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Abstract

High quality zinc oxide (ZnO) films were obtained by thermal oxidation of high quality ZnS films. The ZnS films were

deposited on a Si substrate by a low-pressure metalorganic chemical vapor deposition technique. X-ray diffraction

spectra indicate that high quality ZnO films possessing a polycrystalline hexagonal wurtzite structure with preferred

orientation of (0 0 2) were obtained. A fourth order LO Raman scattering was observed in the films. In

photoluminescence (PL) measurements, a strong PL with a full-width at half-maximum of 10 nm around 380 nm

was obtained for the samples annealed at 9001C at room temperature. The maximum PL intensity ratio of the UV

emission to the deep-level emission is 28 at room temperature, providing evidence of the high quality of the

nanocrystalline ZnO films. r 2002 Published by Elsevier Science B.V.
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1. Introduction

Zinc oxide (ZnO) is an interesting wide band
gap semiconductor material with a direct band gap
of 3.37 eV at room temperature and exciton
binding energy of 60meV. It attracts much
attention because of its potential device applica-
tions [1–3]. The photoluminescence (PL) spectra of
ZnO thin films show a near band edge (NBE) UV

emission and a defect-related deep level (DL)
emission. The DL emissions are usually related to
structural defects and impurities. All structural
defects originate from an insufficient supply of
oxygen during growth. In order to prepare a high
quality ZnO thin film, it is necessary to minimize
structural defects.

Assuming that ZnO can be grown on Si
substrates, ZnO on Si offers an interesting
opportunity for various properties of ZnO to be
combined with advanced Si electronics. Direct
growth of expitaxial ZnO films on Si, however, is
known to be an extremely difficult task when using
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either the metalorganic chemical vapor deposition
(MOCVD) or molecular beam epitaxy (MBE)
technique, because the oxygen (O2) used in the
experiment easily oxidizes the organic sources.
Furthermore, to accurately control the flow rate of
the O2 is a puzzling problem. One solution is to
introduce enhanced oxygen plasma or pulsed laser
deposition into the experiment [4,5]. As is well
known, the successful growth of ZnS films on Si
substrates using various growth techniques has
been previously reported [6,7]. Additionally, the
ZnS compound can be very easily oxidized to
produce ZnO and the gas SO2. In this paper, we
present a useful and simple method for preparing
nanocrystalline ZnO thin films with good NBE
UV luminescent properties by thermal oxidation
of high quality ZnS films.

2. Experiment

The ZnS thin films were grown on n-Si (1 0 0)
substrates using dimethyl zinc (DMZn) and
hydrogen sulfide (H2S) by the LP-MOCVD
technique. The flow rates of DMZn, H2S, and
Hydrogen (H2) were fixed at 28.65� 10�6mol/
min, 4.00� l0�4mol/min, and 1.3 l/min, respec-
tively. The pressure of the growth chamber was
300Torr. The films were deposited on n-Si (1 0 0)
substrates, which were maintained at 3201C. The
thickness of the deposited ZnS thin films was
about 200 nm. After deposition, thermal oxidation
of the films was carried out in an oxygen ambient
at different temperature in the range 500–10001C
for 2 h. X-ray diffraction (XRD) spectra were
measured. Raman spectrum measurements were
carried out in a back-scattering geometry using a
Micro-Raman spectrometer. A He–Cd laser with
l ¼ 325 nm was used as the excitation source for
the resonant scattering studies. The PL was
measured using the He–Cd laser operating at a
wavelength of 325 nm.

3. Results and discussions

Fig. 1 shows the XRD patterns of ZnS thin films
annealed at different temperatures ranging from

5001C to 10001C. The XRD spectrum for an as-
deposited ZnS thin film indicates that a high
quality ZnS film with a cubic crystal structure has
been obtained with a preferred (1 1 1) orientation
(not shown in Fig. 1). When the films are annealed
at 5001C, the XRD spectra show a mixed pattern
of ZnS and ZnO peaks, indicating that the ZnS has
begun a transformation from ZnS to ZnO. For the
annealing temperature of 6001C, a (0 0 2) ZnO
peak is clearly seen. For annealing temperatures
TaX7001C, the ZnS fully transforms into ZnO.
The XRD patterns of the ZnO thin films indicate
that they possess a polycrystalline hexagonal
wurtzite structure with a preferential (0 0 2) or-
ientation. As the annealing temperature increases,
the diffraction peaks of the samples become
sharper and more intense due to the increased
particle size as well as the enhanced crystallinity.
In order to evaluate the mean grain size of the
films, the Scherrer’s formula [8] was adopted. The
mean grain sizes of the films are 20.04, 28.81,
38.41, 46.10, and 46.80 nm for the samples
annealed at 6001C, 7001C, 8001C, 9001C, and
10001C, respectively. High quality nanocrystalline
ZnO thin films have been obtained.

Fig. 2 shows a representative room temperature
Raman spectra of samples annealed at different
temperatures. For comparison, the Raman spec-
trum for an as-deposited film is also shown in
Fig. 2(a). The Raman spectrum of an as-deposited
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Fig. 1. XRD patterns of the ZnS films annealed at tempera-

tures in the range 500–10001C. Annealing temperatures are

given in Fig. 1.
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film is composed of six sharp peaks. Multi-phonon
processes of ZnS and ZnO lattices were observed
in all the samples annealed at 6001C, indicating
that ZnS has partly transformed into ZnO. This
Raman spectrum consists of four sharp peaks,
from ZnS, and five sharp peaks, from ZnO, as
shown in Fig. 2(b). The Raman spectra of the ZnS
lattice vibrations are multiples of the 1-LO zone-
center frequency of 349 cm�1. It is smaller than the
previously reported value of 350 cm�1. The Raman
spectra of the ZnO lattice vibrations are mu1tiples
of the 1-LO (E1) zone-center frequency of
574 cm�1. It should be noted that the Raman
scattering peaks of ZnS disappear at Ta ¼ 7001C,
as shown in Fig. 2(c). This result is consistent with
the XRD, indicating that the ZnS has fully
converted to the ZnO phase. Meanwhile, the
number of multiple phonon scattering processes
observed in the semiconductor changes monoto-
nically with the polaron coupling coefficient [9].
ZnO crystalline material has a large polaron
coupling coefficient and large phonon frequency
(574 cm�1), which results in enormous frequency
shifts. Hence, the large 5-LO Raman shift indi-
cates ZnO has a large deformation energy and
implies that the films have good crystallinity. To

our knowledge, the multiple phonon-scattering
processes were first observed in ZnO bulk crystal-
line material [10], but resonant Raman spectra in
thin films, so far, have not been reported in the
literature. The resonant Raman scattering has
been previously discussed [11,12].

In the PL measurement, the main features of the
PL spectra are similar for all samples annealed at
different temperatures in the wavelength range
330–600 nm, and can be divided into two cate-
gories: the UV emission and the DL emission. As
the annealing temperature increases from 6001C to
9001C, the UV PL intensity increases remarkably
and the peaks become sharper. The strongest UV
emission with the smallest full-width at half-
maximum (FWHM) of 10 nm (or 88meV) is seen
around 380 nm for the films annealed at 9001C, as
shown in Fig. 3. The DL emission band around
500 nm is barely observable. The crystallinity of
the film gradually improves as the annealing
temperature increases. At a sufficiently high
annealing temperature, strain, due to distortion
of the ZnO lattice during the transforma-
tion between ZnS (a ¼ 5:405 (A) and ZnO
(a ¼ 3:0249 (A, c ¼ 5:207 (A), is eliminated, and
the structure defects in the ZnO lattice are
distinctly decreased. When the annealing tempera-
ture, however, increases to TaX9001C, the UV
emission intensity begins to decrease, and the
FWHM broadens, because some new defects, such
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Fig. 2. Representative Raman spectra of the ZnS films

annealed at different temperatures. (a) Shows the Raman

spectrum for the as-deposited ZnS films, (b) and (c) show the

Raman spectrum for the ZnS films annealed at a temperature of

6001C and 9001C, respectively.
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Fig. 3. The photoluminescence of the ZnS films annealed at

9001C. The inset shows the intensity ratio of the NBE emission

to the DL emission for the samples annealed at different

temperatures.
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as oxygen vacancies and dangling bonds and so
on, may be regenerated in the ZnO films at the
higher annealing temperatures [13].

One way to evaluate the concentration of
structural defects in ZnO films is to compare the
PL intensity ratio of the UV emission to the DL
green emission [4]. The reported epitaxial thin
films grown by the MOCVD [14] technique
showed relatively weaker DL emissions with a
ratio of 1 at RT. In the case of bulk material, this
ratio usually approaches zero as the temperature is
raised to 295K. In contrast, the largest ratio in our
experiment is 28 at RT (see inset in Fig. 3). The
FWHM of the samples annealed at 9001C is quite
narrow, 10 nm (or 88meV), compared with the
117meV [4] observed for MBE-grown ZnO films
at RT. The results of the PL spectra indicate the
presence of strong exciton emissions with relatively
weaker DL emissions. The concentrations of the
defects responsible for the deep level emissions are
relatively low. ZnO films prepared by thermal
oxidation of ZnS thin films, prepared by MOCVD,
appear to be composed of rather pure structure
nearly defect-free ZnO polycrystalline material.

4. Conclusion

We have obtained nanocrystalline ZnO films
with a hexagonal wurtzite structure by thermal
oxidation of high quality ZnS films. The LO
phonon frequency shift for ZnO films is measured
to be 574 cm�1 by Raman spectroscopy. A strong
UV emission is observed at room temperature for
the samples annealed at 9001C. The maximum PL
intensity ratio of UV emission to DL emission is
28 at RT.
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