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An important feature of zinc oxide and gallium nitride materials are their similar physical properties. This
allows to use them as a p�n junction materials for applications in optoelectronics. In earlier work we presented
use of ZnO as a transparent contact to GaN, which may improve external e�ciency of LED devices. In this
work we discuss properties of a n-ZnO/p-GaN heterostructure and discuss its optimization. The heterostructure
is investigated by us for possible applications, e.g. in a new generation of UV LEDs or UV light detectors.

DOI: 10.12693/APhysPolA.124.869

PACS: 85.30.Kk, 61.05.cp, 81.05.Dz

1. Introduction

Zinc oxide (ZnO) and gallium nitride (GaN) are two
semiconductor materials, which are investigated for many
possible applications in electronics, optoelectronics, biol-
ogy, and medicine. Physical and chemical properties of
both GaN and ZnO mean that these materials can be
used as light emitting diodes (LEDs), sensor devices, in
transparent electronics, and as solar cells [1�3].
In recent years the research concentrates on ZnO prop-

erties, due to many expected advantages of devices based
on this material. For example, in envisioned ZnO-based
laser diodes, lasing would likely occur via excitonic UV
transitions. Thus, if realized, it would lead to much lower
threshold currents, as compared to the ones in GaN-
-based devices. Moreover, ZnO-based diodes constructed
by us and others are characterized by low reverse-leakage
currents of 10−7 A observed at room temperature, which
is important in point of view of some electronic ap-
plications. Regarding heterostructures, GaN/ZnO het-
erostructures are also very interesting, since heavily
doped ZnO can be also used as a top conductive contact
to GaN-based LEDs, as demonstrated recently [4, 5].
Both semiconductors are characterized by a large band

gap energy of about 3.4 eV at room temperature [6, 7].
Their similar physical properties allow creation of LEDs
emitting in a short wavelength spectral region [6�8].
ZnO/GaN heterostructures are also investigated for this
application [9, 10]. This is highly interesting, since both
materials in normal conditions (room temperature, at-
mospheric pressure) are crystallized in the wurtzite struc-
ture [11, 12]. Moreover, due to the relatively small lattice
mismatch (about 1.6%) between ZnO and GaN it is pos-
sible to achieve an epitaxial growth of zinc oxide using a
gallium nitride template. In fact, we demonstrated that
we can grow zinc oxide of a high crystalline quality on

top of GaN, with a reduced concentration of imperfec-
tions [11, 13]. In most of the cases the imperfections
are related to the use of a substrate with a large lattice
mismatch (for example silicon for ZnO or GaN epitaxy).
Short-wavelength UV detectors based on n-GaN/

p-GaN homojunctions [13, 14] have been widely stud-
ied. Despite the fact that GaN-based LEDs, laser diodes
and detectors are commercialized, some of their proper-
ties need further improvements. In particular, our �rst
investigations show that ZnO-based UV detectors can-
not only be more sensitive, but much cheaper, as well.
This fact motivated us to study various versions of pos-
sible UV detectors, including the ones discussed in the
present work.
In the present work we con�rmed that zinc oxide

layers grown on GaN are characterized by a relatively
small number of defects. This is an important �nding,
since such material properties are required for optoelec-
tronic or sensors and detectors applications. We present
characterization and optimization of n-ZnO/p-GaN het-
erostructures, investigated for possible application in a
new generation of UV detectors. We conclude that the
simplicity and low costs of technology we use, combined
with a relatively high quality of obtained monocrystalline
ZnO �lms at relatively low temperature (< 350 ◦C),
makes our approach attractive for a fabrication of mod-
ern semiconducting devices.

2. Experimental details

Undoped zinc oxide �lms with a high crystalline qual-
ity were deposited by the atomic layer deposition (ALD)
method. Test samples were deposited �rst on a glass,
and only then after optimizing the growth parameters, on
gallium nitride template and zinc oxide (bulk material).
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Before a growth substrates were chemically cleaned. ZnO
layers, with thickness in the range from 0.5 to 2 µm, were
obtained by a double exchange reaction, using diethylz-
inc and deionized water as precursors

Zn(C2H5)2 + H2O → ZnO + 2(C2H6).
The details on the growth parameters (pulse time pre-

cursors, purging time) are given in our recent work [11].
After the process optimization, ZnO �lms were de-

posited at temperature of 300 ◦C on GaN/sapphire tem-
plates, with a GaN layer grown by the metalorganic
chemical vapor deposition (MOCVD). On zinc oxide and
gallium nitride surfaces were evaporated ohmic contacts,
consisting of Au/Ti for ZnO and Au/Ni for GaN. Con-
tacts were annealed at high temperature about 400 ◦C in
RTP system for 5 min.
The structure and the crystallographic orientation

of ZnO layers were measured with a high resolution
(HRXRD) X'Pert MRD di�ractometer equipped with
the X-ray mirror, a four-bounce monochromator at the
incident beam and a three bounce analyzer at the
di�racted beam. Optical properties of zinc oxide nano-
structures have been characterized by the spectro�uo-
rimeter CM2203, with a xenon lamp used as the exci-
tation source. The surface morphology was investigated
by the atomic force microscopy (AFM, Bruker Dimen-
sion Icon) using the PeakForce Tapping and silicon ni-
tride probes with sharp tips (a tip radius: 2 nm). Sur-
face roughness was characterized by the root mean square
(RMS) value. Films cross-section images were obtained
by scanning electron microscopy (SEM, Hitachi SU-70) at
the operation voltage of 15 kV. The Hall e�ect measure-
ments were performed with a RH2035 system produced
by PhysTech GmbH, with a permanent magnet giving a
magnetic �eld of 0.426 T. The Hall measurements were
done in the van der Pauw con�guration with four con-
tacts mechanically pressed to a square sample of ZnO
thin �lm in its corners. I�V electrical characterizations
were performed using a Keithley 2601A electrometer.

3. Result and discussion

In this paper we analyze properties of the ZnO/GaN
diode with a monocrystalline zinc oxide layer deposited
by the ALD.
Figure 1 shows a SEM cross-section image of ZnO

(0.5 µm thick)/GaN (3 µm thick) heterostructure ob-
tained by us, con�rming a sharp interface between the
two semiconductors. The SEM investigations allow us
to trace how dislocations from gallium nitride template
pass to zinc oxide layer. SEM and the following XRD
investigations indicate that the two compounds adjust to
each other.
HRXRD measurements con�rm that the obtained ZnO

layers are of a high crystalline quality. A full width at
half maximum (FWHM) of the rocking curve of 00.6 re-
�ection equals 0.07◦ (Fig. 2). This value of the rocking
curve is identical to the one measured for the gallium
nitride template, which means that quality of the ZnO

Fig. 1. The cross-sectional SEM image of the ZnO
(0.5 µm thick) on GaN (3 µm thick) thin �lm grown
by the ALD at temperature of 300 ◦C.

�lm is limited by imperfections in a GaN layer. The per-
pendicular lattice constant c was determined from the
HRXRD measurements of the symmetrical 00.2 re�ection
as (5.1978 ± 0.0001) Å, while the parallel constant was
determined from the asymmetrical re�ection (−1) − 1.4
as (3.2569± 0.0005) Å. These results only slightly di�er
from the lattice constants of a bulk ZnO (at room temper-
ature), which are 5.2069 Å and 3.2495 Å [4], respectively.
From the lattice parameter results we can conclude that
obtained layers are slightly tensile strained, which is due
to the small lattice mismatch between ZnO and GaN.

Fig. 2. (a) 00.2 symmetrical and (b) −1�14 asymmet-
rical re�ection reciprocal space maps collected with an-
tiscattered slit 1/8◦ before the XRD detector.

Electrical parameters and surface morphology mea-
surements of the ZnO layers were then performed. For
these measurements ZnO thin �lms were grown at the
temperature range between 100 and 300 ◦C (see Table I)
on GaN (carrier concentration ≈ 1017 cm−3 and mobility
≈ 20 cm2/(V s)), ZnO and glass substrates. ZnO �lms
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(0.5�2 µm thick) are characterized by free electron con-
centrations of about 1018 cm−3. One can notice that we
investigated junctions with relatively thick ZnO layers,
done on purpose to limit gallium nitride substrate on the
results of electrical investigations of ZnO.

TABLE I

Surface roughness de�ned by the RMS and
carrier concentration vs. growth temperature
of ZnO layers with thickness of 0.5 µm ob-
tained in the ALD processes on GaN template.

Growth
temperature

[◦C]

RMS
[nm]

Carrier
concetration

[cm−3]

300 6 3.88× 1018

250 7 4.80× 1018

200 9 6.32× 1018

150 28 8.25× 1018

100 17 3.16× 1018

For junctions (see schematic in Fig. 3) investigations
we selected ZnO layers grown at temperature of 300 ◦C.
These �lms exhibited the highest carriers' mobility at
room temperature. The increase of the mobility of car-
riers was observed for �lms grown at a higher growth
temperature and for thicker zinc oxide layers. Mobility
of about 150 cm−2/(V s) was obtained for the best struc-
tures. ZnO �lms were monocrystalline with a very �at
surface morphology (see Tables I and II). Similar quality
�lms were deposited on ZnO substrate, as discussed in
the recent paper [13]. Test samples deposited on a glass
were polycrystalline.

Fig. 3. Schematic presentation of the n-ZnO/p-GaN
heterojunction with deposited ohmic contacts.

The optimized ZnO/GaN structure was characterized
by a smooth interface, but by a relatively roughness sur-
face (6 nm as compared to 1 nm of GaN template). For
not optimized �lms the RMS value of 20 nm was obtained
(see Fig. 4).
Current�voltage characteristic of the heterojunction,

shown in Fig. 5, was investigated to determine the rec-
ti�cation ratio of the junction, de�ned as the ratio of
forward to reverse currents. This ratio is mostly deter-
mined by a barrier height seen by electrons and holes.
To account for the deviation from the ideal structure

TABLE II

Electrical properties of ZnO layers with thickness
of about 2 µm deposited at temperature of 300 ◦C
on three di�erent substrates.

Substrate
Mobility

[cm2/(V s)]

Carrier
concentration

[cm−3]

GaN 150 4× 1018

ZnO 80 5× 1018

glass 50 3× 1018

Fig. 4. Surface morphology AFM image (2 × 2 µm2)
of not optimized ZnO layer grown by the ALD at tem-
perature 300 ◦C (2 µm thick) on a GaN template. ZnO
layer is characterized by the RMS of about 20 nm. For
GaN template RMS value is below 1 nm.

the so-called ideality factor is introduced. For most
of ZnO structures investigated by us this factor devi-
ates from 1 and is quite big (equal to 5) in the present
case. The recti�cation ratio of our test n�p junction
is Ion/Ioff = 1.8 × 103 for a voltage of 2 V. This re-
sult favourably compares to e.g. 102 reported for n-GaN/
p-GaN junctions based on layers or nanowires as well as
to e.g. 103 and 102 obtained for n-ZnO/p-GaN junctions
based on layers and nanowires, respectively [15�18].

Fig. 5. I�V characteristic of ZnO/GaN heterojunction
with Ion/Ioff = 1.8 × 103 for 2 V and Ion = 1.3 ×
10−2 A/cm2.

The I(V ) characteristics of the junctions are strongly
a�ected by UV illumination. Importantly, no response
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was observed (or quite weak) in case of the visible light
illumination. At present we optimize the structures for
UV detector applications. These results will be a subject
of forthcoming publication.

4. Conclusions

In this work we discuss properties of n-ZnO/p-GaN
heterostructures, investigated for possible application in
optoelectronic and detector devices. ZnO layers with
a high crystalline quality and good electrical proper-
ties (carrier concentration ≈ 1018 cm−3 and mobility
≈ 150 cm2/(V s)) were deposited by the ALD method at
temperature of 300 ◦C on GaN/sapphire templates. On
zinc oxide and gallium nitride surfaces there were evap-
orated ohmic contacts consisting of Au/Ti for ZnO and
Au/Ni for GaN. Current�voltage properties of the het-
erojunction are fairly favourably, with the recti�cation
factor of Ion/Ioff = 1.8 × 103 for a voltage of 2 V. Our
�rst investigations indicate a great potential for applica-
tion of the heterojunction as UV detectors, in particular
in �Solar Blind� detectors.
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