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We present a comprehensive study of band offsets and band bending at heterovalent semiconductor hetero-
interfaces. A perfectly abrupt heterovalent interface is usually thermodynamically unstable, and atomic inter-
mixing of materials with different numbers of valence electrons causes large variations in band offsets and
local doping density, depending on the spatial arrangement of atoms at the interface. The studied prototypical
II-VI/III-V semiconductor interfaces are n-doped ZnSe/GaAs �001� heterostructures with varied composition
profiles close to the interface, which were realized by molecular-beam epitaxy with different amounts of Zn or
Se predeposited on n-GaAs prior to n-ZnSe layer growth. The samples are characterized by temperature-
dependent electrical transport across the interface, electrochemical capacitance-voltage profiling, Raman spec-
troscopy, and high-resolution x-ray diffraction. We find that the potential barrier in the conduction band at a
Zn-rich n-ZnSe/n-GaAs interface is as high as 550 meV and it gradually decreases with Se predeposition down
to about 70 meV. A large depletion region at the heterointerface, about 50 nm wide, is assigned to significant
intermixing of acceptor-type atoms, resulting in an effective electron deficit of 1.5�1013 cm−2. The depletion
width and the acceptor density around the interface are nearly independent from the growth start procedure. Se
predeposition, however, partially shifts the depletion region at the heterointerface from GaAs into ZnSe,
compared to Zn predeposition. The results are discussed on the basis of a band-bending model accounting for
variable band offsets, interface state density and atomic interdiffusion profiles depending on growth start.
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I. INTRODUCTION

At isovalent semiconductor heterointerfaces, such as
GaAs/AlAs or Si/Ge, the chemical band offsets, interface
states, and doping levels completely determine the alignment
and bending of the band edges. The electronic properties of
heterovalent heterointerfaces, such as GaAs/Ge or ZnSe/
GaAs, however, are additionally influenced by acceptor- and
donor-type bonds across the interface.1 A prototypical het-
erovalent material system is the II-VI/III-V semiconductor
combination of ZnSe/GaAs, which has the advantage of
closely matching lattice constants allowing for high-quality
epilayers. At such an interface, Zn-As bonds lack 1/4 of an
electron on average and act as acceptors while Se-Ga bonds
have 1/4 excess electron and act as donors. The effect of
these bonds is twofold: on the one hand, an excess of one
type of bond over the other corresponds to n- or p-type pla-
nar doping, which can potentially be as high as 3.1
�1014 cm−2, see Ref. 2. Density-functional theory calcula-
tions show that such abrupt interfaces are thermodynamically
unstable.3 On the other hand, even if both are exactly bal-
anced in number, their spatial arrangement on an atomic
scale can lead to an electric dipole moment perpendicular to
the heterointerface, which substantially affects and can even
reverse the band offsets.3 Applying photoelectron spectros-
copy, Nicolini et al.4 observed a variation in the valence-
band offset �VBO� with the Zn/Se flux ratio employed during
heteroepitaxy of ZnSe on GaAs �001�. Furthermore, any
atomic intermixing across a heterovalent interface implies
doping of the adjacent layers, and thus affects the carrier
distribution and band bending around the interface.5–7

The heterovalent ZnSe/GaAs �001� heterointerface has
been studied extensively as part of the efforts to develop
ZnSe-based optoelectronic devices. There the emphasis was

mostly on reducing the density of structural defects originat-
ing from the heterointerface, in order to increase device
lifetime.8,9 It has been established10–12 that avoiding the re-
action of Se with the GaAs substrate surface by initiating
ZnSe growth under Zn-rich conditions can yield defect den-
sities as low as 103 cm−2. More recently, this heterointerface
has played a role in spin injection from ZnSe-based dilute
magnetic semiconductors into GaAs �Refs. 13 and 14� and in
optical studies of heterovalent coupled quantum wells in
II-VI and III-V materials.15,16 The functionality of such
structures is very sensitive to band bending and band offsets
at the ZnSe/GaAs interface.

In this paper we present a comprehensive study of the
electronic and structural properties of heterovalent semicon-
ductor heterointerfaces, and of the influence of different
atomic composition profiles at the interface. As a represen-
tative material system we studied n-ZnSe/n-GaAs heteroint-
erfaces prepared by molecular-beam epitaxy �MBE�, and we
varied the interface composition by predeposition of Zn or
Se in the fractional monolayer �ML� range at ZnSe growth
start. We find that the potential barrier height at the hetero-
interface can be changed over several hundred millielectron
volts in a controllable fashion. We attribute this to a variation
in the interface band offsets induced by electric dipole mo-
ments and of band bending induced by a redistribution of
acceptors.

The growth start process was monitored by reflection
high-energy electron diffraction �RHEED� and the structural
quality of the epilayers was studied by high-resolution x-ray
diffraction �HRXRD�. Temperature-dependent current-
voltage �I-V� measurements, electrochemical capacitance-
voltage �ECV� measurements, and Raman spectroscopy are
used to characterize the potential barrier and carrier density
at the heterointerface.
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The paper is organized as follows: after listing details of
sample fabrication and measurements in Sec. II and describ-
ing the particular growth start procedures in Sec. III, the
results of structural and electronic characterization are pre-
sented in Secs. IV and V, respectively. The results are dis-
cussed in Sec. VI in terms of a band-bending model includ-
ing a varied conduction-band offset �CBO� and different
distributions of acceptor states at or close to the heterointer-
face.

II. EXPERIMENTAL DETAILS

Samples were grown on epiready n-GaAs�001� �Nd
=1–5�1018 cm−3� substrates by MBE in a system of inter-
connected III-V and II-VI chambers of the type Riber 32.
Wafers were glued with In onto Mo sample holders and the
substrate temperature was measured by a thermocouple in
thermal contact with the Mo block. After growth of a 200-
nm-thick n-GaAs buffer layer �Nd,GaAs=3�1018 cm−3� at
600 °C, the substrate was transferred to the II-VI chamber
under ultrahigh vacuum, keeping an As-terminated, �2�4�
reconstructed GaAs surface. In the II-VI chamber one of
several growth start procedures was applied, as described in
Sec. III. The II-VI part was grown at a substrate temperature
of 300 °C and nominally consists of a 200 nm n-ZnSe
�Nd,ZnSe=5�1018 cm−3� layer and a 30 nm n+-ZnSe �2
�1019 cm−3� top contact layer. Si and ZnI2 evaporated from
effusion cells were used as n-type dopants in GaAs and
ZnSe, respectively. Even though the total ZnSe layer thick-
ness is close to the critical thickness for plastic relaxation in
this material system, HRXRD confirms that all samples are
pseudomorphic.

During ZnSe growth the Zn and Se beam equivalent pres-
sures �BEPs� were 8�10−7 and 3�10−6 Torr, resulting in a
growth rate of 1.2 Å /s and a �2�1� reconstructed surface.
For Se predeposition a reduced Se BEP of 1�10−7 Torr was
provided by opening the main shutter and leaving the Se cell
shutter closed. Thereby the exposure time required for a Se
coverage of 1 ML was increased from less than 1 s to about
18 s, allowing controllable submonolayer deposition by a
meandering Se flux. The Se cell in our system was a valved

cracker cell operated in the noncracking mode. During
growth the sample surface was monitored by RHEED, using
an electron beam energy of 12 keV.

For I-V measurements across the interface, �500 �m�2

sized mesas were fabricated lithographically. Ohmic contacts
to the n+-ZnSe were prepared by in situ evaporated Al/Ti/Au
and to the n-GaAs substrate by alloyed In on the backside.
Temperature-dependent I-V curves were recorded using an
HP 4145B parameter analyzer and a temperature-controlled
helium flow cryostat. The ohmic nature of the metal/n+-ZnSe
contact was confirmed at 300 K and cryogenic temperatures.
ECV was carried out using a BioRAD Polaron semiconduc-
tor profiler on samples whose in situ metallization was wet
chemically removed before profiling. Raman investigations
were performed utilizing an argon-ion laser �Coherent In-
nova 90, h�=2.6 eV� as excitation source and a SPEX
double monochromator equipped with a multichannel detec-
tor as analyzer. The samples were cooled to liquid-nitrogen
temperature in a cold-finger cryostat. HRXRD was done us-
ing a Panalytical X-Pert diffractometer equipped with a
Cu K�1 source and a Ge analyzer crystal.

III. GROWTH START

Five samples named A to E have been fabricated using
different ZnSe growth start procedures on As-terminated,
�2�4� reconstructed GaAs�001� surfaces, as listed in Table
I. The procedures differ in shutter sequences and substrate
temperatures and aim at an increasing amount of Se at ZnSe
growth start from sample A to E. In order to be able to detect
any drift in growth conditions, the samples were grown in
the sequence C, E, B, D, and A.

For sample A the substrate was exposed to Zn flux for 20
s at a low substrate temperature of 230 °C, then ZnSe
growth was commenced in an atomic layer epitaxy �ALE�
mode by alternately supplying Zn and Se flux while the sub-
strate was ramped to the final growth temperature of 300 °C.
After approximately 1 min this temperature was reached and
growth was continued in MBE mode.

For sample B the substrate was exposed to Zn flux for 20
s as well but the starting temperature was 300 °C and ZnSe

TABLE I. Summary of fabricated samples with different ZnSe growth start �see Sec. III� and the results
of structural, electrical, and Raman characterization. t is the ZnSe layer thickness obtained from HRXRD and
Adiff /Alayer is the ratio of diffusely scattered x-ray intensity to that under the ZnSe 004 Bragg peak. �b is the
potential barrier in the conduction band at the n-ZnSe/n-GaAs heterointerface determined by temperature-
dependent I-V measurements, � is the areal electron deficit at the heterointerface obtained by integration of
ECV profiles, wd,ZnSe and wd,GaAs are the individual depletion widths on the ZnSe and the GaAs side of the
heterointerface, as determined by Raman spectroscopy.

Sample Growth start
t

�nm�
Adiff /ALayer

�%�
�b

�meV�
�

�1013 cm−2�
wd,ZnSe

�nm�
wd,GaAs

�nm�

A 20 s Zn, ALE 200 70 550�150 1.6

B 20 s Zn 242 23 470 1.1 20 26

C 7 s Se 232 9 300 1.9 50 15

D 11 s Se 219 5 280 1.4 41 16

E 15 s Se 207 24 73 1.3 37 16
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growth was immediately commenced in MBE mode by
opening the Se shutter. Due to the higher starting tempera-
ture and the consequently lower sticking coefficient of Zn,
the ZnSe/GaAs interface formed by this growth start is ex-
pected to be slightly less Zn rich than for sample A. The
initial �2�4� RHEED pattern does not change during Zn
irradiation but a quick transition to a 2D �2�1� recon-
structed surface was observed upon opening of the Se shut-
ter.

For samples C, D, and E the substrate at 300 °C was
exposed to the reduced Se BEP of 1�10−7 Torr at closed Se
cell and open main shutter for different durations. Then ZnSe
MBE growth was initiated by simultaneously opening the Zn
and Se shutter.

During Se exposure RHEED showed a gradual transition
from the initial �2�4� surface to an unreconstructed one,
which was helpful in controlling the Se coverage. The
RHEED patterns observed with the electron beam parallel to

the �11̄0� crystal direction are depicted in Fig. 1.
The top panel shows the GaAs �2�4� surface kept at

300 °C in the II-VI chamber with closed main shutter. Since
the 2/4 streaks have about the same intensity as the other
fractional order streaks, the surface can be more specifically
assigned to type �2�4�-�, according to Ref. 17. The sample
can be kept in this state for several minutes. Upon opening
the main shutter and thereby applying a Se BEP of 1
�10−7 Torr, the 2/4 order streaks weaken and disappear af-
ter 7 s. Then the 1/4 and 3/4 order streaks disappear after
about 15 s, leaving an unreconstructed surface which does
not change appreciably with further Se exposure. Samples C,
D, and E were grown with Se predeposition for 7 s, 11 s, and
15 s, respectively.

A rough estimate of the Se coverage can be obtained from
the deposition rate

R =
p

�2	mkBT
. �1�

With p=10−7 Torr, m=4�79 amu for Se4, a cell tempera-
ture of T=250 °C, the Boltzmann constant kB and assuming
unity sticking coefficient, we get RSe4

=8.6�1012 cm−2 s−1

or 0.8 ML of Se atoms deposited within 15 s �neglecting
element-dependent pressure gauge sensitivity�. We therefore
ascribe the transition to an unreconstructed surface observed
by RHEED to the deposition of Se in the fractional ML
range. This is consistent with scanning tunneling microscopy
results of Li and Pashley.18

IV. STRUCTURAL PROPERTIES

HRXRD scans of all samples have been measured in

-2� and 
 directions. Typical results are depicted in Fig. 2.
For samples B to E HRXRD shows an 004 Bragg peak of a
fully pseudomorphic ZnSe layer with more than ten thick-
ness fringes in 
-2� direction �Fig. 2�a��. The ZnSe 004
Bragg peak of sample A is slightly broadened and thickness
fringes are less pronounced than for the other samples. From
a fit of a calculated curve to the 
-2� scans we determined
the ZnSe layer thickness as listed in Table I. We note that,
although the growth duration and fluxes for all samples were
identical, the ZnSe layer thickness decreases continuously
with Se predeposition from 242 nm for sample B to 207 nm
for sample E. The full width at half maximum �FWHM� of
the ZnSe layer peak in 
 direction �Fig. 2�b�� is about
10 arc sec for samples B to E, which is close to the reso-
lution limit, and there is no significant broadening relative to

GaAs
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ZnSe
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FIG. 1. RHEED patterns observed in the �11̄0� azimuth before
�top panel� and during Se predeposition �7–15 s�. The bottom panel
shows the pattern during ZnSe growth at about 15 nm layer
thickness.
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FIG. 2. �Color online� �a� HRXRD 
-2� scan in the vicinity of
the 004 reflection of sample E �black solid line� and dynamic simu-
lation �red dashed line�. Curves are offset for clarity. �b� 
 scan of
the ZnSe 004 reflection of the same sample �x-ray beam is parallel
to the 110 crystal direction�, showing the narrow ZnSe Bragg peak
and the broad, low intensity background peak which is attributed to
diffuse scattering at dislocations.
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the substrate peak. Thus the structural quality of these layers
is very good and we find no sign of plastic relaxation. For
sample A the 
 FWHM is 20 arc sec, which, together with
the slightly inferior 
-2� scan data, indicates that this
sample is of lower structural quality. This may be due to a
non optimized ALE start procedure for this sample.

A more sensitive HRXRD-based characterization of epi-
taxial layer quality has been demonstrated in Refs. 19 and
20. The intensity of the broad peak forming the background
of an epilayer Bragg peak in the 
 direction �Fig. 2�b�� is
attributed to diffuse scattering from strained regions around
dislocations. Thus, the ratio of integrated intensities of the
diffusely scattered broad peak and the narrow Bragg peak
from the epilayer is a sensitive measure of dislocation den-
sity. The intensity ratio is obtained by separately fitting
Gaussian profiles to the diffuse and Bragg peak. The results
for all samples are listed in Table I. Remarkably, samples
with a moderate Se coverage at growth start have a lower
dislocation density than those with Zn-rich growth start. For
our highest Se coverage, however, the dislocation density
increases sharply, as expected for growth on Se-rich
surfaces.11

V. ELECTRONIC PROPERTIES

A. I-V characteristics

As a first measure of the electronic properties of the fab-
ricated heterovalent heterointerfaces we analyze the room-
temperature I-V characteristics measured across the interface
in �500 �m�2 mesas. The results are shown in Fig. 3. We
first note that all I-V curves are non-ohmic, which indicates
that electron transport is limited by a potential barrier. Sec-
ond, the conductivity at a fixed bias voltage strongly depends
on the ZnSe growth start procedure. There is a monotonic
trend toward higher current density with increasing Se pre-
deposition, which spans nearly 5 orders of magnitude. This
indicates that the potential barrier limiting the current is situ-

ated at the heterointerface and that its height and/or width are
reduced by Se predeposition. However, the resistance even
of the best conducting samples is rather high. The differential
resistance of sample E is 83 k� at 0 V while for purely
diffusive transport the resistance would be 
1 �. Third, we
note that the I-V characteristics are asymmetric: when ZnSe
is on negative potential with respect to GaAs the current is
higher than in the opposite direction. The former polarity is
denoted as V�0 �forward bias� in Fig. 3. This is consistent
with a type-I band line up, in which the CB edge in ZnSe lies
above that of GaAs �defined as positive CB offset�. The
asymmetry is very pronounced for samples A and B with a
Zn-rich growth start and becomes much weaker with increas-
ing Se predeposition.

For a quantitative measure of the heterointerface potential
barrier, I-V curves are taken as a function of temperature in
the thermionic emission regime. In this regime the following
relationship between the “reduced current” I� and the applied
bias voltage V holds for small bias voltages:21

I� =
I

T�exp� eV

kBT
� − 1	

� exp�− �b

kBT
� �2�

with the current I, the temperature T, the elementary charge
e, and the Boltzmann constant kB. In the model, which ne-
glects tunneling, �b is the potential barrier height in the con-
duction band measured from the Fermi energy. In the experi-
ment, tunneling may reduce the energy needed for electrons
to traverse the barrier so �b rather corresponds to the acti-
vation energy for thermally activated tunneling. It corre-
sponds to the absolute height but is also slightly influenced
by the shape of the heterointerface potential barrier.

�b can be determined from the slope of ln�I�� when plot-
ted over 1 /T in an Arrhenius plot.22,23 This is shown in Fig.
4 for sample D at different bias voltages. For T�250 K I� in
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FIG. 3. �Color online� Room-temperature I-V characteristics
measured through the n-ZnSe/n-GaAs heterointerface for samples A
to E in �500 �m�2 diodes. Positive bias corresponds to electron
flow from ZnSe to GaAs.
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FIG. 4. �Color online� Arrhenius plot of the reduced current I�
�definition see Eq. �2�� versus inverse temperature at different bias
voltages for sample D. The interface barrier height �b determined
from the slope of I� is plotted in the inset as a function of bias.
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Fig. 4 varies exponentially with inverse temperature, indicat-
ing the thermionic emission regime, and it becomes tempera-
ture independent at low temperatures where tunneling con-
duction dominates. The barrier height extracted from the
slope in the exponential region is shown in the inset of Fig. 4
as a function of the applied bias. For each sample �b was
extrapolated to zero bias and the mean value of the extrapo-
lation from the positive and negative side was taken as the
final barrier height. In sample A, due to its high resistance
and possibly also due to fluctuating barrier properties caused
by structural defects, the barrier height could only be deter-
mined at higher applied bias voltages and with a relatively
large uncertainty. As listed in Table I we find a high barrier
of about 550 meV for the ALE growth start sample A, 470
meV for the conventionally grown Zn-rich sample B, and a
monotonic reduction with Se predeposition, down to 73 meV
for sample E. One of our main results is thus that Se prede-
position drastically and controllably reduces the potential
barrier in the conduction band at the n-ZnSe/n-GaAs hetero-
interface. It is remarkable that the bias dependence of the
barrier height �b�V� of samples C to E with low barrier is
rather symmetric, as shown exemplary in the inset of Fig. 4.

B. Carrier-density distribution

In Fig. 5 we show the electron-density profiles n�z� of all
samples measured by ECV at room temperature. Close to the
surface, the 30 nm thick, 2�1019 cm−3 doped n+-ZnSe top
contact layer can be seen, followed by the 5�1018 cm−3

doped “bulk” n-ZnSe. At a depth corresponding approxi-
mately to the ZnSe/GaAs heterointerface there is an about
40–60 nm wide depletion region, after which the carrier den-
sity increases to the value intended for the n-GaAs buffer.
We note that there is no electron accumulation on the GaAs
side of the heterointerface. The scattering of the depth of the
depletion region is mainly attributed to inaccuracy of the
ECV etch rate. Integrating the difference between the donor
density Nd,i �i=ZnSe or GaAs�, measured far away from the

interface, and the electron density n�z� across the interface
region gives an integrated electron deficit �=
Nd,i−n�z�dz.
Evaluating this integral in the range 100�z�300 nm for all
measured profiles yields � in the range 1.1–1.9
�1013 cm−2, as listed in Table I for the individual samples.
We estimate experimental error bars for � of �0.5
�1013 cm−2 based on the reproducibility of the measure-
ments and on the uncertainty of the heterointerface position
in ECV profiles. We thus find an average electron deficit �
= �1.5�0.5��1013 cm−2 at the studied heterovalent ZnSe/
GaAs heterointerfaces with no significant variation with the
growth start procedure. This electron deficit is often inter-
preted directly as the density of interface states.24 In Sec. VI
we will show that in these n-doped heterovalent samples it is
not only due to interface states but also to an extended dis-
tribution of acceptors or to a lack of donors �e.g., due to
segregation� over several tens of nanometer around the inter-
face. Our measured value for � is in remarkable agreement
with the results of Kassel et al.,6 who found an areal density
1.0–1.5�1013 cm−2 of interdiffused Zn acceptors in GaAs
at ZnSe/GaAs heterointerfaces.

For the determination of the individual depletion layer
width on each side of the ZnSe/GaAs interface, Raman spec-
troscopy was applied. As exemplary results, the spectra in
Fig. 6 show the inelastic light scattering intensity of the
samples B and E in the frequency range of the ZnSe and
GaAs lattice vibrations. The peaks originate from the
longitudinal-optical �LO� phonon modes ��̃LO,ZnSe
=256 cm−1 and �̃LO,GaAs=294 cm−1� and from the coupled
plasmon-LO-phonon �PLP� modes, located at �̃PLP,ZnSe
=207 cm−1 and �̃PLP,GaAs=272 cm−1. They allow the indi-
vidual determination of the depletion layer widths wd,ZnSe

0 50 100 150 200 250 3001017

1018

1019

1020

1021

1022

1023

1024

B

C

D

E

z (nm)

n
(c
m
-3
)

Etch direction

A

FIG. 5. Profiles of the electron density n�z� obtained by ECV for
samples A to E. The origin of the bottom axis corresponds to the
ZnSe surface. Curves B to E are subsequently offset by 1 order of
magnitude.
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FIG. 6. �Color online� Exemplary Raman spectra of samples B
and E, taken with an excitation wavelength of 477 nm �black solid
curves�. Each spectrum comprises the phonon peaks LOZnSe and
LOGaAs, originating from the carrier-depleted near-interface region,
and the corresponding coupled plasmon-phonon modes PLPZnSe and
PLPGaAs, originating from the doped ZnSe epilayer and the under-
lying doped GaAs, respectively. Both spectra are fitted by a super-
position of four Lorentz functions �red dotted curves�. At the bot-
tom, the Lorentz functions corresponding to the fit for sample B are
shown individually.

BAND OFFSETS AND BAND BENDING AT HETEROVALENT… PHYSICAL REVIEW B 82, 195318 �2010�

195318-5



and wd,GaAs since only the depletion layers give rise to the
LO phonons. From the doped ZnSe epilayer and the doped
GaAs behind the interface the shifted peaks PLPZnSe and
PLPGaAs arise.25 Thus, the distinction between both depletion
layers is enabled by the intensities of the LOZnSe and LOGaAs
peaks. In ZnSe, the LO intensity is directly proportional to
the wd,ZnSe since the regions with carriers instead emit
coupled PLP modes at a different wave number. The ZnSe
material is transparent for the laser light �h�=2.6 eV
Eg
=2.8 eV�. The value of wd,ZnSe is obtained after intensity
calibration with an undoped ZnSe layer of well-known thick-
ness. In the opaque GaAs �Eg=1.5 eV�, light attenuation
effects are considered because of the finite penetration depth
dp=70 nm �see Ref. 26�. The straightforward procedure for
the calculation of wd,GaAs is described in great detail in Ref.
27.

The exemplary spectra of the samples B �Zn start� and E
�15 s Se predeposition� in Fig. 6 show clear differences.
Sample B gives a strong LOGaAs together with a rather weak
LOZnSe. In contrast, in sample E LOGaAs is reduced while
LOZnSe and PLPGaAs are enhanced. The fitting results, also
shown in Fig. 6, yield an LOZnSe enhancement factor of 1.88
for sample E with respect to B. As explained above, the
intensity of the LOZnSe peak is directly proportional to the
width of the carrier depleted region in ZnSe. After intensity
calibration we obtain for sample B and E the wd,ZnSe values
of 20 nm and 37 nm, respectively. Considering the GaAs
signals, for the Se predeposited sample the ratio of the
depletion-induced LOGaAs intensity and the doping-induced
PLPGaAs intensity amounts to ILO / IPLP=0.20, which means a
considerable reduction with respect to the corresponding
value for sample B, which is as high as 0.32. The evaluation
of these results according to Ref. 27 yields wd,GaAs=26 nm
for sample B and wd,GaAs=16 nm for sample E. For the other
Se predeposited samples C and D we observe the same trend
as for sample E. The corresponding depletion layer values
are listed in Table I. Thus, throughout our sample series the
determination of the individual depletion layer thicknesses
wd,ZnSe and wd,GaAs by Raman spectroscopy reveals a partial
shift of the depleted interface region from the GaAs side
toward the ZnSe side with increasing Se predeposition.

As a third probe of the carrier density at the heterointer-
face we measured the capacitance of the mesa diodes already
used for I-V measurements. Since, unlike in ECV measure-
ments, the metal/semiconductor contacts in these samples are
ohmic, their capacitance is determined only by the depletion
region at the ZnSe/GaAs heterointerface. Accounting for
possible parallel conductance of the mesas �especially for
sample E�, we measured capacitances in the range C
=289–348 pF for all samples. In the total depletion approxi-
mation the capacitance is C=��0A /wd,total with A
= �500 �m�2 and wd,total being the total width of the carrier
depleted region. The dielectric constant � should be the ap-
propriately weighted, harmonic mean between the ZnSe
value �ZnSe=8.6 and the GaAs value �GaAs=12.9, reflecting
the distribution of the depletion region between the two ma-
terials. When assuming equal depletion on both sides, �
=2 / �1 /�ZnSe+1 /�GaAs�=10.3, depletion widths wd,total
=65–78 nm are obtained for all samples. This range for
wd,total is in fair agreement with the sum of the individual

depletion widths measured by Raman spectroscopy �Table I�
and the depletion width in ECV profiles �Fig. 5�. For the
Se-start samples C to E the agreement of capacitance with
Raman and ECV results is further improved when it is con-
sidered that the larger fraction of the depleted region is in
ZnSe, and therefore � is smaller. Differences between the
depletion width results obtained by the three applied meth-
ods ECV, Raman and capacitance measurements, may be due
to possible systematic errors and due to different limits to the
electron density below which a layer appears as depleted.

VI. DISCUSSION

Our detailed results on depletion widths, carrier compen-
sation, and potential barrier heights at the studied heterova-
lent interfaces obviously require a much more detailed de-
scription than merely determining the chemical band offset
given by the materials. In order to develop a consistent pic-
ture of the electronic properties of the n-ZnSe/n-GaAs het-
erointerface, which accounts for the observed electronic
properties and for their variation with predeposition of Zn or
Se, we have considered band offsets as well as band bending
and have calculated one-dimensional �1D� band and carrier-
density profiles for different models of the heterointerface
using a Poisson solver.28 Material data for ZnSe and GaAs
are taken from the literature,29,30 and the donor density in
ZnSe is Nd,ZnSe=5�1018 cm−3 and in GaAs Nd,GaAs=3
�1018 cm−3. Calculations are done for a temperature of 300
K. We assumed that all impurities are fully ionized, unless
noted otherwise.

Each adequate description of heterovalent semiconductor
interfaces requires the possibility of a variable band offset.
This is in contrast to isovalent interfaces, whose electronic
properties are determined by fixed VBO and CBO, and for
which a low density of interface states and effects like inter-
face roughness and atomic interdiffusion only smear out the
band offset region, without changing the offset value. At het-
erovalent heterointerfaces such as ZnSe/GaAs, however, the
band offsets can be varied significantly by an electric dipole
moment perpendicular to the interface, which originates
from the atomic arrangement of donor- and acceptor-type
bonds across the interface. For ZnSe/GaAs, this contrasting
behavior is visualized by comparing the nonpolar �110�-
oriented interface with the polar one on �001� planes. While
the VBO at a nonpolar ZnSe/GaAs �110� heterointerface is
close to 1.1 eV, effective VBOs between 0.72 and 1.75 eV
have been calculated for polar ZnSe/GaAs �100� heterointer-
faces with different interface dipole moments �Ref. 3, and
references therein�. This range of VBOs implies CBOs be-
tween −0.45 and 0.58 eV, considering that the ZnSe band gap
is �Eg=1.3 eV wider than that of GaAs. The possibility of
variable band offsets is thus included in three heterointerface
models with increasing degree of sophistication concerning
the acceptor state distribution, which are described in Secs
VI A–VI C.

A. Model (a): Variable band offset and interface state density

In panel �a� of Fig. 7 the calculated �6 CB diagrams and
electron-density profiles are shown for n-ZnSe/n-GaAs het-
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erointerfaces with CBO=0 eV �curve I� and CBO
=0.75 eV �curve II�. A finite CBO causes a barrier in the
conduction band, electron depletion in ZnSe, and accumula-
tion in GaAs. Even though barrier heights comparable to
those observed in this work can be easily caused by a CBO
in the range predicted in the literature,3 the corresponding

electron-density profiles are in obvious disagreement with
our results, as we observe no electron accumulation in GaAs
but an integrated electron deficit �=1.5�1013 cm−2. Ac-
counting for this deficit with an interface state density �i
=1.5�1013 cm−2 together with CBO=0 �curve III� or with
CBO=0.75 eV �curve IV� in both cases yields electron-
density profiles that are in better agreement with our mea-
sured profiles. Even for a CBO as large as 0.75 eV there is no
electron accumulation on the GaAs side and the total width
of the depleted region is in fair agreement with the experi-
mental results. However, this model results in potential bar-
riers of more than 1 eV, much larger than measured in this
work. Lower barriers can only be explained by assuming
that � is not only caused by a two-dimensional interface
state density but by acceptors distributed over several tens
of nanometer around the interface. This is in agreement
with our previous work, in which we have found evidence
for an exceptionally large depletion region at n-ZnSe/GaAs
heterointerfaces.7 Effects leading to such a spatial extension
of the depletion region are compensation of n doping due to
atomic interdiffusion across the heterointerface,5 dissolution,
and segregation of As atoms from the As-terminated GaAs
surface at growth start, and segregation of iodine donors in
ZnSe during MBE deposition.

B. Model (b): Interdiffusion and segregation modeled with
box-shaped doping profiles

The simulations in panel �b� include such a spatially ex-
tended electron deficit by assuming exact compensation of
donors with acceptors of the density Na=Nd in a region of
width dZnSe in ZnSe and dGaAs in GaAs at the heterointerface.
The integrated electron deficit in the interface region is then

� = �i + dZnSe · Nd,ZnSe + dGaAs · Nd,GaAs �3�

with the nominal bulk donor densities Nd,ZnSe and Nd,GaAs.
Outside this box-shaped region the donor density equals the
bulk values in the two materials. This assumption of an ex-
actly compensated region with abrupt transition to homoge-
neously doped bulk layers on both sides of the heterojunction
may seem arbitrary but the exact doping density profiles are
not central to our discussion at this point. A more realistic
model is described in Sec. VI B. Together with a variable
CBO and �i the model thus includes four parameters, which
have been adjusted so that the resulting CB and carrier-
density profiles agree with the measured quantities �b,
wd,ZnSe, wd,GaAs, and � for samples B and E, representing
Zn-rich and Se-rich growth start, respectively.

Curves I and II are both consistent with the experimental
results for sample B. Curve I is calculated with a vanishing
CBO and a relatively high �i=3�1012 cm−2 while curve II
is calculated for a high CBO=0.5 eV and a low �i=1
�1012 cm−2. For curve I we use dZnSe=20 nm and dGaAs
=26 nm, and for curve II dZnSe=20 nm and dGaAs=30 nm.
Since both parameter sets equally well reproduce all four
measured electronic interface properties within their respec-
tive uncertainties, answering the question of whether a high
CBO or a high interface state density produces the observed
potential barrier in the Zn-rich samples requires additional
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FIG. 7. �Color online� Calculated profiles of the CB edge ECB

and the electron density n in the conduction band for the three
n-ZnSe/n-GaAs heterointerface models described in Sec. VI. In �a�
only a CBO and an interface state density �i are considered, the
parameters corresponding to the individual curves are listed in the
inset �CBO in electron volt and �i in 1012 cm−2�. In �b� the effects
of atomic interdiffusion and segregation are included by assuming
exactly compensated regions of width dZnSe and dGaAs on the two
sides of the heterointerface �both given in nanometer in the inset�.
In �c� such effects are modeled by an exponentially varying n- or
p-type doping density at the interface, the parameters corresponding
to the curves are listed in Table II. Incomplete ionization of impu-
rities is allowed only in �c�. The temperature is 300 K and the
interface is situated at zi=200 nm. Note the different scale of ECB

in �a� compared to �b� and �c�, and of n in �c� compared to �a� and
�b�.
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experimental information. We find such information in the
asymmetry of the I-V curves �Fig. 3�: a symmetric barrier is
lowered nearly equally by an applied voltage independent of
the polarity of the voltage, and thus the resulting I-V charac-
teristics are nearly symmetric. An asymmetric barrier caused
by a large CBO, on the other hand, is only lowered if the
material with the higher lying CB edge is on negative poten-
tial, while for the other bias direction always a finite, nearly
triangular barrier remains. The I-V characteristics of such a
barrier is also asymmetric with the forward bias direction
corresponding to the material with the higher CB edge en-
ergy being on negative potential. Thus the markedly asym-
metric I-V characteristics especially of samples A and B in-
dicates that the observed high interface barrier for those
samples is asymmetric and is caused by a substantial CBO.

Curve III is an adaptation to sample E and is calculated
with CBO=0 eV, �i=1�1012 cm−2, dZnSe=40 nm, and
dGaAs=19 nm. In order to obtain a low potential barrier ob-
viously both the CBO and �i need to be relatively low. The
resulting potential barrier is rather symmetric and thus is
consistent with the low asymmetry of I-V curves �Fig. 3� and
of the bias dependence of the barrier heights �inset of Fig. 4�.
For all simulations in panel �b� � is in the range 2–3
�1013 cm−2, which is in fair agreement with the value de-
rived from ECV profiles. Thus we have shown that the mea-
sured electronic interface properties �b, wd,ZnSe, wd,GaAs, �
and the degree of asymmetry in the I-V curves can be con-
sistently explained with a model including a variable CBO
and �i, and using box-shaped doping profiles to account for
extended depletion regions at the interface. The reduction in
the interface potential barrier with Se predeposition is as-
cribed mainly to a reduction in the CBO, based on a quali-
tative evaluation of the asymmetry of I-V curves.

C. Model (c): Interdiffusion and segregation modeled with
continuous doping profiles

In panel �c� we show calculated band and electron-density
profiles based on a physically more intuitive model, where
we assume exponentially decaying acceptor and donor den-
sities instead of the box-shaped ones in model �b�, and allow
for incomplete ionization of impurities at 300 K. Interdiffu-
sion of acceptor type atoms in ZnSe and in GaAs is modeled
as an exponentially decreasing acceptor density,

Na,i�z� = N0,i exp�− �z − ẑ�
�i

� , �4�

where i=ZnSe or GaAs, ẑ is the interface position and N0,i
and �i correspond to the saturation density and diffusion
length of interdiffused atoms. Furthermore, delayed incorpo-
ration of iodine donors in ZnSe �z
 ẑ� due to segregation is
modeled as

Nd�z� = Nd,ZnSe�1 − exp�− �z − ẑ�
k

�	 �5�

with Nd,ZnSe being the nominal bulk donor density in ZnSe
and k corresponding to the segregation length. The integrated
electron deficit is

� = �i + N0,ZnSe · �ZnSe + N0,GaAs · �GaAs + k · Nd,ZnSe. �6�

As done for model �b�, we adjust the model parameters to
give band and electron-density profiles which best fit the
measured electrical interface properties. The resulting pro-
files for sample B and E are shown in panel �c� of Fig. 7 and
the corresponding model parameters are listed in Table II.
Due to incomplete ionization the electron density n in the
conduction band is lower than the donor density Nd,i. Such a
lower electron density is in good agreement with the PLP
mode frequencies observed by Raman and infrared spectros-
copy �not shown here�.

The Zn-rich sample B can be described by a vanishing
CBO and a relatively large interface state density �i �curve
I�, resulting in a nearly symmetric barrier, as well as by a
large CBO=0.5 eV and a smaller �i �curve II�, resulting in
an asymmetric barrier. As explained in �b� only the latter is
consistent with the shape of the I-V curves. Such a large
CBO has been predicted in Ref. 3 for an atomic interface
configuration with a pure Zn plane and a subjacent mixed
anionic plane with a composition of 50% As and 50% Se.
This interface fulfills the charge neutrality condition �ne-
glecting a small �i� and is the most stable of the configura-
tions calculated in Ref. 3.

For the Se-rich growth start sample E �curve III�, the
CBO and �i both have to be small. A systematic parameter
variation in our model calculations shows that the observed
small potential barrier �b=73 meV limits the possible val-
ues of model parameters to about CBO
0.1 eV and �i

2�1012 cm−2. A small interface state density �i may be
explained considering that predeposition of Se on GaAs
leads to some donor-type Ga-Se bonds, which partially com-
pensate acceptor-type interface states. A small CBO is re-
lated to the formation of a heterointerface with a vanishing
electric dipole moment, as it was calculated in Ref. 3 for
interfaces with two mixed atomic planes. The �2�2� inter-
face containing a mixed anionic plane with 75% Se and 25%
As on top of a cationic plane with 25% Zn and 75% Ga has
a CBO as low as 80 meV, in agreement with our measure-
ments, and a rather high stability.3 It contains a high propor-
tion of Se at the heterointerface and thus is reasonable for an
interface formed by Se predeposition. This high Se concen-
tration may stabilize Zn atoms incorporated in the cationic
Ga plane underneath, and thereby ensure charge neutrality of
the interface.

The areal density N0,GaAs·�GaAs of interdiffused Zn accep-
tors in GaAs is higher for I and II than for III, which is

TABLE II. Parameter sets used for the three simulations de-
picted in panel �c� of Fig. 7.

I II III

CBO �eV� 0 0.5 0

�i �1012 cm−2� 3 1 0

N0,GaAs·�GaAs �1012 cm−2� 10 12.5 6.2

�GaAs �nm� 20 20 20

N0,ZnSe·�ZnSe �1012 cm−2� 0 0 7.5

�ZnSe �nm� 0 0 25

k �nm� 25 25 25
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reasonable regarding that during a Zn-rich growth start Zn
considerably diffuses into GaAs. �GaAs is 20 nm, in reason-
able agreement with detailed studies on Zn diffusion in GaAs
at higher temperatures.31 For all three curves the segregation
length k of iodine donors in ZnSe is taken as k=25 nm,
consistent with ECV measurements on reference samples.
The areal density of acceptors in ZnSe is 0 in I and II and is
finite in III. This can be understood in terms of a replacement
of As atoms by predeposited Se at the GaAs surface and their
subsequent partial incorporation in the growing ZnSe layer
as acceptors. In a Zn-rich growth start this As replacement is
largely prevented. Such a complex growth start mechanism
may also affect the MBE growth rate in the early stages of
growth and thereby cause the significantly reduced total
layer thickness for longer Se predeposition �compare Table
I�. A reduced growth rate for several minutes after growth
start was also directly observed by in situ XRD studies of
ZnSe/GaAs heteroepitaxy.32

In this section we have shown that our experimental val-
ues for the potential barrier height, the individual depletion
widths and the electron deficit at ZnSe/GaAs heterointerfaces
can be consistently modeled using reasonable parameters for
band offsets, interface state density, atomic interdiffusion,
and segregation of dopants.

Our observation of a reduction in the CBO with Se pre-
deposition may seem in contrast to literature results. For
ZnSe growth with a wide range of Zn/Se flux ratios, a reduc-
tion in the VBO with increasing Se flux was reported.4 For
comparing these studies with ours, it should be noted that
two strongly different growth procedures were applied: �i� in
our case ZnSe epilayer growth with a fixed Zn/Se flux ratio,
optimized for structural quality and transport properties. Our
only variable parameter was the amount of predeposited el-
ementary Zn or Se at the interface prior to the ZnSe epilayer
growth start; �ii� in Ref. 4 growth of interface and ZnSe
epilayer with a constant Zn/Se beam pressure ratio �BPR�,
which was varied in a wide range �0.1
BPR
10�.

These different procedures with their specific growth ki-
netics in terms of, e.g., interdiffusion and desorption may
well lead to different atomic configurations at the interface.
From theoretical modeling it was shown that different inter-
face configurations with comparable formation energy exist,
which have opposing electric dipole moments, i.e., different
CBO values.3 Furthermore, it should be noted that the VBO
for close-to-stoichiometric ZnSe growth start conditions in
Ref. 4 is 0.98�0.14 eV, which corresponds to a CBO
=0.32�0.14 eV. This value fits well between our results for
Zn predeposition �sample B� and the lowest Se predeposition
�sample C�.

A more detailed quantitative comparison of our results,
derived essentially from transport experiments on doped

“thick-layer” heterostructures, with literature VBO values,
derived from photoemission spectroscopy on extremely thin
epitaxial layers, is hampered by possible additional, process-
dependent sample properties, such as densities of dopants
and defects, or a reduced effective ZnSe band gap at the
interface. The impact of these effects may be quite specific
for the various experimental methods. Therefore, for this
purpose a combined analysis of the same samples first by
electron photoemission spectroscopy and subsequently by
our characterization methods after ZnSe overgrowth would
be required for the various growth start procedures.

VII. CONCLUSION

We have studied the electronic and structural properties of
MBE-grown n-type ZnSe/GaAs �001� heterointerfaces, a
prototype of heterovalent semiconductor interfaces, and their
variation with predeposition of Zn or Se in the fractional
monolayer range at ZnSe growth start. Temperature-
dependent I-V measurements across the heterointerfaces
show that the potential barrier in the conduction band is re-
duced from about 550 meV for a very Zn-rich growth start,
to 73 meV for our highest Se coverage. Based on the sym-
metry of I-V curves, we attribute this to a reduction in the
ZnSe/GaAs conduction-band offset by an electric interface
dipole moment. The lower offset manifests itself in a drasti-
cally reduced resistivity of the interface. Independent of the
growth start ECV shows a carrier depleted region of about 50
nm width at the heterointerface with a constant electron defi-
cit of 1.5�1013 cm−2 while Raman spectroscopy measure-
ments reveal that the depletion region is partially shifted
from GaAs to ZnSe with Se predeposition.

Taking account of a variable band offset, interface state
density, atomic interdiffusion, and segregation is necessary
to give a detailed description of the band bending and carrier
distribution at heterovalent heterointerfaces. The effects of
variable band offsets and interdiffusion leading to compen-
sation or doping at the interface are general properties of
heterovalent heterointerfaces. The extent of these effects de-
pends on the material combination, epitaxial growth condi-
tions, and especially on the sequence of the molecular depo-
sition.
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