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Abstract
ZnO growth on yttria-stabilized zirconia (YSZ) (1 1 1) single-crystal substrate has been carried out by metalorganic chemical vapor
deposition (MOCVD). High-quality epitaxial ZnO has been evidenced by X-ray diffraction (XRD) and transmission electron microscopy
(TEM). Cross-sectional TEM from all deposited ﬁlms reveals that the interface between ZnO and YSZ is atomically ﬂat, and orientation
relationship is deduced to be [1 1̄ 0 0]ZnO//[1 1 2̄]YSZ, [2 1̄ 1̄ 0]ZnO//[0 1 1]YSZ and (0 0 0 2)ZnO//(1 1 1)YSZ. It has been found that surface
roughness increases with the substrate temperature in the range of 500–700 1C. The growth rate also varies with the temperature.
r 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Epitaxial growth of ZnO has been attracting interest as
active materials in optoelectronics in recent years [1–3].
Though ZnO has been prepared by various deposition
methods on a wide range of substrates, it is still a challenge
for obtaining high-quality epitaxial ﬁlms by chemical vapor
deposition (CVD). Here, we report that it is possible to
deposit high-quality ZnO ﬁlms on yttria-stabilized zirconia
(YSZ) (1 1 1) substrates. YSZ has the CaF2-type cubic
structure (space group Fm3m) with lattice parameter of
0.514 nm which gives about 10% lattice mismatch with
ZnO. The advantages for using YSZ as substrate for CVD
include the followings: relatively-low cost single-crystal
wafers are commercially available; it is thermally and
chemically stabilized without any reaction with ZnO at
temperature below 1200 1C; and an atomically smooth
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surface can be easily obtained. Epitaxial growth of ZnO on
YSZ has been demonstrated by a pulsed-laser deposition
technique [4]. However, there has been no report for
deposition of epitaxial ZnO on YSZ by metalorganic
chemical vapor deposition (MOCVD).
2. Experimental procedure
Deposition of ZnO was carried out in a vertical tube
furnace at atmospheric pressure. We used zinc acetylacetonate (Zn(C5H7O2)2) as the Zn source to beneﬁt from its
low cost and easiness to handle [5]. The precursor of zinc
acetylacetonate in solid powders was heated at 130–132 1C
and N2 gas was used as carried gas. The O2 gas was
separately ﬂowed into the furnace. The substrate temperature was in the range of 450–700 1C. YSZ (1 1 1) substrate
in 1  1 cm2 size was cleaned by acetone before deposition.
The surface roughness (rms) of as-received YSZ substrates
by atomic force microscopy (AFM) is less than 0.2 nm.
X-ray diffraction (XRD) and transmission electron
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microscopy (TEM) were performed for structural characterization. Surface morphologies were done by AFM and
scanning electron microscopy (SEM). Photoluminescence
(PL) and Hall measurements were carried out for the
evaluation of optical and electrical properties.

a

3. Results and discussion
In the XRD pattern (Fig. 1) only ZnO basal plane
reﬂections can be seen, indicating that (0 0 0 2) planes of
ZnO are parallel to the YSZ(1 1 1) surface. The grain size is
estimated, using the Scherrer’s formula, to be 50 nm. The
(0 0 0 2) X-ray rocking curve shows the full-width at halfmaximum value of 133 arcsec, approaching the reported
value of 100 arcsec for ZnO homoepitaxy by MOCVD [6].
Thus, it suggests that a high-quality ZnO ﬁlm can be
deposited on YSZ. There is no apparent difference among
the XRD patterns from ZnO formed at different tempera-
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Fig. 2. (a) AFM image of the surface of a ZnO ﬁlm deposited at 500 1C
and (b) SEM image of the surface deposited at 700 1C.
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Fig. 1. (a) y–2y scan XRD pattern of ZnO deposited at 600 1C and (b) the
rocking curve (o scan) for (0 0 0 2) peak.

ture in all of which ZnO shows only the (0 0 0 2) and
(0 0 0 4) peaks. AFM shows that the surface roughness can
be 0.7 nm for ﬁlms deposited at 500 1C as seen in Fig. 2(a).
However, the roughness increases with the substrate
temperature. For the ﬁlm grown at 700 1C, SEM shows
that the surface becomes rough and the grain size is
increased to 160 nm. A typical electron diffraction pattern
for all ZnO formation at the deposition temperature from
500–700 1C in this study is shown in Fig. 3(a) and (b). The
orientation relationship between ZnO and YSZ is determined to be (0 0 0 2)ZnO//(1 1 1)YSZ and [1 1 2̄ 0]ZnO//
[1 1̄ 0]YSZ. From Fig. 3(a) which shows (1 1 2̄ 0)ZnO//
(2 2 0)YSZ, the in-plane mismatch can be deduced to be
about 10% as expected from the crystal lattices of ZnO and
YSZ. In the cross-sectional TEM micrograph (Fig. 3(c)), a
smooth ZnO ﬁlm on YSZ deposited at 500 1C can be
observed over the imaged region, and the ﬁlm thickness is
approximately 120 nm. For 600 1C deposition, TEM (not
shown) shows a relative rough but thicker ﬁlm. The growth
rate determined from TEM is then 4 nm/s for 500 1C and
13 nm/s for 600 1C. Though the columnar structure is
clearly seen in the TEM for the cases of both deposition
temperatures, the SAD pattern exhibits single-crystalline
characteristics. The lattice image of an interfacial region
between ZnO and YSZ in [1 1̄ 0 0] is shown in Fig. 4. It is
readily observed that no interfacial layer exists, and the
interface is quite ﬂat. The (0 0 0 2) planes of ZnO are
parallel to the (1 1 1) planes of YSZ as seen from the lattice
fringes and the corresponding fast-Fourier-transform
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Fig. 3. (a) and (b) SAD patterns from a cross-sectional TEM sample as shown in the bright-ﬁeld image in (c) ZnO growth temperature was 500 1C.

Fig. 4. (a) HRTEM of ZnO on YSZ showing the interface and (b) the
corresponding fast-Fourier-transform pattern.
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Further, we measured the ﬁlm properties based on PL
and Hall measurements. The PL spectrum at room
temperature from ZnO deposited at 600 1C shows clearly
the strong UV emission at 3.25 eV with a negligible
intensity from green emission as shown in Fig. 5. For
700 1C deposition, a high intensity of green emission is
excited from the ZnO ﬁlm which may contain more defects.
The Hall measurements give the electron mobility in the
range of 20–25 cm2/V s which is observed to be independent
of deposition temperature.
In summary, high-quality epitaxial ZnO ﬁlms can form
on YSZ(1 1 1) by atmospheric MOCVD. An atomically
smooth interface with good coherency between ZnO and
YSZ is observed. The surface roughness increases with
deposition temperature.
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Fig. 5. PL spectrum obtained at room temperature from ZnO deposited at
600 1C.

pattern shown in Fig. 4(b). The coherency across the
interface is as expected from the crystal symmetry of 3 m of
both oxides.
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