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Abstract
High-quality ZnO thin films have been grown on sapphire substrates by the atomic layer epitaxy (ALE) technique using diethylzinc (DEZn)
and H2 O as reactant gases at substrate temperatures of 170 and 400 ◦ C. In order to investigate the effect of annealing treatment on the optical
properties of ZnO films, the films have been annealed at various annealing temperatures after deposition. After the annealing treatment the
optical properties of ZnO thin films were characterized by photoluminescence (PL). A strong free exciton emission with a weak defect-band
emission in the visible region was observed at room temperature (RT). Full width at half-maximum (FWHM) measurement of the free exciton
emission of 67.54 meV have been made at room temperature. Based on the temperature dependence of the PL spectra in the temperature range
from 10 K to room temperature it has been shown that the crystalline quality of the films increases as the annealing temperature increases.
Also it shows that the best result is obtained when the sample is deposited at 170 ◦ C and annealed at 1000 ◦ C.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
ZnO is a semiconductor with many attractive features. It
has rapidly emerged as a promising optoelectronic material
due to its large band gap of 3.37 eV at room temperature
(RT), low power threshold for optical pumping at room temperature, and highly efficient UV emission resulted from a
large exciton binding energy of 60 meV. Moreover, ZnO is
thermally and chemically stable in air. Because of versatile physical properties ZnO has various applications such
as transparent conductive contacts [1], thin film gas sensors [2,3], varistors [4], surface electroacoustic wave devices
[5], UV laser [6,7] and others [8]. ZnO has exerted strong
fascination and has grown interest, especially since Service
[9] reported its potential application as an UV laser diode.
Recently optically pumped stimulated emission and lasing
of ZnO have been demonstrated, even at room temperature
[10–12].
ZnO epitaxial films have mainly been made using sapphire substrates [13,14]. This is because Sapphire has the
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same crystal structure as ZnO and relatively little lattice
mismatch with ZnO. In order to increase the uniformity
of the film thickness and the grain size of ZnO films, we
have used the atomic layer epitaxy (ALE) technique, which
has a basic advantage of excellent surface control during
successful growth [15]. However, the ALE technique was
rarely applied to epitaxial growth of ZnO and successful
growth of high-quality epitaxial ZnO films by ALE has
not been reported [16–21] yet as far as the authors know.
The properties of ZnO thin films are much influenced by
not only the growth methods (such as sputtering, spray
pyrolysis, MOCVD, and MBE) but also the growth and
postannealing process parameters. Therefore, it is important to study the influence of annealing on the properties
of ZnO films. Here we report the improved crystallinity of
ZnO after annealing treatment investigated with the help of
the photoluminescence (PL) analysis.
Atomic layer controlled growth, or atomic layer epitaxy
is a chemical vapor deposition (CVD) technique where the
precursor species are introduced alternately. Contrary to the
conventional CVD, the reaction proceeds only at the surface via chemisorbed species, so that the film growth is self
limiting. This technique allows deposition over large area
substrates with excellent thickness uniformity. Additionally,

302

J. Lim et al. / Materials Science and Engineering B107 (2004) 301–304

Fig. 2. Room temperature PL spectra of ZnO samples annealed at 1000,
800, and 600 ◦ C for 1 h in an oxygen atmosphere after deposition at a
substrate temperature of 170 ◦ C.
Fig. 1. A schematic diagram of the ALE system.

ALE is usually beneficial to growing films at lower temperatures than other classical methods including CVD.

2. Experimental
ZnO films were deposited on sapphire substrates using the
ALE technique. Diethylzinc (DEZn) and H2 O were kept in
bubblers at 10 ◦ C. These source gases were alternately fed
into the chamber through separate inlet lines and nozzles.
The opening and closing sequences of the air valves were
controlled by a computer. The typical pulse lengths were 1 s
for DEZn, 5 s for the H2 O, and 10 s for purge between the
reactants. The substrate temperatures were varied between
170 and 400 ◦ C. The pressure in the chamber during the deposition was varied between 0.3 and 0.5 Torr. The schematic
diagram of the deposition system is shown in Fig. 1. The
optical properties of ZnO thin films were characterized by
photoluminescence with He–Xe laser as a light source using
an excitation wavelength of 325 nm and a power of 200 mW.
In order to investigate the effect of annealing treatment, films
have been annealed at various annealing temperatures from
600 to 1000 ◦ C in an oxygen atmosphere for 1 h after deposition using a rapid thermal annealing (RTA) technique.

3. Results and discussion
Room temperature PL spectra of annealed ZnO thin films
at temperatures of 600–1000 ◦ C are shown in Fig. 2. As the
annealing temperature increased, the intensities of both the
UV (at about 3.26 eV) peak and that of visible (2.34–2.53 eV:
green luminescence) peak increased.
Various mechanisms have been proposed for the green luminescence of ZnO. Vanheusden et al. [22] found that singly

∗ ) are responsible for the green
ionized oxygen vacancies (VO
luminescence in the ZnO. Oxygen vacancies occur in three
∗ ),
different charge states: the neutral oxygen vacancy (VO
∗
the singly ionized oxygen vacancy (VO ), and the doubly
∗∗ ) and only the singly ionized
ionized oxygen vacancy (VO
∗
oxygen vacancy (VO ) can act as the so-called luminescent
centers [14]. The visible luminescence (2.34–2.53 eV) of the
ZnO thin film was enhanced as the annealing temperature
increased as shown in Fig. 2. It can be explained as follows:
The more the ZnO thin films are heated to higher annealing
temperatures, the more oxygen they lose, so that visible luminescence is enhanced. From these investigations, it may
be concluded that increase of the visible luminescence of the
ZnO film is strongly related to increase of the oxygen vacancy concentration by high annealing temperature process.
The sharp UV emission peak around the wavelength of
3.26–3.35 eV presumably results from excitons [23,24],
which suggests that high-quality ZnO can be obtained at
the deposition temperature of 170 ◦ C and an annealing
temperature of 1000 ◦ C. Due to the large exciton binding energy of ZnO (about 60 meV), 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
bound excitons is only a few milli-electron-volts [25]. To
confirm that the UV band was due to the transitions of free
excitons, temperature-dependent PL spectra were measured
for a sample in the temperature range from 10 to 200 K as
shown in Fig. 3. Temperature variation of a representative
ZnO film is shown in Fig. 3. From the temperature variation
of the PL measurement we can see that at a temperature as
low as 10 K the intensity of the UV peak is very large compared with the peaks obtained at 20, 50, 100, and 200 K.
Tang et al. [6] reported that UV PL is related to the microcrystalline structure. In the PL spectra (Fig. 3) we can see
a strong peak of UV emission without any deep level peak
at a temperature of about 10 K, which is commonly found
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Fig. 3. PL spectra at 10 K for representative ZnO films deposited at
substrate temperatures of 170 and 400 ◦ C and then annealed at 1000 ◦ C
for 1 h in an oxygen atmosphere.

at room temperature. The disappearance of the green band
(deep level) in Fig. 3 demonstrates that the oxygen vacancy
concentration is reduced at low temperature measurements.
In another set of experiments the ZnO films were deposited by ALE at a substrate temperature of 400 ◦ C, and
subsequently annealed by RTA at 700, 800, and 900 ◦ C in a
nitrogen atmosphere for 3 min. During the RTA process the
ramping rate of temperature was kept constant at 8 ◦ C/s. The
PL at room temperature of this film shows a peak at 3720 Å
due to UV emission. All the RTA-treated samples show a
sharp UV emission peak. The intensity of the PL peak at UV
emission increases with the annealing temperature as shown
in Fig. 4, yet the intensity of the near-band-edge emission
decreases probably due to defect formation above 900 ◦ C.
Nevertheless, the deep level emission is not observed.
One way to evaluate the concentration of structural defects in ZnO is to compare the relative PL intensity ratio
of the UV-near-edge emission to the deep level green emission [26,27]. The PL spectra of our samples show relatively
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Fig. 5. The PL intensity ratio (R) of the UV-near-edge emission to the
deep level green emission at different annealing temperatures.

weak deep level emission, indicating that the concentration
of the defects responsible for the deep level is negligible.
To evaluate the quality of the ZnO films, R defined as the
ratio of the intensity of the ultraviolet near-band-edge emission to that of the deep level emission (I3.33 eV /I2.46 eV ) was
used. The bigger the ratio R, the higher the quality of the
ZnO film [28]. Fig. 5 shows R values for different films deposited at 170 and 400 ◦ C and annealed at different temperatures. It is evident from this figure that the annealing treatment after the ALE process enhances the ZnO film quality
significantly.

4. Conclusion
In this paper, we have presented effects of annealing on
the photoluminescence properties of ZnO films. The experimental results show that the crystal quality 8 ZnO films
can be substantially improved by annealing them at 1000 ◦ C
for 1 hr in an oxygen atmosphere using the RTA technique.
From the strong excitonic emission of the ZnO prepared by
the ALE technique, it is evident that high-quality epitaxial
ZnO thin films can be obtained by technique, which can be
used for highly efficient optoelectronic devices.
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