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Abstract
We have investigated the effect of annealing temperature on the structural morphology of ZnO thin ﬁlms deposited
on SiO2 substrate by the RF magnetron sputtering method. We have used X-ray diffraction, scanning electron
microscopy, and atomic force microscopy and have revealed that the grain size and surface roughness tends to increase
and the c-axis orientation of ZnO thin ﬁlm is enhanced by increasing the annealing temperature.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Zinc oxide (ZnO) thin ﬁlms have recently been
extensively studied for surface acoustic wave (SAW)
devices, optical wave-guides, and transparent conducting coatings [1]. Since the ZnO has a wide band gap of
3.37 eV, low-power threshold for optical pumping at
room temperature, and UV emission resulted from a
large exciton binding energy of 60 meV, they can be used
as light emitting diodes (LED), photodetectors, electroluminescence devices and the next generation UV laser.
The ZnO ﬁlms have been grown by various deposition
methods, such as sputtering [2], sol–gel process [3], spray
pyrolysis [4,5], pulsed laser deposition [6,7], ion beam
deposition [8], plasma enhanced chemical vapor deposition (PECVD) [9], atomic layer deposition (ALD) [10],
ﬁltered cathodic vacuum arc technique [11], evaporation
[12], metal-organic chemical vapor deposition
(MOCVD) [13,14], and molecular beam epitaxy (MBE)
[15].
Deposition of ZnO ﬁlms on Si substrate pave the way
for integration of devices with Si integrated circuits
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technology and amorphous substrates such as SiO2 and
glass substrate have obvious technological advantages
and potential applications [16]. Also, the magnetron
sputtering is a preferred technique due to its potential
for low-temperature processing [17]. Although many
researchers have grown ZnO ﬁlms on sapphire substrates, there are not many reports on growing ZnO thin
ﬁlms on SiO2 substrate by RF magnetron sputtering
method. In this study, we deposit the ZnO thin ﬁlm on
SiO2 substrates using the RF magnetron sputterer and
investigated the effect of annealing temperature on the
structural quality of ZnO thin ﬁlms. Here, we reveal the
effect of annealing temperature on three-dimensional
ZnO ﬁlm morphology using plan-view and crosssectional scanning electron microscopy (SEM), X-ray
diffraction analysis (XRD), and atomic force microscopy (AFM).

2. Experimental
Fig. 1 shows a schematic diagram of the RF
sputtering system used in this study. The sputtering
was carried out in an Ar (99.99% purity) gas atmosphere by supplying 300 W RF power at a frequency of
13.56 MHz. The ﬂow rate of the Ar gas was set to
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30 sccm. The distance between target and substrate was
about 80 mm.
The SiO2 layer was thermally grown on the Si(1 0 0)
substrate with a thickness of 60 nm. Before loading into
the reactor, the substrate was cleaned in acetone for
10 min then rinsed by de-ionized water for 1 min. In this
experiment, we have used a ZnO (99.99% purity) target

with a diameter and a thickness of 75 and 6 mm,
respectively.
The ZnO ﬁlm was grown at a temperature of
25–200 C at a pressure of 5.0  102 Torr. The thickness
of ZnO ﬁlms ranged from 400 to 1300 nm. After RF
magnetron sputtering, samples were annealed in a
quartz tube furnace at the temperature of 600 C,
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Fig. 1. Schematic diagram of RF magnetron sputtering system.
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Fig. 2. Variation of the FWHM of the (0 0 2) diffraction peak
by varying the annealing temperature in an ambient of oxygen.

Fig. 3. Plain-view SEM images of ZnO ﬁlm grown on SiO2
substrate at the annealing temperature of (a) 600 C, (b) 900 C
and (c) 1050 C.
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900 C, and 1050 C in oxygen ambient for 1 h. Although
no clear conclusion has been made on the effect of
annealing ambient, several researchers maintained
that the annealing in O2 ambient is necessary for
improving the structural properties of ZnO ﬁlms
[14,18]. In the oxygen ambient, the O2 gas ﬂow rate
was set to 3 standard liter per min (slm). The structural
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characteristics of the ﬁlms were analyzed by XRD using
CuKa1 radiation (l=0.154056 nm) and SEM (Hitachi
S-4200). The surface roughness was measured using a
Digital Instruments Nanoscope III AFM.

3. Results and discussion
In order to investigate on the effect of thermal
annealing on the crystallinity of ZnO thin ﬁlm grown
SiO2 substrates, we have performed an XRD analysis.
The ZnO ﬁlm was grown at a temperature of 200 C and
the thickness of ZnO ﬁlms was set to be about
440–500 nm. In the y–2y XRD patterns of the ZnO thin
ﬁlm on SiO2 substrate annealed in oxygen ambient for
different annealing temperature ranging from 600 C to
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Fig. 5. Variation of RMS roughness measured by AFM, by
varying the annealing temperature.

Fig. 4. Cross-sectional SEM images of ZnO ﬁlm grown on SiO2
substrate at the annealing temperature of (a) 600 C, (b) 900 C
and (c) 1050 C.

Fig. 6. AFM images of ZnO thin ﬁlms annealed (a) at 600 C
and (b) at 1050 C.
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1050 C, the relative intensity of the ZnO (0 0 2)
diffraction peak increases gradually by increasing
annealing temperature (not shown here). We surmise
that the c-axis orientation of ZnO ﬁlms increases by
increasing annealing temperature in the range of
600–1050 C.
Fig. 2 shows the full-width at half-maximum
(FWHM) of the (0 0 2) diffraction peak according to
the annealing temperature in oxygen ambient. The
FWHM decreases by increasing the annealing temperature in the range 600–1050 C and becomes less than 0.2
by annealing at a temperature of 900–1050 C. The
values of FWHM for the (0 0 2) diffraction peaks of
ZnO ﬁlms deposited on amorphous ZnO layer at 600 C,
900 C and 1050 C are 0.231 , 0.173 and 0.166 ,
respectively. For evaluating the mean grain size (D) of
the ﬁlms based on the XRD results, we applied the
Scherrer formula [19]
D ¼ 0:9l=ðB cos yÞ;

where l, B, y were X-ray wavelength (1.54056 Å), the
FWHM of ZnO (0 0 2) diffraction peak, and the Bragg
diffraction angle, respectively. By calculation, the mean
grain sizes of the ZnO ﬁlms are 37.6, 50.2 and 52.3 nm at
600 C, 900 C and 1050 C, respectively. Since the
FWHM of the (0 0 2) diffraction peak is inversely
proportional to the grain size of the ﬁlm, the grain size
of the ZnO thin ﬁlm increases by increasing the
annealing temperature.
Fig. 3 shows the plan-view SEM image of ZnO thin
ﬁlms annealed at 600 C, 900 C and 1050 C, revealing
that the grain size becomes larger by increasing annealing
temperature and this result agrees with the XRD analysis.
Fig. 4 shows the cross-sectional view SEM images of ZnO
thin ﬁlms annealed at 600 C, 900 C and 1050 C,
indicating that the magnitude of grain boundaries in
ZnO thin ﬁlm is reduced and thus we surmise that grains
become larger by increasing the annealing temperature.
Fig. 4c indicates that voids are generated in the bottom
part of ZnO thin ﬁlm at an annealing temperature of

Fig. 7. Plain-view SEM images of ZnO ﬁlm grown at room temperature with the annealing temperature of (a,b,c) 600 C, (d,e,f) 900 C
and (g,h,i) 1050 C. The original thicknesses of ZnO ﬁlms are (a,d,g) 400 nm, (b,c,h) 800 nm and (c,f,i) 1300 nm.
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1050 C, possibly originating from the thermal stress at
the interface. Furhther systematic study is needed to
reveal the void generation mechanism.
Fig. 5 shows the variation of root mean square (RMS)
roughness measured by AFM, by varying the annealing
temperature. The AFM data indicate that the RMS
roughness increases by increasing the annealing temperature, revealing that the ZnO surface roughness
positively depends on the annealing temperature. Figs.
6a and b show the typical AFM images representing the
surface morphology of ZnO thin ﬁlm annealed at 600 C
and at 1050 C, respectively. The AFM images indicate
that the surface of ZnO thin ﬁlm annealed at higher
temperature (1050 C) is more rough than that annealed
at lower temperature (600 C).
Gu et al. maintained that the atoms have enough
diffusion activation energy to occupy the correct site in the
crystal lattice and grains with the lower surface energy will
become larger at high growth or annealing temperature
[14]. Since the surface energy of the (0 0 0 2) orientation is
lowest in the ZnO crystal [20], the growth orientation
develops into one crystallographic direction of the low
surface energy, leading to enlargement of grain size. We
surmise that the surface becomes rougher with increasing
the grain size due to the enlarged grain on top of the ﬁlms,
and thus the AFM images agree with the SEM images and
the XRD data. Further study is necessary to reveal the
detailed mechanism on the generation of large grain and
rough interface at high-temperature annealing.
In order to investigate the effect of thickness on the
structural characteristics with the changing annealing
temperature, we have prepared ZnO ﬁlms with various
thicknesses by sputtering at room temperature and have
annealed at 600 C, 900 C and 1050 C. Fig. 7 shows the
plain-view SEM images of ZnO ﬁlms, indicating that the
grain size on top of the ﬁlms increases with increasing
the annealing temperature at a ﬁlm thickness of
400–800 nm. However, when the original thickness of
ZnO ﬁlm is thick enough (1300 nm), the grain size does
not increase with increasing the annealing temperature.
The XRD analysis also indicates that the amount of
positive dependence of grain size on annealing temperature decreases with increasing the ﬁlm thickness (not
shown here). Fig. 8 shows the cross-sectional SEM
images of ZnO ﬁlms annealed at 900 C with various ﬁlm
thicknesses. Since the ZnO grain size increases as the
growth proceeds, the grain size on top of the ﬁlm is
bigger than that on the bottom of the ﬁlm and thus the
ZnO grain size on the top should increase with
increasing the ﬁlm thickness. Therefore, we surmise that
the temperature effects is reduced for the thicker ﬁlms
not only due to the volume effect (i.e. the volume of ZnO
ﬁlms increases with increasing the ﬁlm thickness and the
thicker ﬁlms is less affected by the same annealing
treatment) but also due to the reduced grain growth
velocity with enlarged grains [21].

5

Fig. 8. Cross-sectional SEM images of ZnO ﬁlm grown at
room temperature with the annealing temperature of 900 C.
The original thicknesses of ZnO ﬁlms are (a) 400 nm, (b) 800 nm
and (c) 1300 nm.

4. Conclusion
In summary, we have deposited the ZnO thin ﬁlm on
the SiO2 substrate using the RF magnetron sputtering
technique and have investigated annealing effects in
oxygen ambient in the range of 600–1050 C. The SEM
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images and XRD data coincidently indicate that the
grain size of ZnO ﬁlm increases by increasing the
annealing temperature for thin enough ﬁlms. The XRD
analysis indicates that the c-axis orientation of ZnO ﬁlm
is enhanced by increasing the annealing temperature.
The AFM data indicate that the surface roughness
increases by increasing the annealing temperature.
However, the grain size does not signiﬁcantly increase
with increasing the annealing temperature for thicker
ﬁlms.
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