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Abstract

ZnO thin films were prepared on sapphire (0001) substrates by the dip-coating sol-gel technique. Then, ZnO thin films with
thicknesses of 50 nm, 150 nm, 250 nm, and 350 nm were annealed at 800 °C and with thickness of 250 nm were annealed at 600 °C,
700 °C, 800 °C, and 900 °C, respectively. The effect of film thickness and annealing temperature on the structure and optical properties
of sol-gel ZnO thin films on sapphire substrates were investigated by XRD, SEM, RT-PL. All the sol-gel ZnO thin films show
polycrystalline hexagonal wurtzite structure and a high preferential c-axis orientation. The XRD and SEM results show that the better
structural quality, high c-axis preferred orientation, uniform, compact sol-gel ZnO thin films 250 nm thick were obtained when annealed
at 700 °C in air. Room-temperature PL spectrum of sol-gel ZnO thin films can be divided into the UV emission and the visible broad
band emission. The UV emission can be attributed to the near band edge emission (NBE) and the visible broadband emission can be
ascribed to the deep level emissions (DLE). The visible emission is suppressed with the annealing temperature of 600-700 °C. By
analyzing our experimental results, we concluded that the deep-level emission corresponds to oxygen vacancies (Vo). The biggest ratio of
the PL intensity of UV emission to that of visible emission (Ingg/IpLg) is observed from sol-gel ZnO thin films 250 nm thick annealed at
700 °C. Therefore, we suggest that film thickness of 250 nm and annealing temperature of 700 °C are the most suitable conditions for
obtaining high quality, high c-axis preferred orientation, uniform, compact sol-gel ZnO thin films with good luminescence performance.
Crown Copyright © 2012 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction molecular beam epitaxy (MBE) [9], spray-pyrolysis [10], pulsed

laser deposition (PLD) [11], sol-gel [12].

ZnO has been of great interest recently due to its direct and
wide band gap of 3.36eV and a relatively higher exciton
binding energy of 60 meV at room temperature [1]. In
addition, ZnO possesses many excellent and unique properties
for applications in optoelectronic such as light emitting diodes
(LEDs) [2], acoustic devices [3], gases sensors [4], photodetec-
tors [5], and solar cells [6], etc. A number of techniques have
been used for fabrication of ZnO thin films, including chemical
vapor deposition (CVD) [7], magnetron sputtering [§],
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In recent years, there has been an increasing interest in
the growth of ZnO thin films by sol—gel [13—18]. This is due
to the advantages of sol-gel technology in terms of being
simple, accurate in doping control, suitable for large-scale
production, low-cost, and low in energy consumption to
investigate structure and optical properties of ZnO thin
films. In this study, ZnO thin films were deposited on
sapphire (0001) substrates by the dip-coating sol-gel
method. The effect of film thickness and annealing tem-
perature on the structure and optical properties of sol-gel
ZnO thin films on sapphire (0001) substrates were inves-
tigated by X-ray diffraction (XRD), scanning electron
microscope (SEM), photoluminescence (PL).
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2. Experimental

ZnO thin films were prepared on sapphire (0001) sub-
strates by the dip-coating sol-gel technique. Fig. 1 shows
the flow chart of sol-gel process and dip coating technique
in producing ZnO thin films. Zinc acetate dihydrate
(Zn(CH;3COQ), - 2H,0), 2-methoxyethanol (CH;OCH,.
CH,OH) and monoethanolamine (HOCH,CH,NH,) were
used as starting material, solvent and stabilizer, respectively.
There are several major steps in this experiment which are
the preparation of the solution and substrate, deposition
process, pre-heating, annealing and characterization pro-
cess. The molar ratio of MEA to zinc acetate dehydrate was
maintained at 1:1 and the concentration of zinc acetate was
0.75 mol. The sapphire (0001) substrates were ultrasonically
cleaned in acetone for 10 min, alcohol for 10 min, rinsed in
deionized water, and then dried in N,. The resulting mixture
was stirred for 3h at 65°C to yield a clear and homo-
geneous solution, which was served as coating solution after
cooling to room temperature. The dip coating was usually
made 24 h after the solution was prepared. ZnO thin films
were fabricated by dipping the sapphire substrates into the
coating solution with withdrawal speeds of 18 mm/min at
room temperature. After the coating process, the thin films
are dried at 300 °C immediately for 10 min in a furnace. The
film was then inserted into a tube furnace and annealed in
air. It is also sometimes known as post-heating treatment.

In order to investigate the effect of film thickness and
annealing temperature, first, after the dip coating process,
the thin films are dried at 300 °C immediately for 10 min in
a furnace, which was repeated for 1, 3, 5 and 7 times in
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Fig. 1. Flow chart of sol-gel process and dip coating technique in
producing ZnO thin films.

order to get ZnO thin films with different thicknesses;
correspondingly, the thickness of ZnO thin films was about
50, 150, 250 and 350 nm, respectively. Then, the coated
films were annealed for 2 h at 800 °C in a furnace. Second,
after the dip coating process, the thin films are dried at
300 °C immediately for 10 min in an air furnace. This
process was repeated for 5 times. Then, the coated films
were annealed for 2 h at 600, 700, 800, and 900 °C in an air
furnace.

The microstructure and stresses in ZnO thin films were
investigated by X-ray diffraction (XRD: Ricoh Company
D/max 2500PC) using Cu Ka radiation (A=0.15406 nm).
The surface morphology and thickness of ZnO thin films
were examined by scanning electron microscope (SEM:
HITACHI S-4700). The optical properties and crystal
defects were examined by room-temperature photolumi-
nescence (RT-PL: Renishaw Invia Reflex) using a He-Cd
laser (A=325 nm) as the excitation source.

3. Results and discussion

The XRD patterns of the sol-gel ZnO thin films with
different thicknesses annealed at 800 °C and with thickness
of 250 nm annealed at various temperatures are shown in
Fig. 2(a) and Fig. 2(b), respectively. The measured XRD
pattern in Fig. 2 demonstrates that all the sol-gel grown
ZnO thin films show seven relatively higher sharp and
narrow diffraction peaks, which are identified to be
originated from (100), (002), (101), (102), (110), (103)
and (112) reflections of hexagonal ZnO crystal (PDF
36-1451). The XRD results indicate that all the ZnO thin
films are polycrystalline hexagonal wurtzite structure. The
sample is polycrystalline but the intensity of the (002) peak
at 20=34.45° larger than those of the other peaks indicates
that the sol-gel ZnO films are preferentially oriented with
the c-axis perpendicular to the film surface. It was also
observed that, by increasing the film thickness and anneal-
ing temperature, an enhancement of the intensity for all
diffraction peaks occurs in general. However, a sharp
increase for the (002) plane is observed compared to
others. The smaller FWHM and stronger diffraction
intensity mean the better crystal quality of sol-gel ZnO
thin films. Fig. 3(a) shows that the diffraction intensity and
FWHM of diffraction peak (002) in sol-gel ZnO thin films
as a function of film thickness. The diffraction intensity
obviously increases with the film thickness and reaches to
the maximum at 250 nm, after that it decreased at 350 nm.
As the film thickness increases up to 350 nm, the FWHM
reach to the minimum of 0.283° at 250 nm and then
increase.

It was also reported that the preferential crystal orienta-
tion of ZnO thin films has a profound impact on ZnO-
based device properties [19]. Therefore, in order to pre-
cisely investigate the effect of film thickness and annealing
temperature on the degree of orientation of the (002) plane
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Fig. 2. XRD patterns of the sol-gel ZnO thin films with different
thicknesses annealed at 800 °C (a) and with thickness of 250 nm annealed
at various temperatures (b).

a formula proposed by Lotgering was used [20]:
P(hkl)— Py(hkl)
1—Py(hkl)

where F(hkl) is the degree of (hkl) orientation,
P(hkl)=I(hkl)/> I(hkl) and Py(hkl)=1Iy(hkl)/> Io(hkl).
Here I(hkl) is the (hkl) peak intensity and ) I(hkl) is the
sum of the intensities of all peaks in the ZnO thin films’
diffraction data. [y(hkl) is the (hkl) peak intensity and
> Io(hkl) is the sum of the intensities of diffraction peaks
in the reference data (JCPDS 36-1451). Fig. 3(c) shows
that the values of degree of orientation of the (002) plane
in sol—gel ZnO thin films as a function of film thickness. As
the film thickness is increased, (002) orientation is pre-
ferred and becomes maximum for the thickness of 250 nm.
Above this thickness, the film again becomes randomly
oriented. Poor crystallinity in thinner ZnO thin films could
be associated with an incomplete growth of the crystallites
as only few atomic layers of disordered atoms constitute
the bulk of the film [21]. According to the mechanism of

F(hkl) = (1

crystal growth [22,23], the growing faces of crystallites
correspond to the crystal shape at equilibrium and are
determined by the orientation of the crystal. A growth
competition can start among the neighboring crystals
according to their growth types (i.e., to their orientation).
The faster growing crystals will grow over the slower
growing ones. This competition is terminated when only
crystals exhibiting the same type of crystal faces proceed to
form the free surface. This competitive crystal growth
represents an orientation selection resulting in the compe-
titive growth texture [24]. This was probably why the
crystallinity was increased when ZnO thin films were
thicker. The XRD results revealed that the better crystal-
linity and highly preferential orientation of (002) plane of
sol-gel ZnO thin films were obtained with thickness of
250 nm.

The SEM surface morphology for the ZnO thin films
annealed at 800 °C with different thicknesses varying from
50 to 350 nm are shown in Fig. 4. It is observed that the
grain size increases and packing density increases when the
film thickness increases. When the film thickness is in the
range 50—-150 nm, the grains become non-uniform in size
and ZnO thin films become loose. The grains become more
uniform and bigger in size and ZnO thin films become
denser as the film thickness increases up to 250 nm. The
inset shows the cross-sectional SEM image of sol-gel ZnO
thin films 250 nm thick (Fig. 4(c)). ZnO thin films become
again loose as the film thickness increases up to 350 nm.
The XRD and SEM results show that the optimum
thickness of compact sol—-gel ZnO thin films with the best
structural quality and high c-axis preferred orientation
could be up to around 250 nm.

The diffraction intensity and FWHM of diffraction peak
(002) in sol-gel ZnO thin films as a function of annealing
temperature are shown Fig. 3(b). The diffraction intensity
obviously increases with the annealing temperature of
600-700 °C and reaches to the maximum at 700 °C, after
that it decreased with the annealing temperature of 700—
900 °C. The FWHM obviously decreases with the anneal-
ing temperature of 600-700 °C and reaches to the mini-
mum at 700 °C, after that it increased with the annealing
temperature of 700-900 °C. Fig. 3(d) shows the values of
degree of orientation of the (002) plane of sol-gel ZnO thin
films as a function of annealing temperature. The values of
degree of orientation of the (002) plane increases with
the annealing temperature of 600-700 °C and reaches to
the maximum at 700 °C, after that it decreased with the
annealing temperature of 700-900 °C. This result can be
explained by the two reasons: At first, annealing increases
atomic mobility, enhancing the ability of atoms to find the
most energetically favored sites. At second, with the
increase of the annealing temperature, the densities of the
crystallographic defects including dislocations, interstitials
and vacancies in sol-gel ZnO thin films decrease rapidly.
These two reasons can lead to yield the best structural
property of sol-gel ZnO thin films 250 nm thick annealed
at 700 °C. A further increase in the temperature up to
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Fig. 3. Diffraction intensity and FWHM of diffraction peak (0 0 2) as a function of sol-gel ZnO thin films with different thicknesses annealed at 800 °C
(a) and with thickness of 250 nm annealed at various temperatures (b), and the values of degree of orientation of the (002) plane as a function of sol-gel
ZnO thin films with different thicknesses annealed at 800 °C (c) and with thickness of 250 nm annealed at various temperatures (d).

900 °C leads to the decrease of crystal quality because sol—
gel ZnO thin films is thermodynamically unstable with in a
rich-oxygen atmosphere leading to its evaporative disso-
ciation into Zn and O, [25]. In the reported reference [26],
the FWHM value is 0.25° of MOVPE grown ZnO on an r-
plane sapphire substrate. In our experiment, the FWHM
value is 0.272° of sol-gel grown ZnO thin films 250 nm
thick at the annealing temperature of 700 °C in air,
revealing that the high quality and highly preferential
orientation of (002) plane of sol-gel ZnO thin films could
be also obtained by optimized film thickness and high
temperature annealing treatment.

The SEM surface morphology for the sol-gel ZnO thin
films 250 nm thick annealed at different temperatures are
shown in Fig. 5. It is observed that the grain size increases
and packing density increases when the annealing tem-
perature increases. When the annealing temperature is
600 °C, the grains become non-uniform in size and sol-
gel ZnO thin films become loose. The grains become more
uniform in size and sol-gel ZnO thin films become denser
as the annealing temperature is in the range 700-800 °C.
As the annealing temperature increases up to 900 °C, the
voids were found on the loose surface of sol-gel ZnO thin
films. The XRD and SEM results show that the optimum
film thickness and annealing temperature of compact sol—
gel ZnO thin films with the best structural quality and high

c-axis preferred orientation could be up to around 250 nm
and 700 °C, respectively.

Room-temperature PL spectra of sol-gel ZnO thin films
with various thicknesses annealed for 2 h at 800 °C in air
are shown in Fig. 6(a). As shown in the figure, the
spectrum can be divided into the UV (~380 nm) and the
visible light (500-700 nm) parts. The UV emission can be
attributed to the near band edge emission (NBE) and
originate from the recombination of free excitons. It is well
known that the visible emission of ZnO thin films is due to
defects that form deep energy levels in the band gap
[27,28]. Generally, a common method for evaluating the
concentration of structural defects in ZnO thin films is
based on the ratio of the PL intensity of UV light emission
to that of visible light emission (Ingg/IpLg) [29]. Fig. 7(a)
demonstrates the PL intensity ratio and UV emission
intensity of sol-gel ZnO thin films with various thicknesses
annealed at 800 °C in air. The UV emission obviously
increases with the film thickness increasing and reaches to
the maximum at 250 nm, after that it decreased at 350 nm.
The PL ratio increased from the film thickness of
50-250 nm and decreased at 350 nm. The bigger the ratio
R, the higher the quality of the ZnO thin films [30]. This
result revealed that less defects were generated when the
thickness of sol-gel ZnO thin films was 250 nm. It is
consistent with the results of XRD.
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Fig. 6. Room-temperature PL spectra of the sol-gel ZnO thin films with
different thicknesses annealed at 800 °C (a) and with thickness of 250 nm
annealed at various temperatures (b).

Room-temperature PL spectra of sol-gel ZnO thin films
250 nm thick annealed for 2 h in air at various tempera-
tures are shown in Fig. 6(b). As shown in the figure, the
spectrum can be divided into the UV (~380 nm) and the
visible light (500-700 nm) parts. Fig. 7(b) demonstrates the
UV emission intensity of sol-gel ZnO thin films 250 nm
thick annealed for 2 h in air at various temperatures. The
UV emission obviously increases with the annealing
temperature of 600—700 °C and reaches to the maximum
at 700 °C, after that it decreased with the annealing
temperature of 700-900 °C. Moreover, as shown in the
Fig. 6(b), the visible emission is suppressed with the
annealing temperature of 600-700 °C indicating better
quality of sol-gel ZnO thin films. However, the visible
emission is rapid increased with the annealing temperature
of 700-900 °C. The luminescence center is the strong and
broad green emission at 550 nm resulted primarily from
oxygen vacancies [31,32]. Past research had found that
increased of oxygen vacancies (Vo) will result in the
increased of visible luminescence because when annealed
in air at higher temperature, sol-gel ZnO thin films tend to
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Fig. 7. Inge/IpLe and UV emission intensity as a function of sol-gel ZnO
thin films with different thicknesses annealed at 800 °C (a) and with
thickness of 250 nm annealed at various temperatures (b).

lose the oxygen [33]. From this investigation, it could be
considered that increase of oxygen vacancies (V) is the
cause of rapid increased in visible emission as the anneal-
ing temperature of 700-900 °C. Fig. 7(b) demonstrates the
PL intensity ratio of sol-gel ZnO thin films 250 nm thick
annealed for 2 h in air at various temperatures. The PL
intensity ratio increases with the annealing temperature of
600-700 °C and reaches to the maximum at 700 °C, after
that it decreased with the annealing temperature of 700—
900 °C. This result revealed that less defects were generated
when ZnO thin films were annealed at 700 °C in air. It is
evident that sol-gel ZnO thin films 250 nm thick annealed
for 2 h in air at 700 °C exhibit the largest improvement in
the luminescent efficiency.

4. Conclusion

ZnO thin films were prepared on sapphire (0001)
substrates by the dip-coating sol-gel technique. Then,
ZnO thin films with thicknesses of 50 nm, 150 nm,
250 nm, and 350 nm were annealed at 800 °C and with
thickness of 250 nm were annealed at 600 °C, 700 °C,
800 °C, and 900 °C, respectively. The effect of film thick-
ness and annealing temperature on the structure and
optical properties of sol-gel ZnO thin films on sapphire



L. Cui et al. /| Ceramics International 39 (2013) 3261-3268 3267

(0001) substrates were investigated by XRD, SEM, RT-
PL. All the sol-gel ZnO thin films show polycrystalline
hexagonal wurtzite structure and a high preferential c-axis
orientation. The XRD and SEM results show that the
better structural quality, high c-axis preferred orientation,
uniform, compact sol-gel ZnO thin films 250 nm thick
were obtained when annealed at 700 °C in air. Room-
temperature PL spectrum of sol-gel ZnO thin films can be
divided into the UV emission and the visible broad band
emission. The UV emission can be attributed to the near
band edge emission (NBE) and the visible broad band
emission can be ascribed to the deep level emissions
(DLE). The visible emission is suppressed with the anneal-
ing temperature of 600-700 °C. By analyzing our experi-
mental results, we assumed that the deep-level emission
corresponds to oxygen vacancies (V). The sol-gel ZnO
thin films 250 nm thick annealed for 2 h in air at 700 °C
exhibit the largest improvement in the luminescent effi-
ciency. Therefore, we suggest that film thickness of 250 nm
and annealing temperature of 700 °C are the most suitable
conditions for obtaining high quality, high c-axis preferred
orientation, uniform, compact sol-gel ZnO thin films with
good luminescence performance.
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