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Heterojunction diodes consisting of n-type ZnO and p-type ZnTe were grown
by pulsed laser deposition and molecular beam epitaxy, respectively, on GaAs
(001) substrates. Strong diode rectifying behavior was observed in the cur-
rent–voltage characteristics with a current on/off ratio of Jon/Joff = 1 · 105

and a diode ideality factor of n = 1.5. A strong photoresponse in the energy
range of 2.3 eV to 3.6 eV was observed, corresponding to the bandgap energies
of ZnTe and ZnO, respectively. A photovoltaic response was observed with a
relatively small fill factor with a short-circuit current Jsc � 0.8 mA/cm2 and
open-circuit voltage of Voc � 60 mV subject to illumination by a tungsten
lamp. The photovoltaic response and reverse saturation current are believed
to be limited by defects related to the mismatch between the ZnTe and ZnO
structures and defects in the ZnO layer deposited at low temperature. The
spectral response of the diodes is modeled with a close match to experimental
measurements.
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INTRODUCTION

ZnO shows tremendous potential for visible/
ultraviolet optoelectronic devices including light-
emitting diodes, lasers, and photodetectors. How-
ever, the realization of these devices based on ZnO
is impeded by the inability to reliably and/or
reproducibly achieve p-type conductivity. The low
formation energy of n-type native defects including
Zn interstitials, O vacancies, and unintentional
donors such as hydrogen leads to high background
n-type carrier concentrations.1 In addition to con-
trolling the background concentration, p-type dop-
ing is difficult in ZnO due to deep acceptor energies
for substitutional impurities or the compensating
nature of acceptor defect complexes. There has been
great progress over the past several years in the
achievement of p-type ZnO through a number of
demonstrations,2–10 though a reliable and repro-
ducible technique for p-type doping of ZnO has yet

to be identified. Conversely, ZnTe is a wide-bandgap
II–VI compound semiconductor that is intrinsically
p-type due to native defects in this material.11 High-
conductivity p-type ZnTe has also been established
by nitrogen doping12–15 with hole concentrations
near 1 · 1020 cm-3. Heterojunction diodes utilizing
p-type ZnTe and n-type ZnO may present an
opportunity for ZnO optoelectronic devices16 or
cadmium-free thin-film solar cells. Furthermore,
electronic devices based on ZnO requiring an
interface to p-type material may also be enabled,
including bipolar transistors and junction field-
effect transistors. In this work, n-ZnO/p-ZnTe
heterojunction diodes on GaAs substrates are dem-
onstrated. The electrical properties and related
photoresponse are presented and compared with
numerical simulation.

EXPERIMENT

Layers of ZnTe were grown by molecular beam
epitaxy (MBE) on conducting p-type GaAs (001)
substrates at a substrate temperature of 250�C.
A heavily doped buffer layer with a thickness of
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0.6 lm was first grown by nitrogen doping with a
nitrogen plasma source with an approximate hole
concentration of 1 · 1019 cm-3. A 0.4-lm-thick layer
of ZnTe was grown without intentional doping.
Independent calibration runs of ZnTe on insulating
substrates resulted in background carrier concen-
trations of less than 1015 cm-3. A subsequent layer
of ZnO was grown by pulsed laser deposition (PLD)
in a separate chamber, with a thickness of 350 nm.
The substrate temperature for ZnO deposition was
kept intentionally low at 200�C to avoid possible
degradation of the ZnTe material. The electron
concentration of ZnO grown under these conditions
has been determined to be approximately
2 · 1018 cm-3. Ti/Au 30 nm/70 nm for contacts to
n-type ZnO and Ni/Au 50 nm/100 nm for bottom
contacts to p-type GaAs were formed. The resulting
device structure and equilibrium energy band dia-
gram (band offsets are assumed to follow the elec-
tron affinity model) are shown in Fig. 1.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) with x–2h wide-angle
scanning, shown in Fig. 2, was used to examine the
crystalline structure of the ZnO/ZnTe heterojunc-
tion. The ZnTe (002) and (004) reflections clearly
indicate the predicted zincblende ZnTe (001) orien-
tation on the GaAs (001) substrate. A strong ZnO
(0002) reflection is observed, indicating the wurtzite
c-plane ZnO (0001) orientation. Despite the appar-
ent epitaxial relationship between ZnO, ZnTe, and
GaAs, a significant defect density is likely in these
heterojunctions due to the differing symmetry of the
hexagonal ZnO crystal structure in comparison to

zincblende ZnTe. Furthermore, a large defect
density is also predicted for the large lattice mis-
match in this orientation, where the crystalline
relation (0001)ZnO//(001)ZnTe and ½1010�ZnO//
[110]ZnTe results in a lattice mismatch of 25%.

Room-temperature current–voltage (I–V) charac-
teristics of the n-ZnO/p-ZnTe heterojunction are
presented in Fig. 3a on both a logarithmic and lin-
ear scale. The leakage current for the diodes is
<5 · 10-5 A (3 mA/cm2) at a reverse bias of 5 V,
with a breakdown voltage of approximately 10 V. In
forward bias, the turn-on voltage is approximately
1 V, resulting in a current on/off ratio of Jon/Joff of
approximately 1 · 105. The I–V characteristics
in forward bias fit closely to the diode equation,
J = Jsexp (qV - qJRs/nkT), where Js is the satura-
tion current density, q is the charge of an electron,
kT is the thermal energy, n is the ideality factor,
and Rs is the series resistance. The ideality factor of
the diode is determined to be 1.5 for the voltage
range from 0 V to 0.5 V, indicating primarily diffu-
sion current rather than generation–recombination
current in the depletion region. Series resistance
was determined to be Rs = 0.034 X cm2.

A strong photoresponse is observed under illu-
mination through a tungsten lamp with an esti-
mated power density about 70 mW cm-2 through a
microscope objective, as shown in Fig. 3b. A photo-
voltaic effect is observed under zero and forward
bias, where a short-circuit current of Jsc � 0.8
mA/cm2 and an open-circuit voltage of Voc � 60 mV
are observed. According to the relation Voc = nkTln
(Jsc/Js)/q,17 the small Voc is related to a large reverse
saturation current density. The reverse saturation
current in these diodes may be related to defects
arising from the mismatch between the ZnO and
ZnTe crystalline structures or defects in the ZnO
related to the low-temperature deposition process.
We have also evaluated ZnO/ZnTe diodes with a
similar structure, but without the heavily doped

Fig. 1. Calculated energy band diagram at equilibrium and (inset)
schematic device structure of the ZnO/ZnTe/GaAs heterojunction
diode.

Fig. 2. X-ray diffraction h–2h scan of the ZnO/ZnTe heterojunction
on GaAs (001).
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ZnTe buffer layer. The absence of the ZnTe buffer
layer would be expected to result in a high density of
dislocations within or near the diode depletion
region, corresponding to the mismatched ZnTe/
GaAs interface. These devices exhibited an in-
creased ideality factor of n = 1.9 and lack of photo-
voltaic effect, consistent with these expectations.
Two differing approaches may be used to reduce the
reverse saturation current and increase the photo-
voltaic response. To improve the ZnTe/ZnO match,
the (111) ZnTe orientation may be used for an im-
proved match to the hexagonal symmetry of ZnO.
Higher-quality ZnO material may be utilized by
inverting the device structure, i.e., by growing ZnTe
(requiring low-temperature growth) on high-quality
ZnO, where (111) ZnTe growth would be expected.

The spectral response of the diodes is shown in
Fig. 3c, where response between 2.3 eV and 3.6 eV
is observed. There is clearly no significant response
for energies below 2.3 eV, corresponding to the
ZnTe bandgap energy. This observation indicates
that the GaAs substrate does not play a role in
determining the observed diode behavior. For inci-
dent photons with energy between the ZnTe and
ZnO bandgap energies, absorption and carrier gen-
eration occurs primarily in the unintentionally
doped ZnTe layer. This ZnTe layer will lie in the
depletion region of the diode where photogenerated
electron-hole pairs will be separated and collected
across the junction by the built-in electric field. The

spectral response cutoff at short wavelength
(�3.6 eV) roughly corresponds to the ZnO bandgap
energy, and is discussed in the following. When the
energy of incident photons exceeds the band edge of
ZnO (3.37 eV), there will be strong optical absorp-
tion in the ZnO layer. Shorter wavelengths will lead
to increased absorption near the ZnO surface due to
the increasing optical absorption coefficient at
higher energies. In order for these photogenerated
carriers to contribute to detector photocurrent, the
minority carrier holes in the ZnO must diffuse to
the junction in order to be swept to the p-side of the
junction. However, the diffusion length of holes in
ZnO is predicted to be only �50 nm due to the short
minority-carrier (hole) lifetime in n-ZnO, �1 ns,18

and low minority-carrier mobility, �1 cm2/Vs.19

This hole diffusion length is significantly smaller
than the thickness of the ZnO layer (350 nm) in the
device structure. The short-wavelength cutoff of the
detector response just above the ZnO band edge may
be attributed to the long diode structure relative to
the hole diffusion length.

A device model was used to validate our expla-
nation for the photoresponse behavior. The photon
generation rate as a function of position was calcu-
lated by G(x) = Uopta exp(-ax), where x is the posi-
tion departing from the surface, Uopt is the incident
photon flux, and a is the absorption coefficient. The
absorption coefficient is given by the following
expressions near the band edge20

Fig. 3. Current–voltage characteristics for the ZnO/ZnTe heterojunction diode with and without illumination shown on (a) a logarithmic and (b) a
linear scale. (c) Spectral response of the ZnO/ZnTe heterojunction diode and incident xenon lamp.
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a ¼ a0 exp
Eph � Eg

kT

� �
; Eph < Eg (1)

a ¼ a0 þ a1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eph � Eg

kT

r
; Eph > Eg; (2)

where Eg is the bandgap of the semiconductor, Eph

is the incident photon energy, and a0 and a1 are
fitting parameters for the optical absorption coeffi-
cient. The values for these fitting parameters are
assumed to be a0 � 5 · 104 cm-1, a1 � 1 · 104 cm-1,
for ZnO,21 and a0 � 5000 cm-1, a1 � 1000 cm-1 for
ZnTe.22 The carrier generations at four energies in
the range of 2.2 eV to 3.6 eV are presented in
Fig. 4a. From this plot, a strong transition from
photogeneration in the ZnTe to predominant
photogeneration near the incident ZnO surface is
observed with increasing photon energy. The photon
current density is mainly proportional to the inte-
gral of G(x) in hole diffusion length in the n region,
the depletion region, and the electron diffusion
length in p region. The resulting current density for
the diode is then calculated according to drift-dif-
fusion equations described in Ref. 23. The calculated
spectral response due to white-light illumination
with uniform intensity is then shown in Fig. 4b. The
simulated spectral response is qualitatively in good
agreement with the measured spectral response
shown in Fig. 3. Deviations between calculated and
measured spectral responses may be primarily
attributed to the nonuniform spectral response of
the xenon lamp and optical interference effects not
accounted for in the simulation.

CONCLUSION

Strong rectifying diode behavior is observed for
n-ZnO/p-ZnTe heterojunction diodes with Ion/Ioff �
1 · 105 and ideality factor n = 1.5. Strong photore-
sponse is observed in the range of 2.3 eV to 3.6 eV,
where cutoff energies are determined by the
absorption edge for ZnTe and minority hole collection

in ZnO, respectively. The diode behavior and pho-
tovoltaic response indicates that these structures
are promising for future electronic and optoelec-
tronic devices based on ZnO heterojunctions,
despite the mismatch between ZnTe and ZnO.
Significant improvements to these heterojunction
devices may be expected with improved high-
temperature ZnO growth and combination of ZnTe
(111) with ZnO (0001).
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