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Abstract
Highly transparent and conducting sol-gel derived ZnO
thin �lms were deposited using spin coating method
onto a glass substrate. The deposited �lms were
post-heated at di�erent temperatures between 250◦C
and 550◦C. The in�uence of post-heating temperatures
on the optoelectronic properties were investigated.
Experimental results showed the polycrystalline nature of
the �lms with a hexagonal wurtzite structure, preferably
oriented along c-axis. The crystallinity of the ZnO thin
�lms improved after post-heat treatment. The average
optical transmittance of the �lms increases from 67% to
89% as the post-heating temperature is increased from
250◦C to 450◦C. The Photoluminescence (PL) spectra
shows a dominant UV emission peak around 378 nm
due to free exciton emission and a broad peak at ∼ 522
nm is due to non-stoichiometric intrinsic defects. The
electrical resistivity decreased after post-heat treatment.
A minimum resistivity of 4.92 ×10−2 Ω cm was obtained
after the �lm was heated at a temperature of 450◦C.
The results show that the post-heating treatment is a
signi�cant parameter which in�uences the properties of
sol-gel derived ZnO thin �lms making it suitable for
transparent electronics.

1 Introduction

ZnO is a multifunctional n-type semiconductor material
due to its unique optical and electrical properties. It
is a promising alternative TCO material for a high-
cost ITO thin �lm and possess novel properties such as
large exciton binding energy (60meV), wide and a direct
band gap (3.37eV), high refractive index and excellent
chemical and thermal stability [1-3]. Thin �lms of ZnO
are widely used in the optoelectronic device applications
such as organic light-emitting diodes(LED), liquid crystal
displays (LCD), antire�ection coating in the solar cell
industry and transparent thin-�lm transistors, etc. [4-
7]. These applications entail ZnO �lms with higher
optical transmittance and lower resistivity over the visible
wavelength region. It is well known that the quality
and properties of thin �lms depend on various process

parameters, such as the deposition rate, thickness of the
�lm, the molar concentration of the starting solution
and post-heat treatment, etc. Therefore, to enhance the
functionality of ZnO thin �lms, the e�ect of preparation
conditions and parameters on the properties has to
be studied for its economic and e�ective technological
applications.

A variety of techniques have been used to fabricate
ZnO thin �lms such as pulsed laser deposition (PLD),
RF/DC magnetron sputtering, chemical vapor deposition,
sol�gel and spray pyrolysis, etc. [8�12]. Among these
methods, the sol-gel spin coating technique has several
bene�ts of controllability of compositions, simplicity in
processing, safety, homogeneity and low cost of the
equipment and raw materials. In the present study, we
show that the post-heating treatment is an important
parameter which enhances the optoelectronic properties
of sol-gel derived spin coated ZnO thin �lms making it
suitable for transparent electronics.

2 Experimental

ZnO thin �lms were deposited by the sol-gel spin coating
method on a glass substrate (Corning 1737). Zinc acetate
dehydrate (Zn(COOCH3)2-2H2O)was used as the starting
salt material. 2-methoxyethanol and Monoethanolamine
(MEA) were used as solvent and stabilizing agent,
respectively. The molar ratio of MEA to zinc acetate
was maintained at 1.0 and the total concentration of the
sol was maintained at 0.5 mol L−1. The solution was
stirred at 50◦C for 1 hour using a magnetic stirrer to form
a clear and homogeneous solution. The glass substrate
was cleaned using standard cleaning procedure and then
ZnO �lms were spin-coated on the glass substrate at
room temperature with a spinning rate of 3000 rpm for
30 seconds. The deposited thin �lms were preheated at
150◦C for 10 min to evaporate the solvent and to remove
organic residuals. The �lms with desired thickness were
achieved by multiple spin-bake processes and then the
�lms were post-heated at 250◦C, 350◦C, 450◦C and 550◦C
in the air for an hour.
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The crystalline structures and orientations of ZnO
thin �lms were investigated by RigakuMini�ex 600 Table
Top Powder X-ray di�ractometer using Cu Kα radiation
having a wavelength of 0.154059 nm. The surface
topography of the �lms was studied using the atomic
force microscope (AFM-Nanosurf Easy Scan 2). An
Ellipsometer is used to measure the �lm thickness.
Optical transmittance of the �lms was measured by a
UV�visible spectrophotometer (SHIMADZU 1800) in the
wavelength range 300-800 nm. The photoluminescence
(PL) of the �lm was measured using a PL spectrometer.
A He-Cd laser with a wavelength of 325 nm was used for
the excitation of the samples. Electrical properties of the
�lms were studied using the van der Pauw method and
the Hall measurement system. The measurements were
carried out in air and at room temperature.

3 Results and Discussion

3.1 Structural Properties

The X-ray di�ractograms of ZnO thin �lms, post-heated
at di�erent temperatures are exhibited in Figure 1. XRD
pattern shows that all the �lms have polycrystalline and
hexagonal wurtzite structure with a (0 0 2) preferred
orientation [13]. It is known that the preferred orientation
is due to the internal stress and minimization of surface
energy [14]. The c-axis orientation might have resulted
from the lowest surface energy found along the (0 0 2)
plane and the higher atomic packing density along the
same plane[15]. The intensity of (0 0 2) peak gradually
increased with the increasing post-heating temperature
up to 450◦C. This indicates that the crystallinity of
ZnO �lms enhanced by increasing the post-heating
temperature up to 450◦C. A further increase in the
temperature deteriorates the crystallinity of the �lm. The
grain size of the �lm is calculated from the full width at
half maxima (FWHM) of the (002) peak using the XRD
patterns and Debye�Scherrer's formula [16]

D =
0.9λ

βcosθ
(1)

where D is the grain size, λ is the X-ray wavelength
(0.154059 nm), β is the full width at half maximum of
the peak in radians and θ is the angle of di�raction. The
larger D values indicate the improved crystallization of
the thin �lm. The lattice constant `c' can be calculated
by the following formula:
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The values of FWHM, grain size and the lattice
constants are shown in Table 1. It can be seen that, when
the post-heating temperature is increased from 250◦C
to 450◦C, the FWHM decreases. The trend of FWHM
values indicate the improved crystallinity and crystal size
of the ZnO thin �lms. The reason for the increase in the
grain size may be because; the thermal treatment leads to
coalescence of small grains by grain boundary di�usion,
which results in major grain growth [17]. The observed
deviation of the lattice constants from the standard values

of ZnO can be attributed to the presence of the lattice
strain in the thin �lms.

Figure 1: XRD patterns of ZnO thin �lms post-heated at
di�erent temperature.

Table 1: Structural properties of ZnO thin �lms at
di�erent post-heating temperature.
Post-heating

Temp.
FWHM
(o)

D
(nm)

d
(Å)

C
(Å)

Sa
(nm)

250◦C 0.332 25.074 2.599 5.199 22.346
350◦C 0.304 27.360 2.603 5.206 12.834
450◦C 0.294 28.223 2.605 5.210 6.293
550◦C 0.302 27.513 2.615 5.230 11.982

Three-dimensional AFM images of ZnO �lms post-
heated at di�erent temperatures are depicted in Figure
2. It can be seen that the ZnO grains get more and more
uniform when the post-heating temperature is increased
from 250◦C to 450◦C and the surface roughness decreases
steadily (Table 1). However, on further increase in
the temperature, the grains become smaller and surface
roughness increases. A rougher surface certainly leads to
a more severe surface scattering, which in turn leads to a
further decrease in the carrier mobility.

Figure 2: Three-dimensional AFM images of ZnO thin
�lms deposited at di�erent post-heating temperature.
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3.2 Optical Properties

The optical transmittance spectra of the ZnO �lms
deposited at various post-heating temperatures are
compared in Figure 3(a). All the �lms exhibited
transparency, higher than 67% in the visible region. The
average transmittance was calculated from transmittance
spectra between 350-800 nm wavelengths. It was found
that the average transmittance of the �lms increases
with post-heating temperature and can be attributed to
an improvement in the crystallinity and the structural
homogeneity of the �lms [18]. A blue shift of the
absorption edge of the �lm was observed. This shift of
the absorption edge may be ascribed to the di�erence in
grain size.

Figure 3: (a) Transmittance spectra (b) Plots (αhυ)2
versus hυ of ZnO thin �lms with di�erent post-heating
temperatures.

The optical band gap value (Eg) can be obtained by
the absorption coe�cient (α) and photon energies (hυ)
using the equation [19]

(αhυ)2 = A(hυ − Eg) (3)

where hυ is the energy of the incident photon and A
is the absorption edge width parameter. The absorption
coe�cient can be estimated using the relation [20]

α =
2.303A

d
(4)

where `A' is the absorbance and `d' is the �lm thickness
of the �lm. The values of the direct band gap were
determined by plotting (αhυ)2 against hυ and by linear
extrapolation of (αhυ)2 on hυ axis (Figure 3(b)). It can
be seen that the band gap extends from 3.156 eV up
to ∼3.239 eV as the post-heating temperature increases
from 250◦C up to 450◦C. In general, changes in the optical
band gap energy of �lms have been related to the internal
stress, variations in the mean crystallite size, and/or
the free carrier concentration [21�22]. For the present
samples, the observed widening of the band gap might
have resulted due to the changes in the carrier density,
well known as Burstein-Moss e�ect [23].

The room temperature Photoluminescence (PL)
spectra (Figure 4) shows a dominant UV emission peak
around 378 nm (3.29 eV) and a broad green emission
peak in the visible range 522-535 nm (2.38-2.32 eV).
The band emission in the UV range is due to excitonic
recombination, while the band emission existing at the
visible range is due to the recombination of deep-level
holes and electrons [24]. All of the deep-level emissions
correlate to the defects arising during the growth of
crystallites in the �lm and are related to the change
of crystallinity due to zinc interstitials, zinc vacancies,
oxygen interstitials, oxygen vacancies, and dislocations
[25-26].

Figure 4: Room temperature PL spectra of ZnO thin �lms
post-heated at di�erent temperatures.

When the post-heating temperature increased to
450◦C, the intensity of the UV emission peak is
also increased. This indicates that the post-
heating temperature improves the crystal quality by
homogenizing the �lm. Post heating temperature also
a�ects the broad green emission. The ZnO �lms post-
heated at 450◦C exhibits the strongest green emission
compared to the other �lms. Generally, the green
emission results from oxygen vacancy [27]. Therefore,
the increase in the intensity of the green emission may
be attributed to the increased concentration of oxygen
vacancies in the zinc oxide �lms due to post-heating
treatment. However, a further increase in the post-
heating temperature decreases the oxygen vacancies and
therefore the intensity of green emission decreases. The
shift in the green emission band towards the blue region
with an increase in post-heating temperature, con�rms
the widening of the energy band gap.

3.3 Electrical Properties

The variation of electrical resistivity, mobility and carrier
concentration of ZnO �lms post-heated at di�erent
temperatures are shown in Figure 5.

It can be seen that the resistivity (ρ) decreases
and the carrier concentration and mobility increase with
increasing the post-heating temperature up to 450◦C. It
is well known that in nonstoichiometric ZnO the n-type
conductivity is due to the presence of oxygen vacancies
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and zinc interstitials. The reason may be because the
electrical conductivity of ZnO directly depends on the
electron density. Moreover, the electrons formed by
the ionization of the interstitial zinc and the oxygen
vacancies will a�ect the electrical conductivity of ZnO.
Therefore, the decrease in electrical resistivity in the
present study might have resulted from the increase in
electron concentration in the �lm. A minimum resistivity
of 4.92 x 10−2 Ω cm was obtained after the �lm was
heated at a temperature of 450◦C and the corresponding
carrier concentration was 1.075 x 10−19 cm−3. It can be
observed that the mobility and the grain size are linearly
dependent, resulting in high mobility for the larger grain
size of the �lms.

Figure 5: Variation of electrical properties of ZnO �lms
post-heated at di�erent temperatures.

4 Conclusions

Transparent and conducting ZnO thin �lms were
deposited onto a glass substrate using sol-gel spin coating
method. The e�ects of post-heating temperatures on
the optoelectronic properties of the ZnO �lms were
investigated. Experimental results showed that the post-
heating temperature a�ected the morphological, electrical
and optical properties of the �lms. Highly c-axis oriented
ZnO thin �lms were obtained at 450◦C. The ZnO �lm
post-heated at 450◦C showed the maximum transmittance
about 89% and minimum resistivity of 4.92 x 10−2 Ω cm.
The results indicate that the post-heating treatment is an
important parameter which in�uences the properties of
sol-gel derived ZnO thin �lms for transparent electronics.
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