
H290 Journal of The Electrochemical Society, 159 (3) H290-H292 (2012)
0013-4651/2012/159(3)/H290/3/$28.00 © The Electrochemical Society

Growth and Characteristics of a-Plane GaN on ZnO
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We report on growth and characteristics of a-plane GaN/ZnO/GaN epitaxial structures, which can be applied to various optoelectronic
devices. The unique optical transitions intrinsic to heterovalent interfaces were found and analyzed. Clear carrier localization effect in
the GaN/ZnO heterointerface is observed from the S-shaped energy shift with increasing temperature in the temperature-dependent
photoluminescence measurement. The carrier localization also results in strong luminescent intensity and dominates the emission
spectrum at room temperature. In addition, the acceptor level originated from the Zn out-diffusion from the ZnO layer is observed
in the low temperature photoluminescence spectra, and its binding energy is estimated to be about 0.311 eV.
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The wide bandgap ZnO has attracted extensive attention
due to their superior characteristics in optoelectronics1 and
piezoelectronics.2 Moreover, many physical properties are very sim-
ilar to GaN, such as almost the same lattice constant and thermal
expansion coefficient, and a quite large room temperature bandgap
of 3.30 eV to be close to GaN. Based on their similar properties,
the related ZnO/GaN-based heterojunctions have been investigated to
realize high performance optoelectronic devices.3–5 Although investi-
gations of ZnO/GaN heterojunctions are quite readily available, GaN
epilayers are still difficult to be deposited on the ZnO layer. It is due
to the chemical vulnerability of ZnO at high temperature required for
the growth. The weak thermal stability of ZnO, out-diffusion of the Zn
atom from ZnO into the GaN epilayer, and H2 etching phenomenon
will cause the poor quality and the rough surface for the GaN epi-
layer during the conventional chemical vapor deposition growth.6, 7

Therefore, the H2 free growth and the relatively low temperature
growth have been proposed to improve the crystal quality of GaN on
ZnO by molecular beam epitaxy (MBE)8 or pulsed laser deposition
(PLD).9 Moreover, fabrication of the typical GaN/ZnO heterostructure
commonly utilizes the ZnO bulk substrate as the template for inves-
tigations. However, growth of GaN on the epitaxial ZnO layer using
sapphire substrates may provide a cost-effective method to fabricate
versatile high performance GaN/ZnO based optoelectronic devices.

It is attractive to use the non-polar growth orientation to avoid
polarization in the GaN or ZnO quantum wells or interfaces.10 Since
the lattice mismatches between the wurtzite structure GaN and ZnO
are 1.9% along the c-axis direction and 0.4% along the a-axis di-
rection, it has the potential for the coherent growth of GaN epilayer
on ZnO layer even if the growth direction is along the non-polar
orientation direction such as a-plane (11–20) and m-plane (1–100).
So far, the non-polar orientation GaN/ZnO heterostructure have been
reported,11, 12 and these investigations are mainly focused on develop-
ing the effective deposition method and optimizing the crystal quality.
However, the related interface characteristics and the optical properties
are still not yet clear. In addition, almost all non-polar GaN/ZnO het-
erostructures were fabricated on the high quality ZnO bulk substrate.
Few studies focus on the epitaxial non-polar GaN/ZnO heterostruc-
tures on the sapphire substrate at present. The objective of this work
is to demonstrate the non-polar a-plane GaN layer deposited on the
ZnO epitaxial layer by using the plasma-assisted molecular beam
epitaxy (PAMBE) system to form the epitaxial growth of GaN/ZnO
heterostructure and to clarify the energy levels and the various optical
transitions in the a-plane GaN/ZnO heterostructure. The interactions
between GaN and ZnO layer during growth are also discussed further.
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To fabricate the non-polar a-plane GaN/ZnO heterostructure,
firstly, a 2.0-μm-thick a-plane GaN layer was grown on r-plane sap-
phire by metal organic chemical vapor deposition (MOCVD). After-
wards, a ZnO film of thickness about 400–500 nm was grown on the
a-plane GaN template by pulsed laser deposition. The growth temper-
ature was set at 520◦C, and the commercial hot-pressed stoichiomet-
ric ZnO (99.99% purity) target was focused by a KrF excimer laser
(λ = 248 nm) with the laser energy density of 5–7 J/cm2. Finally, the
GaN epilayer was grown on ZnO/GaN structure in a PAMBE system.
Under the H2 free atmosphere, the GaN epilayer was grown at the
temperature of 600◦C which is higher than ZnO growth temperature,
using a single-step growth without any buffer layer.

After the growth, the X-ray diffraction (XRD) θ-2θ angular scans
were utilized to determine the crystalline orientation and to clarify
the structures. Figure 1 shows the XRD θ-2θ profile for the struc-
tures of ZnO/GaN (ZG) and of GaN/ZnO/GaN (GZG), respectively.
The sapphire (1–102), (2–204), GaN (11–20), and ZnO (11–20) re-
flections are clearly detected from the ZG structure, as shown in
Fig. 1a. No GaN (0002) reflection corresponding to 2θ = 34.604◦ is
observed, which indicates that the coherent growth of the ZG struc-
ture has been successfully prepared for the following GaN epilayer
growth. Subsequently, the GaN epilayer was grown on the ZG struc-
ture, and its XRD θ-2θ scan had also been carried out and is shown
in Fig. 1b. Besides the original reflections appeared in Fig. 1a, some
additional reflections are obviously detected from the GZG structure,
as shown in Fig. 1b. Compared with the measurement results of these
two structures, the ZnO (11–20) reflection seems to be weaker. More-
over, ZnGa2O4 (220) and Ga2O3 related reflections are observed and
identified. It indicates that the ionized Zn and O diffused from the ZnO
underlayer may be incorporated into the top GaN epilayer, forming
intermediate phases at the GaN/ZnO interface.

Figure 2 is the cross-section scanning electron microscopy (SEM)
image of the GZG structure. According to the SEM image, GaN
epilayer was indeed deposited on the ZG structure and some micro-
air-voids can be observed in the ZnO layer. However, the thickness
of ZnO epilayer is greatly reduced from the original 400–500 nm
to about 150 nm. It could be believed that the diminution of the
thickness is associated with the thermal decomposition of the ZnO
epilayer. Simultaneously, the ZnO (11–20) reflection is seen only as
a shoulder on the GaN (11–20) reflection profile, as shown in Fig. 1b.
Compared with the XRD data and SEM image, the ZnO layer indeed
suffers from some damages such as the ZnO bonding decomposition
and the ionized element diffusion effect during the GaN layer growth.

Figure 3a shows the PL spectra measured on the GZG and ZG
structures at room temperature. Two obvious emission peaks measured
from the spectra of the GZG structure lie at about 3.42 eV (P1) and
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Figure 1. XRD θ-2θ scans of a-plane (a) ZnO/GaN/r-sapphire and (b)
GaN/ZnO/GaN/r-sapphire structures.

3.22 eV (P2), respectively. It is so different from the PL spectrum
dominated by the 3.28 eV (P3) emission peak in the ZG structure. The
P3 emission in the ZG structure is originated from the ZnO layer. Based
on these spectra, the P1 emission is clearly attributed to the optical
transition of the GaN layer. On the other hand, the related optical
transitions of the P2 emission peak have been further clarified by
performing the temperature-dependent PL measurement ranging from
10 to 295 K, as shown in Fig. 3b. In the low temperature, the emission
peak at 3.476 eV corresponds to a-plane GaN near band-edge (NBE)
emission consisted of two emission peaks assigned to donor-bound
exciton (D0X) and free-exciton (FX) recombination, respectively.13 If
we suppose the free exciton energy of GaN to be 3.476 eV at low
temperature, the corresponding bandgap energy will be located at
around 3.502 eV with an exciton binding energy of ∼26 meV. This
value is very close to the reported GaN fundamental bandgap energy
of 3.503 eV at low-temperature by using the temperature dependence
optical measurements.14

The P2 emission peak shifts to 3.265 eV as the temperature is
lowered to 10 K. Moreover, as the increasing temperature provides
the thermal energy for ionized excitons dissociation, the P2 emission
peak still dominates the PL spectrum even at the room temperature.
The emission peak is attributed to the carrier localization (Elocal) at
the GaN/ZnO interface with a type II band configuration, which could
be due to the formation of interface states and the excess charges
from heterovalent bonding.15, 16 The S-shaped P2 emission peak posi-
tion variation as a function of the temperature is a typical indication
of the carrier localization behavior,17 as shown in Fig. 3c. Based on
these, the P2 should be assigned to the radiative recombination of
carriers localized at the interface. In addition, the low temperature
emission peaks at about 3.192 eV and 3.106 eV decrease rapidly with
increasing temperature, which are assigned to the band-to-acceptor
(eA) transition and a donor-acceptor-pairs-like (DAP-like) transition,
respectively. The zinc element diffusion phenomenon has been ex-

Figure 2. Cross-section SEM image of a-plane epitaxial GaN/ZnO/GaN struc-
ture.
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Figure 3. (a) Room-temperature (295 K) PL spectrum of the a-plane
GaN/ZnO/GaN structure. (b) Temperature-dependent PL spectra ranging from
10 K to 295 K measured from GaN/ZnO/GaN structure. (c) The PL peak
energy of the carrier localization as a function of the temperature shows a
well Varshni’s fitting for the experimental data. (d) The Arrhenius plots of the
integrated PL intensities for the a-plane GaN/ZnO/GaN structure.

hibited in the XRD θ-2θ scan, and Zn impurity in GaN (ZnGa) could
behave as the acceptor levels, or as p-type dopant in GaN. It is known
that basal stacking faults (BSFs), the quite common defects in a-plane
GaN-based materials, could be regard as the donors in this case, as a
result of the high concentration of donors in the vicinity of BSFs.18

BSFs-related emission have also been demonstrated to locate at around
3.417–3.420 eV.13, 19 Moreover, the binding energy of ZnGa in GaN
has been determined to be about 0.34 ± 0.04 eV by simulation and ex-
perimental measurement,20, 21 which is close to our experimental value
of 0.311 eV (= 3.503 eV−3.192 eV). The DAP-like emission energy
at around 3.106 eV is almost consistent with the value obtained from
the difference between the emission position of BSFs-induced donor-
like levels and binding energy of ZnGa acceptors (3.417 eV−0.311 eV
= 3.106 eV).

Further the Arrhenius plots of the integrated PL intensities as
a function of inverse temperature are summarized in Fig. 3d. The
thermal activation energies can be determined by the equation,

I = I0/(1 + A exp(−Ea1/kT ) + B exp(−Ea2/kT )),

where Ea1 and Ea2 are the thermal activation energies at low and
high temperature regions, respectively. I0 is the PL intensity at low
temperature, and the coefficients A and B are the rate constants. The
thermal activation energy of NBE emission is about 26 meV. This
fitted value is assigned to the exciton binding energy of GaN and can
correspond to our experimentally measured activation energy. For the
transition of the carrier localization, the estimated value of thermal
activation energy is about 31 meV, which is close to the localization
energy of 29 meV by Varshni’s empirical formula, as shown in Fig. 3c,
and thus this value could be associated with the carrier delocalization
energy with increasing temperature. The BSFs-induced donor level is
located about 86 meV below the principle conduction band edge at
10 K, which is close to the fitted value of thermal activation energy of
DAP-like transition (about 84 meV). Thus, we can reasonably attribute
that thermal activation energy for quenching of DAP-like transition
could be the thermal ionization energy of the BSFs-induced donor.
Based on the optical measurement results at low temperature, the
related energy levels and corresponding optical transitions in a-plane
GZG structure are sketched in Fig. 4.
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Figure 4. Energy diagram showing the energy levels of Zn-induced acceptors
in the a-plane GaN on ZnO heterointerface.

In summary, a-plane GaN/ZnO/GaN heterostructure has been fab-
ricated by the expitaxial growth techniques, and their optical properties
have also been clarified and summarized. The strong emission peak
position at around 3.22 eV at room temperature corresponds to the car-
rier localization at the GaN/ZnO interface. The out-diffusion behavior
of Zn atom greatly affects the optical properties of GaN/ZnO, and the
binding energy of ZnGa acceptors is estimated to be about 0.311 eV in
the a-plane heterostructure. The GaN/ZnO heterostructure is expected
to exhibit a significant effect on the recombination at the interface and
energy level alignment, and consequently the optoelectronic device
application.
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