz„s, inten-
sities.

The stronger LOz„s, peaks in the spectra displayed in
Fig. 3 reveal the presence of an additional scattering
mechanism in the steady-state case. This mechanism is
electric-Geld-induced scattering, ' which can be traced
back to the formation of a built-in electric field in the
ZnSe layers due to modifications in V&. In presenting
the data of Fig. 2, we indicated that the LOz„s, intensities
behaved quite normally when the measurements were

performed immediately after the junction formation.
These observations lead us to conclude that if an electric
field is present in the ZnSe layers, its strength is less than
10 V/cm, which is a typical lower limit of electric-field
strength required to induce scattering. ' lt follows from
this conclusion that Vz is negligible within the initial 12-
h period. This situation in which the band bendings are
taken only by V is not stable and with time a decrease in
V and the creation of a finite V~ in ZnSe is realized.
The weaker LO~,A, Raman peaks concomitant with the
stronger LOz„s, ones in Fig. 3 reveal the effect. The in-
terplay between the LO~,AS and LOz~se intensities is an
indication of V~ occurring at the junction interface and
not at the ZnSe-air interface. For the electric-field-
induced component of the LOz s peak, we lack a refer-
ence calibration point. Therefore, a direct quantitative
determination of Vz is not possible as it was done with
V . However, because of the measured conservation of
LO intensities and in the absence of externally applied
fields the expected preservation of VD we tentatively as-
sign to V~ the changes measured in V~ between the ini-
tial and steady states. The so-determined values of Vz
for samples A and 8 are given in Table I. The formation
of Vz comes about because of charge depletion in the
ZnSe layers. The depletion width in a ZnSe space-charge
layer with a net donor density of about 2X 10' cm, the
quoted V~ for sample 8 in Table I and no potential drop
at the ZnSe air interface is =0.16 pm. The magnitude of
this value is comparable to the layer thickness and estab-
lishes that the assigned V& to sample 8 is roughly the
needed one to deplete the free electron concentration in
the ZnSe layer. The smaller V& in sample A is in line
with the more compensated nature of its ZnSe layer.

The apparent initial 1ack of band bending in ZnSe indi-
cates that there are no spatial differences in the energy
positions of the Fermi level with respect to the conduc-
tion band between regions of the layers closer to the in-
terface and the bulk. We mentioned before that no sub-
stantial density of interface states affects V for h ~ h, or
the way in which it responds to the different characteris-
tics of ZnSe and sample temperature. Based on these
conclusions, we postulate that right after the formation
of the junctions, V corresponds to the difference between
the Fermi energies on both sides of the interface. If the
origin of energies is placed at the top of the GaAs valence
band in the bulk and positive energies are measured up-
wards in the left-hand side part of Fig. 1, V can be ex-
pressed as

V, =E '"'+DE —5 —5

With this convention, 5~ is —0.05 eV (independent of T),
5& is still being measured from the conduction band of
ZnSe, and hE, is positive if the conduction-band edge of
GaAs is below the ZnSe one. We will show that this rela-
tionship for V describes empirically the trends in Table
I. It yields also estimates for AE, which are in good
agreement with previous determinations by other tech-
niques. The dependence of V on T can be illustrated
with sample 8 between 12 K and RT. The measured
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difference V~ (8, 12K)—V~(8, RT) with the values in
Table I is equal to 0.29 eV. The prediction of Eq. (1) is
E ' '(l2 K) —E ' '(RT) —5iv(8, 12 K)+5~(B,RT)
=0.26 eV, with 5~(8, 12 K) =0.02 eV and
5~(8, RT) =0.17 eV, and a thermal change of 0.09 eV for
E ' ' between 12 K and RT. ' We consider differences
in V to eliminate hE, as a parameter at this stage, and
in doing so we made the usual assumption that AE, does
not depend on T. The dependence of V on the electrical
nature of the ZnSe layer can be illustrated 'by comparing
the results of sample 8 at 12 K and sample A at RT.
This compares the extreme cases of 5~ closer to the con-
duction band and to midgap, respectively. From Table I
we get V (8, 12 K) —V ( 2, RT) = 1.23 eV. Equation (1)
predicts a value of E~

' '(12 K) E' —'(RT) 5&(B—, 12
K) +5&(A, RT)=1.37 eV, if we take for 5~(A, RT)
the midgap value of 1.3 eV. The overall agreement be-
tween the predicted values and the measured ones is quite
satisfactory. The small discrepancies are most probably
due to uncertainties in the exact values of 5&. The larg-
est uncertainty is in 5&( A, RT) for which we adopted the
midgap value as if the compensation were perfect. How-
ever, the n-type character of the ZnSe layer of these
structures indicates that 5~ can lie slightly above midgap,
which will suKce to improve the agreement.

The correlations given by Eq. (1) can be exploited to
extract from the measured values of V an estimate of
AE, The m.ost reliable values of 5& are for sample 8
and, therefore, we base the analysis on its results. With
the measured V~(B, 12 K) =1.83 eV, 5&(8, 12 K) =0.02
eV, and Eg

' '(12 K)=1.47 eV (taking into account the
gap shrinkage due to doping), '" Eq. (1) gives bE, =0.33
eV. If we use instead Vz (8, RT) = 1.54 eV with

Eg
' '(RT) =1.38 eV and 5&(8, RT) =0.17 eV, we obtain

EE,=0.28 eV. The 0.05-eV difference between the two
estimates is within the uncertainty in 5z and the accura-
cy in the determination of V in the air-exposed surface
of the bulk sample, which was used as reference. We will
quote the average value b E,=0.31+0.05 eV as the result
of this study. In the case of sample A, the lack of more
precise estimates of 5& precludes a confident determina-
tion of AE, . However, we can check the internal con-
sistency of our procedure by establishing, for example,
5z( A, RT) from the measured difference V~ (8, 12
K) —V ( A, RT), and then use it to estimate b,E, . Instead
of the midgap value we now obtain 5&( A, RT) =1.14 eV
from which a AE, of 0.31 eV follows. Our determination
of AE, is in good agreement with values obtained in
photoelectron-spectroscopy experiments, ' and estimates
from capacitance-versus-voltage measurements per-
formed on n+-GaAs/n -ZnSe heterojunctions. ' The
type of band alignment reported here, and else-
where, ' ' ' places the GaAs conduction-band edge
below that of ZnSe. In this respect, there is a disagree-
ment with recent conclusions put forward in Ref. 20.
Compared with theoretical results, the sign and magni-
tude of our estimate of hE, agree fairly well with the pre-
dictions of several of the so-called midgap theories, ' and
with those of self-consistent linear mu5n-tin-orbital cal-

culations. It is, however, in conflict with the results of
pseudopotential calculations.

We have been able to describe phenomenologically the
behavior of the band bendings and their relationships to
temperature, the expected electrical nature of the ZnSe
layers, and the band discontinuities. We would like to
address now the time evolution observed in the spectra of
Fig. 3 and also given in terms of different values of band
bendings in Table I and Fig. 4. The time it takes to reach
the steady state is on the order of days. A time evolution
of interfacial properties with similar behavior as the one
reported here has been detected in Ge/GaAs heterojunc-
tions. ' In this particular system, the temporal effect was
ascribed to an atomic exchange between As and Ge at the
interface. The exchange comes about because of As
motion which takes place within two monolayers from
the interface and is mediated by the presence of antiphase
domain boundaries in the epitaxial layer. We will invoke
motion or exchange of atoms in the neighborhood of the
GaAs/ZnSe interface to account for the observed time
dependence. Recent experimental studies and models of
the first growth steps of ZnSe on GaAs strongly suggest
that an atomic exchange between Se and As is very likely
to occur within 5 —10 A from the interface. "' Such an
exchange will be driven by the formation of the thermo-
dynamically more favorable Ga—Se bonds close to the
interface. A manifestation of this process will be the for-
mation of a Zn-deficient boundary region near the inter-
face in the ZnSe layers, as was experimentally found in
some cases. " The method followed to grow the layers for
this investigation is quite standard and is known to yield
high-quality films in terms of optoelectronic properties.
Therefore, the time evolution measured in this study sin-
gles out an instability of the interface between ZnSe and
GaAs. Instabilities of the kind discussed here reflect the
formation or modification of the so-called interface di-
poles, ' and can clearly lead to the accumulation of fixed
charges in the neighborhood of the interface. This
point is relevant in the context of our experiments be-
cause there is an issue we have not alluded to so far,
namely, the fulfillment of the electrostatic boundary con-
ditions between the heavily-doped substrate and the
lightly-doped layer. Deviation from stoichiometry in
ZnSe regions c1ose to the interface can provide the charge
needed to fulfill the boundary conditions. Along the
same lines, the states associated with the changing
stoichiometry can trap free charge trying to diffuse across
the interface, thus avoiding the initial depletion of the
ZnSe layers. In other terms, we are suggesting that these
states help the Fermi level in ZnSe in the neighborhood
of the interface to remain initially at the bulk value. This
interpretation is in line with the experimental reports
that the energy of the Fermi level in ZnSe surfaces does
not differ substantially from the values in the bulk.
Finally some comments concerning the effect of possible
interface dipoles on the band offsets. If we assume two
sheets of fixed charges at a density of 10' cm (compa-
rable to the acceptor density in the space-charge layer of
GaAs) separated by 5 A, the contribution to the band
offsets by this dipole is =0. 1 eV. This correction is cer-
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tainly within the magnitude of the uncertainty of our esti-
mate and does not affect the conclusion about the type of
band alignment.

V. CONCLUSIONS

We have studied the band bendings in the anisotype
p +-GaAs/n -ZnSe heterojunctions. In samples with
pseudomorphic ZnSe layers, we have shown that the
band bendings in GaAs depends on the electrical nature
of the ZnSe layers and the sample temperature, in a situa-
tion that resembles low densities of interface states.
Consequently, the Fermi level can be moved above or
below the pinning position in air-exposed GaAs surfaces.
The ability to change the band bendings and the position
of the Fermi level with respect to the top of the GaAs
valence bands is hampered by the presence of misfit dislo-
cations. An experimental value of the conduction-band
offset was established. It places the ZnSe conduction-
band edge above that of GaAs. A temporal evolution of
the band bendings on both sides of the interface was
detected and attributed to atomic exchange in the neigh-
borhood of the interface. This exchange, which rejects
the reactive nature of the interface chemistry between
GaAs and ZnSe, has the potential of producing fixed
charges close to the interface.

We have been able to describe from a phenomenologi-
cal point of view the results of our experiments. Howev-
er, we acknowledge the lack of models for the microscop-
ic processes leading to some of the observations. The re-
sults of our investigation bring new experimental ele-
ments to the active Geld of interfaces and heteroepitaxy
between II-VI and III-V compound semiconductors. For
many of such systems one has to deal with lattice
mismatch between the constituent materials which im-
mediately raises the question about the role of interface
chemistry versus structural defects in the determination
of heterojunction properties. The present work has
shown that Raman scattering can be a valuable tool in
addressing this issue and can complement very effectively
conventional techniques for surface characterization.
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