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ZnO films on Al2O3 substrates were grown using a pulsed laser deposition method. Through photoluminescence (PL) and X-
ray diffraction (XRD) measurements, the optimum growth conditions for the ZnO growth were established. The results of the
XRD measurements indicate that ZnO films were strongly oriented to the c-axis of the hexagonal structure and epitaxially
crystallized under constraints created by the substrate. The full width half maximum for a theta curve of the (0002) peak was
0.201o. Also, from the PL measurements, the grown ZnO films were observed to give free exciton behaviour, which indicates
a high quality of the epilayer. The Hall mobility and carrier density of the ZnO films at 293 K were estimated to be 299 cm2/
V s and 8.27×1016 cm−3, respectively. The absorption spectra revealed that the temperature dependence of the optical band gap
on the ZnO films was Eg(T)=3.4393 eV−(5.30×10−4 eV/K)T2/(367+T). 
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Introduction
 
A II-VI compound semiconductor with a wide direct

band gap of 3.37 eV at room temperature [1], Zinc
oxide (ZnO) is an attractive material because of its
optoelectronic applications such as for light emitting
diodes (LED), laser diodes (LD), surface acoustic waves
(SAW), and surface elastic-wave filters [2-6]. In parti-
cular, ZnO has a higher exciton binding energy of about
60 meV at room temperature than do the materials
ZnSe and GaN [1]. This gives an advantage to the blue
and/or ultraviolet LED as a substitute for GaN. There-
fore, growth of ZnO has been attempted by several
methods such as molecular beam epitaxy (MBE), pulsed
laser deposition (PLD), metalorganic chemical vapor
deposition (MOCVD), radio frequency magnetron sputter-
ing, etc. [3, 7-10]. However, PLD is a powerful techni-
que for the deposition of oxides [11, 12]. Recently,
extensive and successful efforts have been made for
thin film growth of ZnO using PLD since it is an
attractive choice for the preparation of stoichiometric
and high quality ZnO films for various applications.
Furthermore, PLD also has several other advantages
including its ability to create high-energy source
particles, permitting high quality film growth at low
substrate temperatures, a simple experimental setup,
and operation in high ambient gas pressures [13]. In
particular, low temperature deposition using the PLD
growth method is capable of solving the VI-element
vacancy problem [14, 15].

In the present study, the ZnO films were grown on
sapphire (Al2O3) substrates by a PLD method. The
grown ZnO was investigated for its structural and
optical characteristics by means of X-ray diffraction
(XRD), photoluminescence (PL), and absorption spectro-
scopy. This paper reports on the optimum growth
conditions, structural characteristics, and band gap. 

Experimental Procedures

Figure 1 shows a schematic diagram of the PLD
system for ZnO film growth. Prior to PLD growth, the
ZnO target disk (3 mm thick and 12 mm in diameter)
fabricated by compressing ZnO powder was used as a
source of the PLD. In order to grow ZnO films, an ArF
pulsed excimer laser (Lambda Physik, LPX110i, λ =
193 nm) was used as a photon source. In order to get a
uniform film thickness, the rotating speed of the target
was kept at 40 rpm during the deposition. Also, pure
oxygen gas as a background gas was used to create the
ambient pressure during ZnO film growth. The laser
repetition rate was 10 Hz, and the power per pulse was
100 mJ. Therefore, the energy density on the target was
estimated to be 2 J/cm2. At this time, the gas pressure
was 10 Pa. The target-substrate distance was set at 4
cm. The substrate used for ZnO films was (0001) Al2O3.
The surface of the substrates was cleaned in acetone,
methanol, and ethanol for 5 minutes, respectively, and
etched in H2SO4:H2PO4=3:1 for 7 minutes at 150 oC.
Then, it was rinsed in the deionized water. To obtain
the optimum growth conditions, the grown ZnO films
were analyzed by XRD and PL measurements. The PL
measurement of the samples was performed at 10 K in
a low temperature cryostat equipment (AP Inc. CSA
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202B, DE 202S) during the excitement of the He-Cd
laser (Kimmon, 442 nm, 50 mW). The thickness of the
ZnO films was measured by an α-step profilometer
(Tenco, a-step 200). In addition, the electrical properties
were achieved by Hall effect measurements using the
van der Pauw method at various temperatures. To mea-
sure the energy band gap, the optical absorption experi-
ment was performed on a UV-VIS-NIR spectrophoto-
meter (Hitachi, U-3501) for a range from 360 nm to
370 nm at various temperatures from 10 K to 293 K.

Result and Discussion

Growth parameters and structural properties 
ZnO films were grown by varying the substrate

temperature from 380 to 420 oC. To find the optimum
growth conditions, PL measurements on the grown
films were performed at 10 K, and the XRD measure-
ments were conducted at room temperature. Among the
PL spectra obtained, the emissions caused by excitons
were used to predict the crystal quality critera of the
grown films because excitons could only be observed
in the defective crystals at low temperature. Therefore,
free exciton (Ex) and neutral donor bound exciton (Do,
X) emissions were used for the optimum growth condi-
tions. Also the self-activated (SA) emission was check-
ed. Ordinarily, the exciton intensity has a tendency to
increase, and the SA peak is inclined to decrease with
the quality of a crystal at low temperature. In addition,

the intensity and the full width half maximum
(FWHM) of the XRD curves were used for crystal
quality evaluation of ZnO films. As shown in Table 1,
the highest (Do, X) peak and a very weak SA peak
were observed in the film which was grown while the
substrate temperature was kept at 400 oC. Also, the Ex

emission was observed only at a substrate temperature
of 400 oC. 

This observation indicates that the ZnO film grown
at 400 oC has a very high quality because the emission
peak of the free exciton can be observed only under the
conditions of a long-range Coulomb coupling between
an electron and a hole. Thus, to certify crystalline
quality, the evaluation of ZnO films was enhanced by
the XRD method. As shown in Table 1, the highest
intensity and the narrowest FWHM of a XRD curve
were observed in ZnO films grown at 400 oC. To grow
the ZnO films, the optimum temperature of the
substrate was found to be 400 oC. Table 2 presents the
optimum growth conditions for high quality ZnO films
using the PLD method. Therefore, ZnO films grown by
the growth conditions in Table 2 were used to achieve a
thickness of 2.9 μm and a growth rate of 1.45 μm/hr.
Here, the growth rate of the film is comparatively high.
The PLD growth method is known to deliver more
energetic atomic species to the substrate, several tens or
hundreds times higher than MBE. Figure 2 shows the

Fig. 1. A schematic diagram of the PLD system for ZnO film growth.

Table 1. Comparison of the PL intensity and the XRD curves as
a function of substrate temperature   (arbitrary units)

Substrate Intensity of PL at10K XRD

temperature Ex (Do, X) SA  Intensity (×104) FWHM

380 oC 0 63 10 0.85 0.219o

400 oC 48 108 18 1.34 0.201o

420 oC 0 77 28 1.10 0.208o

Table 2. Optimum growth conditions of the PLD method for the
high quality ZnO films

Parameters Optimum values

Substrate temperature 400 oC
Rotating speed of target 40 rpm
Laser repetition rate 10 Hz
Power per pulse 100 mJ
Background gas pressure (O2) 10 Pa
Target-substrate distance 4 cm
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surface morphology by scanning electron microscopy
(SEM) of a ZnO film grown under optimized condi-
tions. As shown in Fig. 2, the morphology revealed a
very smooth surface, and some contrast was observed
about the presence of crystalline grains. Figure 3
presents the XRD spectrum of a ZnO film grown under
optimized conditions. 

These patterns correspond to the diffraction peaks of
the ZnO (0002) and Al2O3 (0006). The intensity of the
ZnO (0002) peak located at a two theta of 34.477o is
very sharp and dominant. This indicates that the film is
strongly oriented to the c-axis of the hexagonal struc-
ture and also crystallized under constraints created by
the substrate. Therefore, this means that the ZnO film
is epitaxially crystallized even though the lattice mis-
match between ZnO and Al2O3 is very large. The
FWHM for the (0002) peak is 0.201o. This value is
better than that of 0.35o obtained from the PLD method
by Ryu et al. [16], and similar to the value of 0.197o

grown from MBE method by Wang et al. [17].
From the Hall effect measurements, the measured

mobility and carrier density at 293 K were 299 cm2/V s
and 8.27×1016 cm−3, respectively. The mobility tended
to increase during a decrease to the temperature of 100

K, and thereafter, it decreased. At the apex of 100 K, it
showed the largest value of 998 cm2/V s. The ZnO film
grown was confirmed to be n-type. The samples grown
were always n-type owing presumably to slight stoichi-
ometric deviations originating from an excess of
oxygen vacancies. 

Optical absorption measurements 
Figure 4 shows the optical absorption spectra obtain-

ed in the temperature range of 10 K to 293 K. To
identify the energy band gap for ZnO films, we care-
fully examined the relation between the optical absorp-
tion coefficient (α) and the incident photon energy (hν)
from the optical absorption measurements in Fig. 4.
The relation for a direct band gap between hν and α is
given by: 

(αhν)2~(hν−Eg). (1)

Figure 5 displays the band gap energy variation of
ZnO film using Eq. (1) as a function of temperature.
This figure does not follow the conventional linear
relationship. Therefore, the temperature dependence of
the optical energy band gap in our experiment is well
fitted numerically by the following formula [18, 19]:

Eg(T)=Eg(0)−αT2/(T+β), (2)

Fig. 2. The surface morphology by SEM of a ZnO film grown
under optimized conditions.

Fig. 3. A XRD spectrum of a ZnO film grown under optimized
conditions.

Fig. 4. Optical absorption spectra obtained in the temperature
range of 10 K to 293 K.

Fig. 5. Optical energy band gap of ZnO films plotted as a function
of temperature.
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where α is a constant and β is approximately the
Debye temperature. Also, Eg(0) is the energy band gap
at 0 K, which is estimated to be 3.4393 eV. When α
and β are taken to be 5.30×10−4 eV/K and 367 K,
respectively, the curve plotted by Eq. (2) closely fits
the experimental values, as shown in Fig. 5. However,
Eg(0) and a were nearly consistent to the values obtain-
ed by Ray [20]. Also, the Debye temperature of ZnO
was found to be 370 K [21] and in a reasonable agree-
ment with our result.

Conclusions

ZnO films were grown on Al2O3 substrates using a
PLD method and the optimum growth conditions were
described. The results of the PL and the XRD measu-
rements revealed that the grown ZnO films are highly
crystalline and good quality. The results of the XRD
measurements indicate that ZnO films are strongly
oriented to the c-axis of the hexagonal structure and
epitaxially crystallized under constraints created by the
substrate. The FWHM the (0002) peak turned out to be
0.201o. This value corresponded to that of a film grown
using an MBE method. The Hall mobility and the
carrier density of the ZnO film at 293 K were estimat-
ed to be 299 cm2/V s and 8.27×1016 cm−3, respectively.
Finally, the optical band gap obtained from the absorp-
tion measurements was well described by the Varshni's
relation, Eg(T)=3.4393 eV−(5.30×10−4 eV/K)T2/(367+T).
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