
G
w

Y
I

a

A
R
R
A
A

K
C
P
O

1

b
g
t
t
d
h
u
i
p
i
[
e
i
t
s
t

t
t
s
w
a

0
d

Journal of Alloys and Compounds 508 (2010) 158–161

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

rowth and characterization of nonpolar a-plane ZnO films on perovskite oxides
ith thin homointerlayer

uan-Chang Liang
nstitute of Materials Engineering, National Taiwan Ocean University, Keelung 20224, Taiwan

r t i c l e i n f o

rticle history:
eceived 25 June 2010
eceived in revised form 4 August 2010
ccepted 9 August 2010
vailable online 19 August 2010

a b s t r a c t

Nonpolar a-plane ZnO thin films were deposited on the single-crystal perovskite SrTiO3 (1 0 0) substrates
at 750 ◦C by radio-frequency magnetron sputtering. The effects of ultrathin 30 nm-thick ZnO buffer layer
grown at 300–600 ◦C on the physical properties of ZnO/SrTiO3(STO) thin films are investigated. A high
growth temperature of ZnO buffer layer enhances not only the (1 1 0)-texture of ZnO/STO thin films but
eywords:
haracterization
hysical vapor deposition processes
xides

also the crystalline quality of the film. However, the ZnO/STO thin film without a ZnO buffer layer has
a poor crystalline quality comparing to those with the ZnO buffer layer. Atomic force microscopy mor-
phology studies reveal that the ZnO buffer layer largely decreases the surface roughness of the ZnO/STO
thin films. This may be because of the thin ZnO buffer layer effectively decreases the stress between
the ZnO and STO. The results of X-ray diffraction, high-resolution transmission electron microscopy, and
photoluminescence spectra show that a high-quality epitaxial ZnO (1 1 0)/STO (1 0 0) thin film that emits

ture
UV light at room tempera

. Introduction

ZnO is a wide-bandgap semiconductor with a very large exciton
inding energy of 60 meV, which, in principle, allows the exciton-
overned luminescence at short wavelengths to dominate at room
emperature. ZnO has rapidly emerged as a promising optoelec-
ronic material because of its potential usefulness in optoelectronic
evices [1,2]. For many applications, ZnO epitaxial thin films with
igh crystalline quality are highly desirable [3]. Recently, the mod-
lation of physical properties of perovskite oxide thin films by

ncorporating a ZnO oxide layer to form a heterostructure is pro-
osed. The perovskites (ABO3-type oxides) have remarkable phys-

cal properties and have potential in applications of novel devices
4–6]. A heterostructure that comprises perovskites and ZnO may
xhibit versatile physical properties and support the evaluation of
ts possible applications in novel devices [7,8]. However, the syn-
hesis of the heterostructures of perovskite oxide–wurtzite ZnO is
till a challenge and the detailed studies on the structural informa-
ion of the perovskite–wurtzite heterostructure are lacking.

SrTiO3 (STO) is one of the mostly used substrates for the epi-
axial growth of perovskite oxide thin films [6]. Understanding

he growth characteristics of the ZnO thin films on the STO sub-
trate is crucial for further integrating the perovskite oxides and
urtzite ZnO to fabricate devices with new functions. In general,
lattice misfit will exist between the different media due to the
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can be formed with a thin ZnO buffer layer grown at 600 ◦C.
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different lattice constants of the constituent compounds. This will
cause strain in the film or induce many structural defects in the
epitaxial thin films depending on film thickness. Recently, a low-
temperature thin ZnO buffer layer was used to accommodate the
lattice misfit strain in highly mismatched ZnO thin films that are
grown on sapphire substrates [9]. Hence, understanding details
of the structural information and evolution of ZnO grown on the
perovskite materials with thin ZnO buffer layers are particularly
important. This work systematically investigates the synthesis and
structure of sputtering deposited ZnO thin films on STO substrates
with a thin ZnO buffer layer grown at various temperatures.

2. Experimental

The ZnO/STO samples were fabricated by radio-frequency magnetron sputter-
ing. Single-crystal STO with (1 0 0)-orientation was used as the substrates. STO
substrates were cleaned with acetone and methanol and, then dried with N2 gas.
ZnO ceramic target with a purity of 99.99% was adopted to grow ZnO thin films. The
ZnO film thickness is fixed at around 400 nm. The 30 nm-thick ZnO thin films grown
at various temperatures (300–600 ◦C) were used as a buffer layer between the thick
ZnO film and the STO substrate. During deposition for the 400 nm-thick ZnO film,
the substrate temperature was fixed at 750 ◦C. The pressure of working gas during
deposition of ZnO thin films was fixed at 5 mTorr with an Ar/O2 ratio of 1:1 and the
sputtering power density is fixed at 3.95 W/cm2.

The crystallographic structures of ZnO/STO thin films were analyzed by mea-
surements of high-resolution X-ray diffraction (XRD). The surface morphology of the

ZnO thin films was investigated with an atomic force microscopy (AFM). Thin slices
for analysis with a high-resolution transmission electron microscope (HRTEM) were
prepared with a dual-beam focused-ion-beam instrument. The areas selected for
cutting with an ion beam were protected with an amorphous carbon overlayer. The
room temperature dependent photoluminescence (PL) spectra are obtained using
the 325 nm line of a He–Cd laser.
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Fig. 1. (a) XRD patterns of ZnO/STO thin films with and without a ZnO buffer layer.
(b) Magnified XRD patterns at the location of ZnO (0 0 2) Bragg reflections from
ZnO/STO thin films. The ZnO/STO thin films without and with a ZnO buffer layer
that was grown at 600 ◦C exhibit pure (1 1 0) Bragg reflections. (c) Rocking curves
of the (1 1 0) Bragg reflection of ZnO/STO thin films with and without a ZnO buffer
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existence of two kinds of growth domain perpendicular to each
ayer. The FWHM of ZnO/STO thin film without a ZnO buffer layer is 0.69◦; those of
nO/STO thin films with a ZnO buffer layer grown at 300 ◦C, 450 ◦C, and 600 ◦C are
.98◦ , 0.92◦ , and 0.41◦ , respectively.

. Results and discussion

Fig. 1(a) exhibits the XRD patterns of the 400 nm-thick ZnO/STO
hin films without and with a thin ZnO buffer layer grown at various
emperatures. The XRD patterns reveal a single wurtzite structure

f ZnO and include well-defined (1 1 0) Bragg peaks from the ZnO
hin films. The intensity of the (1 1 0) Bragg peak of ZnO thin films
ncreases with growth temperature of the thin ZnO buffer layer.
owever, the (1 1 0) Bragg peak of the ZnO/STO thin film without a
pounds 508 (2010) 158–161 159

buffer layer has a relatively low intensity in comparison with that
of ZnO/STO thin film having a ZnO buffer layer. A tiny (0 0 2) Bragg
peak of ZnO was observed for the ZnO/STO films with a thin ZnO
buffer layer grown below 600 ◦C, revealing these ZnO/STO thin films
have mixed crystallographic characteristics. The content of (1 1 0)-
oriented grains in the film can be roughly determined from the
intensity ratio I(1 1 0)/[I(0 0 2) + I(1 1 0)] of ZnO Bragg reflections.
The background intensity was deducted from each Bragg reflection.
The ZnO/STO thin films without and with a ZnO buffer layer that
was grown at 600 ◦C exhibit pure (1 1 0) Bragg reflections. These
ZnO/STO films have a pure (1 1 0)-oriented crystallographic feature.
Moreover, the ZnO/STO thin films with a ZnO buffer layer grown
at 300 and 450 ◦C have intensity ratios I(1 1 0)/[I(0 0 2) + I(1 1 0)]
of 96.2% and 98.1%, respectively, revealing a very small portion of
(0 0 2)-oriented grains in the ZnO/STO thin films. A relatively low
surface mobility of the atomic species during thin ZnO buffer layer
deposition at a low-temperature might result in the formation of
grains with mixed crystallographic features. This might account for
the non-perfect (1 1 0)-oriented ZnO/STO thin films were formed
with a ZnO buffer layer grown below 600 ◦C. The bulk ZnO has
a hexagonal structure with lattice parameters a = 0.3249 nm and
c = 0.5206 nm. The STO substrate is cubic with a = 0.3905 nm [6]. In
ZnO (1 1 0)/STO (1 0 0) system, Karger and Schilling proposed that
the lattice misfit in the ZnO film plane along the [−1 1 0] direc-
tion is ∼1.9% [10]. The lattice spacing of (1 1 0) Bragg reflection
of the ZnO/STO thin films can be derived from Fig. 1(a). The lat-
tice spacing of ZnO (1 1 0) plane for the ZnO/STO thin films with
a ZnO buffer layer grown at various temperatures are the same
(0.1641 nm). However, that of the ZnO/STO thin film without a ZnO
buffer layer has a relatively small value of 0.1634 nm. The misfit
between the ZnO and STO might cause a compressive strain in
the ZnO film. The relatively small lattice spacing of (1 1 0) for the
ZnO/STO thin film without a ZnO buffer layer might indicate that
the ZnO buffer layer helps to release the lattice strain of thick ZnO
film on the STO substrate. The use of buffer layer to reduce lattice
misfit strain has been reported in ZnO thin films grown on sapphire
or other single-crystalline substrates [9,11]. Fig. 1(c) plots the full
widths at half maxima (FWHM) of (1 1 0) Bragg reflections from ZnO
thin films. The FWHM value of ZnO (1 1 0) clearly decreases from
0.98◦ to 0.41◦ for the ZnO/STO thin films with the growth tem-
perature of ZnO buffer layer increases from 300 to 600 ◦C. A ZnO
buffer layer that was grown at a high growth temperature has a
large grain size. This might decrease the density of nucleation sites
and lowering the dislocation density for the subsequent deposi-
tion of ZnO thin film [12]. Moreover, a high temperature deposited
ZnO buffer layer has a high degree of (1 1 0)-oriented grains in the
film further enhancing not only the (1 1 0)-oriented feature of the
ZnO/STO thin film but also its crystalline quality. In contrast, the
FWHM of (1 1 0)-oriented ZnO/STO thin film without a ZnO buffer
layer has a relatively large value (0.69◦) comparing to that of the
(1 1 0)-oriented ZnO/STO thin film with a ZnO buffer layer grown at
600 ◦C. The lattice strain may increase the mosaicity in the ZnO/STO
thin film without a ZnO buffer layer [11]. The XRD analysis herein
shows that a highly crystalline quality of (1 1 0)-oriented ZnO/STO
thin film can be grown at a sufficiently high growth temperature of
the ZnO buffer layer.

As depicted in Fig. 2, the epitaxial nature of the ZnO/STO thin
film with a ZnO buffer layer grown at 600 ◦C is demonstrated by
the in-plane orientations for (1 0 0) Bragg reflections of ZnO and
(1 1 2) Bragg reflections of STO. No other peak is observable in inter-
vals between these four peaks. This observation might be due to an
other in (1 1 0) ZnO grown on STO [13]. The same phenomenon has
been observed in ZnO (1 1 0)/LaAlO3 (1 0 0) system [14].

The TEM images of ZnO/STO thin film with a ZnO buffer layer
grown at 600 ◦C was recorded with an incident electron beam
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film without a ZnO buffer layer. This explains that a poor optical
ig. 2. Phi-scan curves of ZnO (1 0 0) and STO (1 1 2) reflections. The phi-scan profiles
eveal satisfactory in-plane crystalline orientation of ZnO film with a thin ZnO buffer
ayer grown at 600 ◦C on the STO substrate.

arallel to 〈1 1 0〉 STO. Low-resolution cross-sectional TEM image
Fig. 3(a)) of ZnO epilayer on the STO reveals a dense crystalline
lm with no macroscopic imperfection; the total thickness of the
nO layer was about 430 nm, conforming to the design value. Fig.
(b) presents HRTEM image of the ZnO/STO interface showing the
pitaxial growth of ZnO on the STO substrate. The interface of the
nO/STO heteroepitaxy is atomically sharp; neither intermediate
hase nor chemical reaction is observed at the interface.

Fig. 4 reveals the AFM surface images of ZnO/STO thin films
ith and without a ZnO buffer layer. The surface morphology of the

nO/STO thin films with a ZnO buffer layer clearly shows an orthog-
nal domain structure. The epitaxial thin films of hexagonal BaRuO3
n the STO (1 0 0) and nonpolar ZnO epilayer on the LaAlO3 (1 0 0)
how the same surface feature [14,15]. However, such an orthog-
nal domain structure was not observed in the epitaxial nonpolar
l-doped ZnO epilayer on the STO (1 0 0) [10]. The ZnO/STO thin
lm with a ZnO buffer layer grown at 600 ◦C has the lowest root-
ean-square (rms) roughness of 4.06 nm. Moreover, the surface

oughness of the ZnO/STO thin films with a ZnO buffer layer grown
t 300–450 ◦C have rougher surface of 4.55–4.86 nm. The mixed
rystallographic feature of the ZnO/STO thin films might result in a
ougher surface structure than that of the (1 1 0)-oriented ZnO/STO
16]. In contrast, a quite rough surface structure that consists of
arge round grains was observed in the ZnO/STO thin film without
ZnO buffer layer, yielding an rms roughness of the film of 14.7 nm.
he orthogonal domain structure of the ZnO/STO thin films might
lay an important role to release the strain induced by lattice mis-
t between the ZnO film and STO substrate. This can be confirmed

rom the XRD result that a relatively smaller spacing of (1 1 0) plane
as found in the ZnO/STO thin film without a ZnO buffer layer.

The room temperature PL spectra of ZnO/STO thin films with
nd without a ZnO buffer layer are shown in Fig. 5. The main PL
eak at about 3.26 eV is due to the free exciton emission in ZnO
nd a low energy shoulder is attributable to the emission related to
oint defects [2]. The emission efficiency is reported to be depen-
ent on the crystalline degree of ZnO thin films [17]. The quality of
nO thin films strongly influences the PL intensity ratio between
he UV and visible emissions [18]. A very week defect-related visi-
le emission was found in the ZnO/STO thin film with a ZnO buffer

ayer grown at 600 ◦C. A strong band edge emission peak with neg-

igible defect-related visible emission has been reported on c-plane
nO [19]. The atomic arrangements of the c-plane and a-plane ZnO
re different. Both O and Zn atoms exist on the growing surface of a-
lane ZnO. Therefore, native defects are energetically favorable and
Fig. 3. (a) Cross-sectional TEM images at small magnification of ZnO/STO thin film
with a ZnO buffer layer grown at 600 ◦C. (b) HRTEM image shows epitaxial growth
of ZnO thin film on the STO substrate. Interface is marked with white arrows.

easier to form during the growth of ZnO (1 1 0) in comparison with
that of ZnO (0 0 2) [20]. From Fig. 5, the relative PL intensity ratio
of the dominant peak at ∼3.26 eV increased with the growth tem-
perature of ZnO buffer layer because a highly crystalline ZnO/STO
thin film was formed with a ZnO buffer layer deposited at a high
temperature. This result is consistent with the crystalline quality of
ZnO/STO thin films from XRD patterns. Moreover, the rough surface
structure and the distortion of ZnO lattice from the STO substrate
might further increase the density of crystalline defects in the ZnO
property of the ZnO/STO thin film without a ZnO buffer layer with
respect to that of the ZnO/STO thin film with a thin ZnO buffer layer
grown at 600 ◦C. The PL results show that a high-quality epitaxial
(1 1 0)-oriented ZnO thin film that emits UV light at room temper-
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Fig. 4. Surface topography of ZnO/STO thin films with a ZnO buffer layer gr
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ig. 5. PL spectra of ZnO/STO thin films with and without a ZnO buffer layer. PL inten-
ity ratio between the UV and visible emissions increased with growth temperature
f the ZnO buffer layer.

ture can be formed on STO substrate with a thin ZnO buffer layer
rown at an adequate temperature.

. Conclusions

The structural characteristics of highly mismatched ZnO/STO
1 0 0) thin films with and without a thin 30 nm-thick ZnO buffer
ayer were investigated using XRD, AFM, and HRTEM. The ZnO/STO
hin films have a mixed crystallographic orientation when the ZnO
uffer layer was grown at a temperature below 600 ◦C. Moreover,
he ZnO/STO thin films grown without the buffer layer and with
he ZnO buffer layer grown at 600 ◦C exhibit a (1 1 0)-oriented crys-
allographic feature. The crystalline quality of ZnO/STO thin films

ncreases with the growth temperature of the ZnO buffer layer. The
nO/STO thin film without the ZnO buffer layer exhibits the worst
rystalline quality and the roughest surface structure among all the
amples. Both structural analyses and PL results show that an epi-
axial ZnO (1 1 0)/STO (1 0 0) thin film of high crystalline quality

[
[
[

[

own at (a) 300, (b) 450, (c) 600 ◦C, and (d) without a ZnO buffer layer.

that emits UV light at room temperature can be formed with a ZnO
buffer layer grown at 600 ◦C. The integration of high-quality epitax-
ial ZnO semiconductors with dielectric perovskite substrates may
lead to the applications of novel optoelectronic devices.
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