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Abstract

We have studied the structural and optical properties of ZnO thin films prepared by thermal oxidation of ZnS films

deposited by plasma assisted electron-beam evaporation on Si(1 0 0) substrates. The transformation from zinc blende

ZnS to hexagonal wurtzite ZnO is confirmed by Raman and X-ray diffraction (XRD) measurement. For the sample

thermally oxidized at 600 1C for 2 h, a novel UV emission peak Ix located at 3.22 eV (385 nm) has been observed. The

temperature-dependent photoluminescence spectra show that the integrated intensity of Ix increases exponentially with

increasing temperatures within the measuring temperature range, from 80 to 300K, but the peak position remains

nearly constant. We explain this behavior in terms of electron tunneling into the radiative recombination centers.

r 2006 Published by Elsevier B.V.
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1. Introduction

The wide band gap semiconductor ZnO, with a
room-temperature (RT) band gap of 3.37 eV and
an exciton binding energy of 60meV, has attracted
much attention because of its promising applica-
tions in RT excitonic UV optoelectronic devices
[1]. Generally, the photoluminescence (PL) of
ZnO may be roughly classified into two groups
as due to free-exciton (FE) and bound-exciton
(BE) emissions in the UV region and deep level
e front matter r 2006 Published by Elsevier B.V.
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emissions in the visible region [2–4]. But despite
the extensive studies, there are still some funda-
mental properties of the PL of ZnO which are not
fully understood. One of such issues is the
temperature dependence of the integral intensity
and position of some of the UV emission peaks.
Most researchers have found that when tempera-
ture increases, affected by the thermal quenching
processes and the shrinkage of the band gap
energy, the UV emission peaks weaken and move
to lower energy side. But Zhang et al. [5] have
reported an UV emission peak located at 290 nm,
its integral intensity increases with temperature
from 7 to 119K; Zhao et al. [6] have reported an
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UV emission peak, its position remains nearly
unchanged with increasing temperature.

In this work, the structural and optical proper-
ties of thin ZnO films prepared by thermal
oxidation of ZnS films were investigated by using
resonance Raman, X-ray deflection (XRD) and
temperature-dependent PL spectroscopy. For the
sample thermally oxidized at 600 1C for 2 h, an
unidentified UV emission peak located at 3.22 eV
(385 nm) was detected. The integral intensity of
this emission peak increased exponentially with
increasing temperatures from 80 to 300K, but the
peak position remained nearly constant.
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Fig. 1. Resonance Raman spectra of the as-grown ZnS film and

the films oxidized at different temperatures for 2 h. Inset is the

XRD spectra of the as-grown ZnS film and the film oxidized at

600 1C for 2 h.
2. Experiments

ZnO thin films were prepared through low-
temperature thermal oxidation of ZnS film depos-
ited on Si(1 0 0) substrate using an O:Ar (1:1)
plasma assisted electron-beam evaporation meth-
od. The Si substrate was cleaned by standard RCA
process and was bombarded by Ar plasma for
10min to remove the oxide layer before deposi-
tion. The base pressure of the growth chamber was
2.0� 10�3 Pa and the working pressure was con-
trolled at 1.1� 10�2 Pa. The temperature of the
substrate was kept at 210 1C during the deposition
process. The beam current of the electron was
12mA and the beam voltage was 6.5 kV. After
15min deposition, the sample was cut into pieces
and four pairs of such pieces were thermally
oxidized in the O2 ambient at 400, 500, 600 and
700 1C for 2 h, respectively. To slow down the
speed of the transformation from ZnS to ZnO so
as to investigate the oxidation process more
efficiently, we put each pair of pieces face to face
during the oxidization process.

The structural and optical properties of the as-
grown and oxidized samples were characterized
with XRD, resonance Raman spectroscopy and
temperature-dependent PL spectroscopy. The XRD
spectra were collected on a D/max-RA X-ray
diffractometer (Rigaku) with Cu Ka line of
0.154nm. Micro-Raman and PL measurements
were conducted with a J-Y UV-lamb micro-Raman
spectrometer using a He–Cd laser (325nm) as an
excitation light source.
3. Results and discussions

3.1. Structure

Fig. 1 shows the typical resonance Raman
spectra of the as-deposited ZnS film and the films
oxidized at 400, 500, 600 and 700 1C for 2 h,
respectively. Under the O:Ar (1:1) plasma assis-
tant, some ZnO nanocrystals were formed and
embedded in the ZnS film during the deposition
process. As a result, in the resonance Raman
spectrum of the as-grown film, apart from the
strong longitudinal optical (LO) multiphonon lines
of ZnS [7], we can also see the 1LO and 2LO
phonon lines of hexagonal wurtzite ZnO [8]. These
ZnO nanocrystals, serving as nucleation cores,
make the transformation from ZnS to ZnO more
readily.
After the samples were oxidized at elevated

temperatures, the intensity of the ZnS LO phonon
lines decreased. At the same time, the intensity of
the ZnO LO phonon lines increased. This indicates
that the ZnO cores grew in size and the ZnS was
transformed into ZnO gradually. For the sample
oxidized at 600 and 700 1C, the Raman signals of
ZnS disappeared, only the Raman signals of ZnO
was detected. The ZnS was transformed into ZnO
completely. The inset in Fig. 1 is the XRD patterns
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Fig. 3. Temperature dependence of the PL spectra of the thin

film oxidized at 600 1C for 2 h in the temperature range of

80–300K. The inset figure is the PL spectrum at 80K.

3.380

.)

Y.J. Zhang et al. / Journal of Luminescence 119– 120 (2006) 242–247244
of the as-grown ZnS film and the film oxidized at
600 1C. The as-grown film shows two diffraction
peaks at 28.841 and 33.541, which correspond to
the (1 1 1) and (2 0 0) diffraction of the zinc blende
ZnS. It is interesting to note that although the
existence of the ZnO nanocrystals formed in
the deposition process has been confirmed by the
Raman scattering measurement, no XRD signal
from ZnO was detected. This means that Raman
scattering is more sensitive than X-ray diffraction
to traces of nanocrystals. For the film oxidized at
600 1C, there are three diffraction peaks at 31.81,
34.741 and 36.471, which correspond to the (1 0 0),
(0 0 2) and (1 0 1) diffraction from wurtzite ZnO,
no diffraction peak from ZnS was detected. These
results together with the Raman scattering results
described above confirm that when oxidized at
600 1C or higher temperatures the ZnS thin films
transformed into ZnO films completely.

3.2. Photoluminescence

Fig. 2 is the RT PL spectrum of the sample
oxidized at 600 1C, in which the resonance Raman
data show that only ZnO phase is present. The
most prominent emission band located at 3.22 eV
(385 nm) is signified as Ix. The line shape of Ix is
broad and asymmetric.
To further investigate the properties of this UV

emission peak Ix, the temperature-dependent PL
spectra were recorded (Fig. 3). The PL spectrum at
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Fig. 2. The room-temperature PL spectrum of the film oxidized

at 600 1C for 2 h.
80K is dominated by the normal excitonic UV
emission band [9]. The FE peak and its phonon
replica (FE-LO) and the shallow BE peak can be
resolved by Gaussian fitting. The temperature
dependence of the integrated PL intensity of the
FE peak is shown in Fig. 4(a). The experimental
data have been fitted with the thermal quenching
equation [10]:

IðTÞ ¼ I0=½1þ A expð�E=kBTÞ�,
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Fig. 4. (a) The integrated PL intensity of the free exciton peak

as a function of temperature ranging from 80 to 300K. The

solid line is the theoretical fit to the experimental data using

IðTÞ ¼ I0=½1þ A expð�E=kBTÞ�. (b) The peak energy of the

free exciton as a function of temperature ranging from 80 to

300K. The solid line is the theoretical fit to the experimental

data using EðTÞ ¼ E0 � aT2=ðT þ bÞ.
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Fig. 5. The integrated intensity of the peak Ix as a function of

temperature ranging from 80 to 300K. The inset is temperature

dependence of the peak position of Ix.
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where E is the thermal activation energy, I0 is the
PL intensity at T ¼ 0 K, and kB is the Boltzmann
constant. The best fit has been obtained for
E ¼ 59:9 meV, which is consistent with the exciton
binding energy (59meV) in bulk ZnO [11].
Fig. 4(b) shows the peak position of FE at
different temperatures from 80 to 300K. It can
be seen that the peak shifted to lower energies with
increasing temperature due to the shrinkage of the
band gap energy with increasing temperature.
Assuming that the exciton binding energy does
not change with temperature, the temperature
dependence of the free excitonic band gap of ZnO
can be well approximated by the empiric Varshni
formula [12]:

EðTÞ ¼ Eð0Þ � aT2=ðT þ bÞ,

where E(0) is the excitonic band gap energy of
ZnO at 0K, a, b are the Varshni’s coefficients. By
fitting the Varshni formula to the experimental
data, Eð0Þ ¼ 3:38 eV, a ¼ 9:00� 10�4 eV=K, and
b ¼ 2:23� 103 K has been obtained, these values
are in reasonable agreement with those reported in
literatures for bulk and epitaxial thin films [13–15].
As temperature increases, the bound excitonic
feature gets weakened and finally disappears due
to the thermal ionization of the BE.

The temperature dependence of peak Ix exhibits
a completely different behavior compared to that
of the FE peak. The emission intensity of Ix is
strengthened with increasing temperature and its
peak position remains nearly constant (Fig. 5).
Similar phenomena have been reported before, but
only at very low temperatures and within very
narrow temperature ranges (as shown in Table 1).
In our study, as shown in Fig. 5, the PL intensity
of Ix increased with increasing temperature within
the whole measurement temperature range, i.e.
from 80K all the way through to 300K, and no
evidence of saturation was observed even up to
300K. At RT, Ix became the dominant feature in
the PL spectrum. The full-width at half-maximum
(FWHM) of Ix is much broader than that of the
FE emission peak. Table 1 also shows reports of
peaks with similar energy to Ix, they are attributed
to various mechanisms and their peak position all
tend to shift with changing temperatures. There
are also reports about some unconventional UV
emissions from ZnO which are not originated from
the emission of excitonic transitions [20–22], but
no temperature enhancement was observed.
Careful fitting to the experimental data shows

that the intensity of Ix increases exponentially with
increasing temperature, i.e. the integrated intensity
of Ix is proportional to exp(T/T0) and best fit can
be obtained for T0 ¼ 117 K. This is qualitatively
different from the thermal activation law, where
the intensity increases proportional to exp(T0/T).
Actually, it has long been observed that the
temperature dependence of the intensity of PL in
amorphous semiconductors obey the exp(�T/T0)
law [23]. Street et al. [24] suggested that this kind
of temperature dependence is related to the
tunneling away of electron from the radiative
recombination site to a trap. Assuming that
there is a spatially varying band gap and that
the band minima are parabolic, the calcula-
tions carried out by Street et al. shows that the
nonradiative transition probability is proportional
to exp(T/T0) and results in a PL decrease propor-
tional to exp(�T/T0).
In our case, because the samples were obtained

through thermal oxidation of ZnS at relatively low
temperatures which would encourage imperfect
crystal growth, we propose that band gap fluctua-
tions may occur in the ZnO film, especially in the
vicinity of the grain boundary regions. And some
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Table 1

Reported peaks with similar energy position with Ix and reported results in which temperature enhancement occurs

Author Energy (eV) Assignment PL enhancement region

Hamby et al. and Teke et al. [15,16] 3.223 Second LO phonon replica of A-free exciton

Teke et al. [16] 3.2176 Bond to bond transition (donor to acceptor)

Hamby et al. [17] 3.2018 Donor–acceptor pair transition

Thonke et al. [18] 3.236 Free electron–acceptor transition 30–120K

Xiong et al. [19] 3.199 Two phonon replica of neutral donor bond

exciton complex

16–62K

Hamby et al. [15] 3.364 Neutral donor bond exciton emission 6.4–60K

Zhang et al. [5] 3.262 Near band edge emission 7–119K

Y.J. Zhang et al. / Journal of Luminescence 119– 120 (2006) 242–247246
defects or unintentionally doped impurities may
act as the trap. The main difference here is that
the traps are centers of radiative recombination.
After the tunneling of the electron into the trap,
a radiative recombination takes place, thus leads
to a PL with its intensity rising proportional
to exp(T/T0). Luerben et al. [25] have already
modeled the local recombination in type-II GaAs/
AlAs superlattices in terms of the electron tunnel-
ing into the luminescing states.
4. Conclusions

In conclusion, we have investigated the structur-
al and optical properties of ZnO thin films
prepared by thermal oxidation of ZnS films
deposited by plasma assisted electron-beam eva-
poration on Si(1 0 0) substrates. For the sample
thermally oxidized at 600 1C for 2 h, a novel UV
emission peak Ix located at 3.22 eV (385 nm) has
been observed. The temperature-dependent PL
spectra show that the integrated intensity of Ix

rises proportional to exp(T/T0) within the measur-
ing temperature range, from 80 to 300K, but the
peak position of Ix remains nearly constant. We
attribute this behavior to the electron tunneling
into the radiative recombination center.
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