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The structure and photoluminescence of ZnO films prepared
by post-thermal annealing zinc-implanted silica
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Abstract

High-quality ZnO films have been prepared by using zinc ion implantation into silica followed by post-thermal

annealing in oxygen at 7001C for varying lengths of time. The dependence of the structure and photoluminescence of

ZnO films on the annealing time has been investigated using X-ray diffraction and photoluminescence spectra. The

X-ray photoelectron spectra were used to investigate the ZnO film formation process. As the annealing time increased

to 2 h, ZnO film exhibited (0 0 2)-preferred orientation and an intense UV emission with a full width of 11 nm (96meV)

at half maximum positioned at E377 nm (3.29 eV) at room temperature. r 2002 Elsevier Science B.V. All rights

reserved.

PACS: 78.66.Hf; 61.10.Kw; 78.40.Fy; 78.55.�m
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1. Introduction

ZnO is a versatile semiconductor material with a
wide band gap (3.37 eV) and a large exciton
binding energy (60meV) at room temperature.
Lately, it has attracted much more interest in the
application of optoelectronic devices, due to the

discovery of room-temperature lasing and the ZnO
random laser [1,2]. Many different techniques,
such as molecular beam epitaxy (MBE) [3], metal
organic chemical vapor deposition [4], pulse laser
deposition [5], sputtering [6], spray pyrolysis [7]
and electrophoresis [8], have been used to prepare
ZnO film. Segawa et al. [9] have reported that the
(0 0 2)-preferred orientation of the nanocrystal in
ZnO film strongly affects the threshold of the
ultraviolet (UV) lasing. When the ZnO sample was
excited parallel to c-axis, the threshold was low.
Although some of the above techniques can
fabricate ZnO film with the (0 0 2)-preferred
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orientation and the intense UV emission, ZnO
samples can be stained by reaction gases and it is
not easy to prepare the large-area-uniform ZnO
film. Recently, Cho et al. [10] have reported the
intense ultraviolet photoluminescence (PL) of
polycrystalline ZnO thin film prepared by the
thermal oxidization of metallic Zn films. However,
they could not fabricate ZnO with a (0 0 2)-
preferred orientation. Therefore, it is imperative
to find an easy and clean method to prepare a
large-area-uniform ZnO film with a (0 0 2)-pre-
ferred orientation and an intense UV emission.
Ion implantation can be considered as one of the

most flexible and clean technique to obtain
nanoparticles [11]. We implanted Zn, a metal with
a low melting point, into optical-grade fused silica.
The zinc-implanted silica was then thermally
annealed at 7001C in oxygen ambient for various
annealing times to obtain ZnO on a silica
substrate.

2. Experiment details

Optical-grade fused silica (Corning 7940) was
used as the matrix. Zn ions with an energy of
160 keV were injected into the matrix. The dose of
implanted Zn was 3� 1017 cm�2. Based on Ruther-
ford back scattering measurement followed by (the
transport of ions in matter) TRIM simulations, the
Zn ion distribution in silica substrate forms a
nearly perfect Gaussian shape with the peak
position at (0.12+0.01) mm below the surface.
After ion implantation, the samples were

annealed in a standard furnace using a quartz
tube reactor. To obtain the large-area-uniform
ZnO films, the samples were treated at 7001C in an
ambient of oxygen, as given in Table 1.

The samples were characterized by X-ray
diffraction (XRD) (D/max-rA Rigoku using Cu
Ka, l ¼ 1:5418 (A). The micro-photoluminescence
of the ZnO films was recorded using a JY UV-
Lamb micro-Raman spectrometer in back scatter-
ing geometry configuration at room temperature.
The excitation wavelength was the 325 nm line of
an He–Cd laser. The excitation area and power
were 6 mm2 and 45mW, respectively. X-ray photo-
electron spectra were used to determine the
chemical bonding configurations. XPS data were
recorded at around 1� 10�8 Torr using a VG
ESCALAB MK II system. To obtain binding
energies of the constituent elements, a binding
energy of 284.6 eV for a C1s line from the residual
carbon on the surface was used as a reference.

3. Results and discussion

Fig. 1 shows the y22y XRD patterns of the
zinc-implanted silica annealed at 7001C in oxygen
for different annealing times. The as-implanted
sample, IM4, displays Zn polycrystalline behavior
with a (1 0 1)-preferred orientation. While the as-
implanted sample was being annealed at 7001C in
oxygen ambient for 1 h, some Zn atoms were

Table 1

The annealing condition of the samples

Sample Annealing

temperature (1C)

Ambient Annealing

time (h)

IM4 As-implanted F 0

IM5 700 O2 1

IM6 700 O2 2
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Fig. 1. XRD spectra of the samples IM4, IM5 and IM6. IM4:

as-implanted sample; IM5: annealed at 7001C in O2 for 1 h;

IM6: annealed at 7001C in O2 for 2 h.
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oxidized from Zn to ZnO. Hence, IM5 displays
both polycrystalline Zn and ZnO diffraction
peaks. In this case, polycrystalline ZnO exhibits
(0 0 2), (1 0 2) and (1 1 0) diffraction peaks. As the
annealing time increases to 2 h, only one diffrac-
tion peak appears (at 2y ¼ 34:431) which corre-
spond to the (0 0 2) direction of the hexagonal ZnO
structure. As the annealing time increases further,
the (0 0 2) diffraction peak become sharper, due to
the increased particle size as well as the enhanced
degree of crystallization. These results indicated
that Zn diffusion and the oxidation from Zn to
ZnO occurred in the samples during the annealing
processes.
XPS was used to identify ZnO oxidization

during the annealing process for zinc-implanted
silica under different annealing conditions.
Fig. 2(a) shows a typical high-resolution XPS
spectra from the Zn 2P3/2 core levels. The binding
energy scale was calibrated using the C1s peak as
reference energy (284.6 eV). According to the
XRD results, the Zn 2P3/2 spectra of IM4, IM5
and IM6 can be described as the superposition of
two component (Zn0 and Zn+2) peaks, corre-
sponding to Zn atoms and ZnO whose binding
energy are 1021.9 and 1022.5 eV, respectively [12].
In Fig. 2(a), we give the fitting results of the
sample IM4. Fig. 2(b) shows the dependence of the
integrated area under the Zn 2P3/2 peak and the
percentage of oxidized Zn atoms of zinc-implanted
silica on the annealing time in O2 ambient. From
Fig. 2(b), we find that the total integrated area of
the Zn 2P3/2 peaks for the Zn and ZnO component
and the percent of oxidized Zn atoms increase with
increasing oxidation time. About 10% of Zn
atoms were oxidized in the as-implanted sample.
As the annealing time increased to 1 h, about 78%
of Zn atoms were oxidized. As the annealing time
increased to 2 h, about 93% of Zn atoms were
oxidized. Because XPS is a sensitive surface probe
and cannot give the information of Zn oxidization
from the surface to inside, the surfaces of the
samples IM4, IM5 and M6 were etched 15min by
Ar+ ions sputtering. Thus, we obtained the similar
results with the unetched samples. From a XPS
analysis of the Si 2P3/2 core level, a decrease in the
Si content on the silica surface as the annealing
time increased was observed. Therefore, as the

annealing time varied from 0 to 2 h in oxygen
ambient, there was firstly Zn diffusion from inside
the silica to the silica surface, followed by Zn
nucleation and Zn oxidation on the silica surface
and finally ZnO nanocrystals covered the whole
silica surface. These results indicated ZnO forma-
tion on the silica surface.
Polycrystalline ZnO film consists of many small

crystalline grains. To obtain the mean grain size of
the samples, we adopted the Scherrer formula [13]:

D ¼
0:9l

B cosðyBÞ
;
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Fig. 2. (a) XPS spectra of Zn 2P3/2 peak for zinc-implanted

silica under different annealing conditions. IM4: as-implanted

sample; IM5: annealed at 7001C in O2 for 1 h; IM6: annealed at

7001C in O2 for 2 h. (b) The dependence of integrated area

under the Zn 2P3/2 peak and the per cent of oxidized Zn atoms

for zinc-implanted silica on the annealing time in O2 ambient.
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where l; yB and B are the X-ray wavelength
(1.5418 (A), Bragg diffraction angle and full-width
at half-maximum (FWHM) of the ZnO (0 0 2)
diffraction peak near 34.421 or the Zn (1 0 1)
diffraction peak near 43.31, respectively. The mean
grain size of Zn in IM4 is 10 nm. The mean grain
sizes of the (0 0 2) orientated ZnO in IM5 and IM6
are 20 and 40 nm, respectively. Therefore, the
quantum confinement effect can be observed in
these samples.
To investigate the optical properties of ZnO

film, a PL experiment was performed at room
temperature. Fig. 3 shows the PL spectra of zinc-
implanted silica annealed at 7001C under different
annealing conditions. A significant PL peak was
not observed in the as-implanted sample. As the
annealing time increased to 1 h, PL with an intense
ultraviolet near-band-edge emission around
377 nm (3.29 eV) and a very weak deep level
emission in the range of 420–550 nm was observed.
As the annealing time increased to 2 h, the
ultraviolet emission around 377 nm was greatly
enhanced.
To evaluate the quality of the ZnO films, the

ratio R; defined as the intensity of the ultraviolet
near-band-edge emission to the deep level emis-

sion, was used. The bigger the ratio R; the higher
the quality of the ZnO film [14]. The inset in Fig. 3
gives the dependence of the normalized PL spectra
on the annealing time. Table 2 shows the
dependence of the integrated intensity, the FWHM
of the ultraviolet emission and the ratio R on the
annealing time. Table 2 shows that the integrated
intensity of ultraviolet emission and the ratio R

increase and the FWHM of ultraviolet emission
decreases as the annealing time increases. These
results show that the crystalline quality of the ZnO
film improves as the annealing time increases. As
shown in the inset of Fig. 3, a weak PL peak
around 325 nm was observed in the IM5 sample.
We can attribute this peak to the formation of
small grain ZnO on the silica surface due to
insufficient oxidization time. When the annealing
time increased to 2 h, this peak disappeared since
sufficient oxidization time allows for large grain
formation of ZnO. The results obtained for sample
IM6, given in Table 2, are comparable to the ratio
R of 20 and FWHM of 114meV at UV emission
peak observed in MBE-grown ZnO thin films at
room temperature [15].
The sharp UV emission peak around 3.29 eV

presumably results from excitons. Due to the large
exciton binding energy of ZnO (about 60meV),
excitons have been observed at room temperature.
It has also been reported that thermal energy at
room temperature may be enough to release
bound excitons because the binding energy of the
bound exciton is only a few millielectron volts [16].
The exciton level of our samples was 3.29 eV,
blueshifted with respect to the typically reported
free exciton peak position at 3.26 eV [15,17]. The
above PL results are in good agreement with the
XRD and XPS results.
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Fig. 3. The PL spectra of zinc-implanted silica annealed at

7001C under the different annealing conditions. The inset gives

the dependence of the normalized PL spectra of the samples on

the annealing time. IM4: as-implanted sample; IM5: annealed

at 7001C in O2 for 1 h; IM6: annealed at 7001C in O2 for 2 h.

Table 2

The dependence of the integrated intensity and FWHM of

ultraviolet emission and the ratio R on the annealing time

Samples The integrated

intensity (a.u.)

FWHM

(nm)

The ratio

R

IM4 35 45 1

IM5 512 12.5 14

IM6 21,000 11

(96meV)

40
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4. Conclusions

We have fabricated high-quality ZnO thin films
on a silica substrate by using ion implantation of
zinc into silica followed by post-thermal annealing
at 7001C in oxygen ambient under the different
annealing condition. The XRD and XPS data
show that ZnO film was formed on the silica
surface. When the as-implanted sample was
annealed at 7001C for 1 h, the mixed Zn and
ZnO polycrystalline were observed and the UV
emission around 377 nm was measured. As the
annealing time increased to 2 h, ZnO film exhibited
(0 0 2)-preferred orientation and the more intense
UV emission with 11 nm (96meV) around 377 nm
(3.29 eV) at room temperature.
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