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a b s t r a c t

Epitaxially grown ZnO thin films on 4H–SiC (0 0 0 1) substrates were prepared by using a pulsed laser
deposition (PLD) technique at various substrate temperatures from room temperature to 600 ◦C. The
crystallinity, in-plane relationship, surface morphology and optical properties of the ZnO films were
investigated by X-ray diffraction (XRD), atomic force microscopy (AFM) and photoluminescence (PL)
measurements, respectively. XRD analysis showed that highly c-axis oriented ZnO films were grown
epitaxially on 4H–SiC (0 0 0 1) with no lattice rotation at all substrate temperatures, unlike on other
hexagonal-structured substrates, due to the very small lattice mismatch between ZnO and 4H–SiC of
1.15.−z
8.55.−m

eywords:
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rystal growth
-ray diffraction

∼5.49%. Further characterization showed that the substrate temperature has a great influence on the
properties of the ZnO films on 4H–SiC substrates. The crystalline quality of the films was improved,
and surfaces became denser and smoother as the substrate temperature increased. The temperature-
dependent PL measurements revealed the strong near-band-edge (NBE) ultraviolet (UV) emission and
the weak deep-level (DL) blue-green band emission at a substrate temperature of 400 ◦C.

© 2009 Elsevier B.V. All rights reserved.
uminescence

. Introduction

As a II–VI compound semiconductor with a hexagonal wurtzite
tructure, ZnO has attracted much attention because of its attrac-
ive electrical and optical properties which are useful in various
pplications such as light-emitting diodes, photodetectors, thin
lm transistors and transparent electrodes [1–3]. Above all, ZnO
lms can be used to produce optoelectronic devices operating in
he ultraviolet (UV) spectral region due to its direct wide band gap
Eg) of ∼3.37 eV and large exciton binding energy (∼60 meV). In this
pplication, the ZnO film with high crystalline quality is preferred
or the fabrication of high-performance devices [4–6]. In this regard,

he choice of the substrate is very important since it affects the epi-
axial growth of ZnO. Also, the role of the substrate is principal for
he achievement of nonlinear optical effects [7]. So far, hexagonal-
tructured substrates such as Al2O3, LiNbO3 and SiC have been used

∗ Corresponding author. Tel.: +82 2 3290 3689.
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925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.09.048
to grow high quality epitaxial ZnO thin films [8–15]. Among these,
SiC has the smallest lattice mismatch to ZnO. Moreover, unlike
other insulating substrates, SiC can form hetero-junction semicon-
ductor devices with ZnO. Recently, there have been several reports
on ZnO/6H–SiC hetero-structures fabrication and characterization
[12–14]. Among the many polytypes of SiC, 4H–SiC is considered
as the most attractive for device applications due to its wider band
gap (∼3.2 eV), and higher and more isotropic mobility than the
other polytypes. However, relative to work carried out with 6H–SiC
substrates, little effort has been spent on attempts to grow epitax-
ial ZnO films on 4H–SiC [15]. Furthermore, to our knowledge, no
report has specifically examined the in-plane relationship of epi-
taxial ZnO thin films to 4H–SiC (0 0 0 1) substrates and its optical
properties.

In this work, we report successful epitaxial growth of ZnO thin
films on 4H–SiC (0 0 0 1) substrates by pulsed laser deposition
(PLD). The PLD technique is very useful for the preparation of high

quality ZnO films at lower temperature due to the high energy
of the ablated particles [16]. The deposition was carried out at
various substrate temperatures from room temperature to 600 ◦C.
X-ray diffraction (XRD), atomic force microscopy (AFM) and pho-
toluminescence (PL) measurements were made to investigate the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:byungmoo@korea.ac.kr
mailto:smkoo@kw.ac.kr
dx.doi.org/10.1016/j.jallcom.2009.09.048
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Fig. 1. XRD �–2� pattern of the ZnO thin films on 4H–SiC substrates.

rystallinity, in-plane relationship, surface morphology and optical
roperties of the deposited films.

. Experimental

ZnO thin films were deposited on 4H–SiC (0 0 0 1) substrates by using a PLD
ystem. A Q-switched Nd:YAG laser (Continnum, Surelite III) with a wavelength of
55 nm was used to ablate a ZnO ceramic target (99.999%). The distance between
he target and the substrate holder was fixed at 50 mm. In view of the importance of
ow temperature deposition for device applications, the substrate temperature was
imited to between room temperature and 600 ◦C. The deposition was carried out
or 10 min in an oxygen partial pressure of 30 mTorr, which resulted in ∼300 nm-
hick ZnO films. The crystalline properties of the films were examined using a high

esolution X-ray diffractometer (HRXRD, Philips, X’pert PRO MRD) with CuK� radia-
ion. The diffracted intensities were collected in �–2� scan and �-rocking curve scan

odes. In addition, the pole figure measurements were carried out in order to study
he in-plane relationship between the ZnO films and 4H–SiC substrates. An atomic
orce microscope (S.I.S., PICOStation) was used to observe the surface morphology of

Fig. 3. XRD pole figures of (a) ZnO (101̄1) at 400 ◦C, (b) ZnO (101̄1) at room tem
Fig. 2. XRD �-rocking curve patterns for ZnO (0 0 0 2) diffraction at different sub-
strate temperatures.

the films. The optical properties of the films were investigated by PL measurements
at room temperature using a He–Cd laser with a wavelength of 325 nm (Kimmon,
IK series).

3. Results and discussion

Fig. 1 shows the XRD �–2� patterns of the ZnO thin films on
4H–SiC (0 0 0 1) substrates. The reflection from ZnO (0 0 0 2) and
4H–SiC (0 0 0 4) plane appear at around 34.4◦ and 35.6◦, respec-
tively. These peaks imply that the ZnO films were grown along

the c-axis on 4H–SiC (0 0 0 1) substrates due to the lowest surface
free energy of the close-packed (0 0 0 2) plane in the ZnO crystal
[17]. The crystalline quality was further determined by XRD �-
rocking curve measurements of ZnO (0 0 0 2) diffraction, as shown
in Fig. 2. As the substrate temperature increases, the ZnO (0 0 0 2)

perature and (c) 4H–SiC (101̄1). (d) Schematic of the hexagonal unit cell.
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eak becomes sharper and stronger. The full width at half max-
mum (FWHM) values of the ZnO (0 0 0 2) peaks from the films
eposited at 200 ◦C, 400 ◦C and 600 ◦C are 1.4366◦, 1.2096◦ and
.8773◦, respectively, which clearly indicates that the crystalline
uality of the films improves with increasing substrate tempera-
ure.

The in-plane relationship between the ZnO films and 4H–SiC
0 0 0 1) was determined by XRD pole figure measurements. Fig. 3(a)
nd (b) presents a comparison of pole figures at 2� = 36.25◦ corre-
ponding to ZnO (101̄1) deposited at 400 ◦C and room temperature,
espectively. The (101̄1) plane in the hexagonal structure can be
een in Fig. 3(d). In Fig. 3(a), the six symmetrical poles separated by
0◦ (ϕ) and the central pole from 4H–SiC (0 0 0 4) are observed,
hich confirmed the epitaxial growth of the ZnO film. Fig. 3(b)

hows pole figure patterns of the ZnO (101̄1) deposited at room
emperature. The sixfold symmetry implies that the epitaxial ZnO
lm could be obtained even at room temperature. However, the
oles are broad and weak, which is attributed to the poor crystalline
uality than at 400 ◦C. These results are consistent with the ten-
ency that was confirmed by the previously shown XRD �-rocking
urve measurements.

The orientational relationship between the ZnO films and
H–SiC (0 0 0 1) can be understood by comparing the results
ith Fig. 3(c), which shows the pole figure of 4H–SiC (101̄1) at

� = 34.08◦. The six symmetrical poles corresponding to 4H–SiC
101̄1) appear on the same ϕ-angles of the previously shown
nO (101̄1) pole figure. The central pole is attributed to ZnO
0 0 0 4). These results imply that the ZnO thin films were epitaxi-
lly grown on 4H–SiC (0 0 0 1) with no-rotation of a single cell with
espect to that of 4H–SiC. So, the in-plane orientation relation-
hip between the ZnO thin film and 4H–SiC (0 0 0 1) substrate is
nO [112̄0]||4H–SiC [112̄0]. Previous reports showed that ZnO thin
lms can be grown epitaxially on various hexagonal-structured
ubstrates with a 30◦-rotation of unit cell; ZnO [112̄0]||substrate
011̄0] [8–11]. For example, Chen et al. have reported that a 30◦-
otated ZnO epilayer was grown on c-Al2O3 to reduce the lattice
ismatch from around 32% to 18% [9]. Furthermore, Zhang et al.

ave shown that the orientational relationship between ZnO and
-Al2O3 is strongly dependent on the substrate temperature [10]. In
he case of a c-LiNbO3 substrate which has also hexagonal structure,
0◦-rotation between ZnO and LiNbO3, similar to the case of ZnO
n c-Al2O3, has been demonstrated by Matsubara et al. Owing to
his rotation, the lattice mismatch between ZnO and LiNbO3 is 9.3%
hich is smaller than that between ZnO and c-Al2O3 [11]. However,
n our work, there was no-rotation of ZnO at any of the substrate
emperatures employed because of the very small lattice mismatch
etween ZnO and 4H–SiC. The lattice mismatch is defined as

lattice = (asub − aZnO)/asub,

Fig. 5. AFM images of the ZnO thin films deposit
Fig. 4. Schematic diagram of in-plane relationships between ZnO and several
hexagonal-structured substrates.

where asub and aZnO are the lattice constants of the substrate and
ZnO, respectively. The calculated lattice mismatch between ZnO
and 4H–SiC using aZnO = 3.249 Å and a4H–SiC = 3.08 Å is about 5.49%
with no-rotation of the ZnO unit cell. It is a very small value com-
pared to 18% with c-Al2O3 and 9.3% with c-LiNbO3. The in-plane
relationships between the ZnO thin films and several hexagonal-
structured substrates are illustrated in Fig. 4.

Fig. 5 shows the AFM images of the ZnO films deposited at
200 ◦C, 400 ◦C and 600 ◦C on 4H–SiC substrates. The scan area is
1 �m × 1 �m in each scan. It can be seen that the surface of the ZnO
films becomes relatively denser and smoother as the substrate tem-
perature increases. The root-mean-square (rms) values of surface
roughness are 3.82 nm, 2.23 nm and 1.16 nm at 200 ◦C, 400 ◦C and
600 ◦C, respectively. These results indicate that the surface of the
ZnO films becomes relatively denser and smoother as the substrate
temperature increases. Thus, it is clear that the substrate tempera-
ture has a great influence not only on the crystalline quality but also
on the surface morphology of the ZnO films on 4H–SiC substrates.

The PL spectra of the ZnO films are shown in Fig. 6. It has been
proposed that the near-band-edge (NBE) ultraviolet (UV) emis-
sion at around 380 nm is attributed to the recombination of free
excitons. Also, and the deep-level (DL) blue-green band emission
centered around 510 nm is due to oxygen vacancies and interstitial
zinc [18]. In our research, NBE emission with broad DL emission

was observed. At a substrate temperature of 400 ◦C, the strongest
NBE emission and weak DL emission were obtained, which suggests
that the ZnO film is more stoichiometric than any other deposited
film. At a substrate temperature of 200 ◦C, NBE emission is very

ed at (a) 200 ◦C, (b) 400 ◦C, and (c) 600 ◦C.
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Fig. 6. PL spectra of the ZnO thin films deposited at different temperatures.

eak owing to low energy to form stoichiometric ZnO films. When
he substrate temperature is 600 ◦C, Zn evaporation due to high
emperature results in inferior stoichiometric ZnO films and as a
esult, NBE emission is weaker and DL emission stronger than those
f the ZnO films deposited at 400 ◦C [19]. The increase of the DL
mission peak with higher substrate temperature can be explained
y the formation of point defects including oxygen vacancies. The
efects could be reduced by several methods reported by other
esearchers such as the post-annealing and variation of the film
hickness [20,21]. According to these results, it could be considered
hat the PL characteristics of the ZnO films on 4H–SiC substrates
re closely related to the substrate temperature as well as to the
rystallinity and surface morphology.

. Conclusions

ZnO thin films were epitaxially grown on 4H–SiC (0 0 0 1)
ubstrates using PLD with a range of substrate temperatures
rom room temperature to 600 ◦C. The improvement of the crys-
alline quality, and denser and smoother surface of the films with
ncreasing substrate temperature were observed by XRD �-rocking

urve measurement and AFM. The pole figure measurements at
� = 36.25◦ corresponding to ZnO (101̄1) showed the six symmetri-
al poles being separated by 60◦ (ϕ). These results were indicative
f the epitaxial growth of ZnO on 4H–SiC (0 0 0 1) substrates. In
ddition, there was no-rotation of the ZnO single cell with respect

[
[

[

ompounds 489 (2010) 179–182

to that of 4H–SiC at all substrate temperatures unlike the case with
other hexagonal-structured substrates such as Al2O3 and LiNbO3.
PL spectra showed NBE emission and broad DL emission, which
were strongly related to the substrate temperature. These results
may serve as a basis for realizing ZnO/4H–SiC hetero-junction semi-
conductor devices.
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