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In this work, non-polar (1,1,—2,0) ZnO thin films have been grown on a-GaN/r-Al,03; templates by
radio-frequency magnetron sputtering. By varying the substrate temperature, the ZnO thin films were
transformed from polycrystalline structure to epitaxial one on a-GaN/r-Al,0; templates. High-quality
(1,1,-2,0) ZnO epitaxial thin films were grown on the a-GaN/r-Al,03 template at the optimized condi-
tion of 300°C, which was confirmed by X-ray diffraction. The full width at half maximum (FWHM) of

the (1,1,-2,0) w-rocking curve of the a-plane ZnO films grown on the a-GaN/r-Al, 03 template was 0.51°,
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indicating a small mosaicity and a low dislocation density in the ZnO film grown on the a-GaN/r-Al,03;
template. Its surface roughness observed by atomic force microscopy was about 2.32 nm. Furthermore,
the comparative investigation results show that the ZnO films grown on a-GaN/r-Al,03 templates are
more likely to form in the (1,1,-2,0)-orientation than those directly grown on r-sapphire.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (Zn0O) has attracted increasing attention due to its
various applications in light emitting diodes, transparent conduc-
tive electrodes, varistors, and so on [1-4]. Most of ZnO films ever
reported are c-plane films grown on c-plane sapphire substrates,
because the c-axis orientation perpendicular to the substrates has
been found to be a preferable growth direction. However, non-polar
ZnO is considered to be much desirable than c-plane ZnO in several
cases. For example, ZnO has anisotropy along the c-axis, so non-
polar ZnO films may be preferable for transverse acting devices such
as surface acoustic wave devices [5]. Furthermore, in the develop-
ment of ZnO-based UV light emitters with ZnO/ZnMgO quantum
wells (QWs), one may meet the problem of quantum confined
Stark effect due to the presence of piezoelectric polarizations in
the strained QWs grown in the polar direction [6], which decreases
the quantum efficiency of light emission from the QWs. Epitaxial
growth of ZnO films along [1,1,—2,0] direction (a-plane) provides a
promising solution to circumventing this problem.

Though considerable efforts have been made to grow a-plane
ZnO [7-10], high-quality a-oriented ZnO films are still not avail-
able, mainly due to the lack of lattice-matched substrates, which
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limits their practical applications. Therefore, it is important to seek
solutions to mitigate the large lattice mismatch between ZnO and
sapphire to grow high-quality a-plane ZnO epilayers. The most
promising one till now is to use GaN as the buffer layer on other sub-
strates for the growth of ZnO epitaxial layers since GaN (a=3.189 A,
c=5.185A) and ZnO (a=3.2498 A, c=5.2066 A) [11] have the same
crystal structure, close lattice constants (0.4% mismatch for c-axis
and 1.9% mismatch for a axis) and a small difference between in-
plane linear thermal expansion coefficients (ogay =5.59 x 10-6 K~1
and az7,0=6.51 x 10-6 K1) [12].

In this paper, we report the fabrication of a-plane ZnO films
by radio-frequency (RF) magnetron sputtering on a-GaN/r-Al,03
templates, and compare the ZnO film on the a-GaN/r-Al,03 tem-
plate with that on the r-Al,03 substrate, which reveals significant
differences in structural and optical properties. To the best of our
knowledge, this is the first report of the growth of the a-plane ZnO
films on a-GaN/r-Al,03 template and its comparison with those
directly grown on r-Al, 03 by radio-frequency (RF) magnetron sput-
tering.

2. Experimental details

The a-GaN/r-Al,05; templates on 2-in. r-Al,03 (1,—1,0,2) substrates were pre-
pared in a Thomas Swan close-coupled showerhead (CCS) metal organic chemical
vapor deposition (MOCVD) reactor system [13]. About 2.0 wum GaN layers were
grown on the r-Al,03 using trimethylgallium (TMGa) and ammonia (NHs3) as Ga
and N precursors, respectively. As-grown a-GaN/r-Al,03 templates were directly
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Fig. 1. Structure of the ZnO films in details grown on (a) r-Al, O3 substrate at 200°C, (b) a-GaN/r-Al, 03 templates at 200 °C, and (c) a-GaN/r-Al, 03 templates at 300 °C by the

magnetron sputtering (MS).

transferred into a RF magnetron sputtering system (Ulvac RFS-200) equipped with
a ZnO target with purity of 99.999% and a diameter of 4in. to deposit a-plane ZnO
layers without preliminary cleaning and polishing procedures. The sputtering cham-
ber was evacuated to 6 x 10~7 T before sputtering. Before deposition, the target was
pre-sputtered for 10 min to remove possible contaminations. After that, the sub-
strate temperature was elevated to 200 °C to deposit the ZnO films. During the film
deposition, the ambient gases mixed were argon and oxygen (1:1), and the working
pressure and the RF power were maintained at 1 x 102 T and 120 W, respectively.
For a comparative analysis, the ZnO films grown directly on r-Al;03 (1,—1,0,2) sub-
strates were also prepared under the same conditions. To investigate the effects
of substrate temperature on the properties of a-plane ZnO films grown on the a-
GaN/r-Al,0; templates, the ZnO samples grown at 300 °C were also prepared. The
thickness of the a-plane ZnO thin film was determined to be around 0.5 wm. The
detailed layer structures of the grown samples were shown schematically in Fig. 1.
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Fig. 2. XRD 2theta/omega scanning curves of the ZnO films grown on (a) r-Al,03
substrate at 200°C, (b) a-GaN/r-Al;03 templates at 200°C, and (c) a-GaN/r-Al;03
templates at 300°C.

The surface morphology of the samples was examined by atomic force
microscopy (AFM) in contact mode (Veeco NanoScope MultiMode). The crystal
structure and the orientations of GaN samples were investigated by X-ray diffrac-
tion (XRD, Panalytical X'pert PRO MRD, Holand) using Cu Koty (A=1.54056 A) as the
source. Photoluminescence (PL) was performed to evaluate the optical properties
of the samples by using the 325-nm line of a He-Cd laser (20 mW) as the excitation
source. Raman spectra were recorded with a HR800UV Raman spectrometer using
a 514 nm laser.

3. Results and discussions

The high-resolution X-ray diffraction (HRXRD) was performed
using the symmetric 2theta/omega (26/w) scan mode with the X-
ray incident plane parallel to the c-axis of the a-plane ZnO film,
and the results were shown in Fig. 2. As seen in Fig. 2(a), for the
sample grown directly on r-Al;03 at 200°C, the (0002) reflec-
tion is dominant, while the (1,1,—2,0) one is very weak, indicating
the ZnO film is nearly c-oriented. On the other hand, as seen in
Fig. 2(b), the (1,1,—2,0) peak becomes very strong for the sample
grown on the a-GaN/r-Al,03 template at the same temperature
of 200 °C. Such observed phenomenon reveals that the ZnO films
grown on a-GaN/r-Al, 05 templates are more likely to form in the
(1,1,—2,0)-orientation than those directly grown on r-sapphire. The
(0002) peak for the film deposited on the a-GaN/r-Al,03; tem-
plate at 200°C is much weaker but still noticeable, showing this
film are polycrystalline with both (1,1,—2,0) and (0002) orienta-
tions. It indicates that a low growth temperature like 200°C is not
high enough to achieve a pure ZnO[1,1,-2,0]//Al;03[1,—1,0,2] epi-
taxy, and (000 1)-oriented ZnO grains are still present, which can
be attributed to the fact that [000 1] is the natural growth direc-
tion of wurzite structure. In order to suppress the (000 1)-oriented
phase, the substrate temperature was further raised up to 300 °C. As
shown in Fig. 2 (c), the ZnO (0 00 2) peak eventually vanishes and a
pure(1,1,—2,0)-oriented ZnO film is obtained on the a-GaN/r-Al, O3
templates, which indicates that increasing growth temperature can
promote the ZnO[1,1,—2,0]//GaN|[1,1,-2,0] epitaxy.
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Fig. 3. The high-resolution XRD (1,1,—2,0) w-scan rocking curves of the ZnO films
grown on a-GaN/r-Al; 03 templates at 200 and 300°C.
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Fig.4. AFM image of the ZnO films (5 wm x 5 wm) grown on (a) r-Al, 03 substrate at 200 °C, (b) a-GaN/r-Al, 03 templates at 200°C, and (c) a-GaN/r-Al, 03 templates at 300°C.

Fig. 3 shows the w-scan rocking curve on ZnO (1,1,—2,0) peak
with the X-ray incident plane parallel to the c-axis of the a-plane
ZnO film. The FWHM of the ZnO (1,1,—2,0) rocking curve for the
ZnO grown on the a-GaN/r-Al, 03 template at 200 °C is about 1.56°.
When the growth temperature is further elevated to 300°C, the
FWHM of the ZnO (1,1,—2,0) rocking curve decreases to 0.51°, rep-
resenting one of the lowest values of a-plane ZnO films grown on
r-plane Al,03 by RF magnetron sputtering [14,15]. Therefore, we
can conclude that it is very effective to improve the structural qual-
ity of the a-plane ZnO film grown on the a-GaN/r-Al,03 template
by increasing the growth temperature from 200 to 300 °C.

Fig. 4 shows the AFM images of the a-plane ZnO films grown
on the r-Al;03 and the a-GaN/r-Al,03 template in a scan area of
5um x 5um. From the Fig. 4(a), it was observed that the ZnO
film grown on the r-Al,03 at 200°C has a relatively rough sur-
face and the root mean square (RMS) roughness value is about
4.35nm. The a-plane ZnO films grown on the a-GaN/r-Al,03 tem-
plate deposited at 200°C has a very rough surface (Fig. 4(b)) and
the RMS roughness value is 6.51 nm. This could be due to the fact
that no solid epitaxy is established and a three-dimensional island
growth mode dominates. In addition, the coexistence of the (000 1)
and (1,1,—2,0)-oriented grains can result in severely misaligned
growth fronts. As the growth temperature increases from 200 to
300°C, the growth mode becomes progressively more epitaxy-like
(Fig.4(c)), and thus the surface gets increasingly smoother. The RMS
roughness value is about 2.32 nm for the a-plane ZnO film grown
on the a-GaN/r-Al, 05 template with growth temperature of 300°C
as determined by AFM.

For further insight into the quality of the ZnO epilayers, we
investigated the optical properties by PL measurement. PL spectra
for the three films were carried out at RT and are shown in Fig. 5.
Strong near band edge emission at ~378 nm could be observed in
all samples, and the peak intensity increases from Fig. 5(a) to (c),
showing strong correlation with the crystal quality as examined by
XRD. The broad band emission at around 500-525 nm mainly due
to deep-level impurities [16,17] is observed in the films grown on
the r-plane Al,03 and the a-plane GaN/r-plane Al, O3 template with
the growth temperature of 200 °C. In contrast, this impurity-related
peak is hardly seen in the film grown on the a-plane GaN/r-plane
Al,03 template at the temperature of 300 °C (Fig. 5(c)). Therefore,
the growth temperature of 300 °Cis necessary to achieve low impu-
rity incorporation in a-plane ZnO films grown by RF magnetron
sputtering in our current conditions.

In order to investigate the strain state in the (1,1,—2,0) a-plane
ZnO films, Raman spectra were measured. Fig. 6 shows the Raman
spectra of the ZnO films grown on the a-GaN/r-Al, 03 template and
the r-Al,O3 substrate with the substrate temperature of 200°C,
respectively, together with the spectrum of the a-GaN/r-Al,03
template for comparison. The sapphire Ajg and E; modes at 418

and 748 cm~! are clearly seen, which can be used as a frequency
reference. Besides the phonon modes of the a-GaN/r-Al,03 tem-
plate, two apparent ZnO phonon modes were observed at 99.7 and
439.6cm~!, which are E, (low) and E; (high) phonon modes of
ZnO, respectively [18]. The E;, (low) mode has a very small pressure
coefficient and is not suitable for strain calibration. On the other
hand, the E, (high) mode is sensitive to the strain state, and can be
used for accurate determination of the strain components [19,20].
The E, (high) mode in bulk ZnO occurs at 439.0cm~! according
to the previously reported results [21,22]. As seen in Fig. 6(a), the
E, (high) frequency (438.9 cm~1) of the ZnO film grown on the -
Al, 03 substrate with growth temperature of 200°C is very close
to that of bulk ZnO, therefore the film is nearly unstrained. The E;
(high) frequencies of the films grown on the a-GaN/r-Al,03; tem-
plates with growth temperatures of 200°C and 300°C are 439.6
and 441.1cm™!, respectively. These two frequencies are almost
the same in the measurement precision (<1 cm~!), and are slightly
up-shifted as compared with that of bulk ZnO. This means the
films fabricated at 200 and 300°C are under residual compres-
sive stress. Compared to the film deposited at 300 °C, the smaller
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Fig.5. Room-temperature PL spectra of the ZnO films grown on (a) r-Al, O3 substrate
at 200°C, (b) a-GaN/r-Al,03 templates at 200°C, and (c) a-GaN/r-Al,03; templates
at 300°C.
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Fig. 6. Room-temperature Raman spectra of the ZnO films grown on (a) r-Al,03
substrate at 200°C, (b) a-GaN/r-Al,03 templates at 200°C, and (c) a-GaN/r-Al;03
templates at 300°C.

compressive strain state in the ZnO film deposited at 200°C can
be attributed to the fact that the film cannot be epitaxially grown
on the a-GaN/r-Al,03 template at such a low growth tempera-
ture and thus the grown layer has a smaller strain. In contrast,
the stronger solid epitaxy growth mode promoted by the higher
growth temperature like 300 °C allows for a good replication of lat-
tice constant at the interface and the ZnO film is under compressive
strain since a-GaN underneath has a smaller lattice constant: 0.4%
smaller along the c-axis and 1.9% smaller along the a-axis. The peak
of E; (high) mode becomes narrower as the growth temperature
increases (Fig. 6(a)-(c)), and the FWHM values are 12.2, 8.3, and
4.7 cm~! for the films deposited on the r-Al,03 with the tempera-
ture of 200 °C, on the a-GaN/r-Al, O3 template with the temperature
of 200°C and on the a-GaN/r-Al,03; templates with the tempera-
ture of 300 °C, respectively. This means the crystallinity of the films
grown on the a-GaN/r-Al,03 template gets better as the growth
temperature increases, in agreement with the XRD results.

4. Conclusions
In conclusion, it has been demonstrated that a-plane ZnO films

with high crystallinity can be grown on a-GaN/r-Al,03 templates
by radio-frequency magnetron sputtering. The deposition temper-

ature has been shown to have strong effects on the growth mode
and thus the crystal quality of the ZnO films. The structural change
from a polycrystalline to a (1,1,—2,0) epitaxial one was observed
by varying the substrate temperature. By a comparative study, the
AFM and XRD investigation results show that a-oriented ZnO films
are more easily achieved by using the a-GaN/r-Al,05 template as
the substrate than using the r-Al,0s. All these results indicate that
a-plane GaN/r-Al, 03 templates are suitable substrates for growing
high-quality a-plane ZnO films under appropriate substrate tem-
peratures, which has potential applications in non-polar ZnO-based
optoelectronic devices.
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