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Fabrication and properties of zinc oxide thin film
prepared by sol-gel dip coating method
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ZnO thin films were deposited on a glass substrate by dip coating technique using a solution of zinc acetate, ethanol and
distilled water. Optical constants, such as refractive index n and extinction coefficient k, were determined from transmittance
spectrum in the ultraviolet-visible-near infrared (UV-Vis-NIR) regions using envelope methods. The films were found to exhibit
high transmittance, low absorbance and low reflectance in the visible regions. Absorption coefficient o<, and the thickness of
the film t were calculated from interference of transmittance spectra. The direct optical band gap of the films was in the range
of 3.98 to 3.54 eV and the thickness of the films was evaluated in the range of 173 to 323 nm, while the refractive index slightly
varied in the range of 1.515 to 1.622 with an increase in withdrawal speed from 100 to 250 mm/s. The crystallographic structure

of the films was analyzed with X-ray diffractometer. The films were amorphous in nature.
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1. Introduction

Zinc oxide (ZnO) is a wide band gap II — VI
semiconductor which exhibits a hexagonal wurtzite
structure. Transparent conductive ZnO has become
the focus of attention as a substitute material for
optically transparent electrodes in electronic de-
vices. Conductive and transparent ZnO films have
low electrical resistance and high optical transmit-
tance comparable with those of indium tin oxide
(ITO) films as reported by some authors [1, 2]. ZnO
films are applied as alternatives to ITO electrodes
for liquid crystal display (LCD) panels. Several re-
searchers have prepared the ZnO thin films via sol-
gel dip coating for studying the structural, electri-
cal, optical properties and surface studies [3-5] be-
cause this method can be used for the production
of oxide transparent films with uniform surface [6].
The dip coating is a simple method for deposition
of thin films in which the films thickness can be
easily controlled [7, 8].
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The aim of the present project was to deposit
thin films for optoelectronic applications. ZnO thin
films are the most promising candidates for the
Transparent Conducting Oxide (TCO) compound
solar cells. Hence, in this project, thin films of
ZnO were deposited by sol-gel dip coating tech-
nique and their properties were tailored by chang-
ing withdrawal speed of substrate. The withdrawal
speed varied from 100 to 250 mm/s. Such values of
withdrawal speed are the novelty and a characteris-
tic feature of this project.

2. Experimental

Sol gel method was used to prepare zinc
oxide thin films. Zinc acetate dihydrate (Zn
(CH3COO0),-2H,0), absolute ethanol and distilled
water (H,O) were used as a starting material, sol-
vent and stabilizer, respectively. 0.5 M solution was
prepared by dissolving 1 g of zinc acetate dehy-
drate in 10 mL of absolute ethanol, after which
the solution was stirred vigorously using a mag-
netic stirrer for 1 hour on a hot plate at 60 °C. Ini-
tially the solution was milky but after stirring for
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approximately 20 minutes the solution became ho-
mogeneous, transparent and stable. After stirring
for about 1 hour the solution was allowed to cool,
and 10 mL of water was added, drop by drop into
the solution, and again the solution was stirred con-
tinuously for 3 hours at 100 °C. The water was
added to keep the sol stable and clear for a period
of 60 days. The sol was aged for 24 hours and then
dip-coating was carried out. In this study, soda-lime
glass substrates were used. The substrates were
washed with a detergent and ultrasonically cleaned
in acetone and then in isopropanol. Thin films of
ZnO were deposited at varying withdrawal speed of
100, 150, 175, 200 and 250 mm/s. Each layer of as-
prepared films was dried at 80 °C in air for 15 min-
utes. The dipping process was conducted 3 times
after each layer cooling down to room temperature.
Finally, all the films were calcined at 350 °C in air
for 1 hour to ensure that all organic species were
expelled from the films.

The crystal structure of the films was exam-
ined with an X-ray diffractometer Bruker XRD
model D8 Discover (Germany) in the 20 range
of 30 to 60 degree. The morphology and rough-
ness were evaluated with a scanning electron mi-
croscope (SEM) (S-3400N, Hitachi) and optical
transmission spectra of ZnO films were measured
with an UV-Vis spectrophotometer (UV-Vis, HI-
TACHI U-2800) in the wavelength region of 200 to
900 nm. Transmission vs. wavelength was taken by
Fourier Transform Infrared Spectroscopy (FT-IR)
Model M 2000 Midac, USA.

3. Results and discussion

3.1. FT-IR

An FT-IR spectrum in Fig. 1 indicates the for-
mation of ZnO by the sol-gel method and thermal
annealing treatment. Bonding between Zn—O is in
the range of 400 to 700 cm ™. It means that 404 and
702 cm~! clearly represent the ZnO bonds. Previ-
ous researches found the ZnO peak between 464
and 419 cm™! [9-11]. Bands formed at 1385 and
1602 cm™~! are attributed to symmetric and asym-
metric C=0 bonds vibrations, respectively [12].
The band at 2329 cm™! is due to O=C=0 mode
of vibration [13].
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Fig. 1. FI-IR spectrum of thin films of ZnO showing
Zn-O bonding at 428.12 cm™!.
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Fig. 2. XRD pattern of ZnO thin films intensity versus
20.

3.2. XRD analysis

XRD analysis, the results of which are shown in
Fig. 2, shows amorphous nature of ZnO thin films
with no Bragg peaks detected. The degree of the
crystal orientation was too low to facilitate crys-
tal growth. The vaporization of the organic solvents
and the decomposition of the zinc acetate may take
place almost simultaneously. Abrupt solvent va-
porization and acetate decomposition which take
place before the crystallization provide a chance
for structural relaxation of ZnO thin films, which
also disturbs the unidirectional crystal growth [14]
leading to amorphous films.
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3.3. Optical properties

In order to investigate the optical properties of
thin films at various withdrawal speeds, the trans-
mittance was measured as a function of wavelength
in the range of 200 to 900 nm as shown in Fig. 3.
The films show the transmittance higher than 95 %
in the visible region at the withdrawal speed of
100 mm/s which decreases as the withdrawal speed
increases. The transmission decreases because the
film thickness increases with the increase in with-
drawal speed. The decrease in transmittance may
be due to increasing optical scattering caused by in-
creasing grain boundary density deposited at higher
withdrawal speed. Films deposited at a high speed
are dense and compact, hence, having larger val-
ues of refractive indices. According to Landau and
Levich relationship:

h=0.94((nUo)*" /yv'/*(pg)'* (1)
where 1 is viscosity of sol, yry'/° is liquid-surface
tension, p is the density, h is the thickness of thin
films and Uy is withdrawal speed which are directly
propotional to each other. Hence, with an increase
in withdrawal speed, the thickness of thin films
increases.
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Fig. 3. Transmission spectra of ZnO thin films de-
posited at (a) 100, (b) 150, (c) 175, (d) 200 and
(e) 250 mm/s withdrawal speed of substrate.

By interpreting the transmission curve, the
thickness of the films was calculated using

envelope method [15]. The optical absorption co-
efficient «< was calculated from equation:

o= 1/tIn{(1—R)*+SORT[(1 - R)* +4R*T?]}

(2)
where t is thickness of thin film, T is transmittance
and R is reflectance.

The fundamental absorption, which corre-
sponds to the transition from valence band to con-
duction band, can be used to determine the optical
band gap (E;) by the equation below:

«<= A(hv —E,)"/hv 3)
where n = 0.5 for direct transition, n = 2 for indi-
rect transition, A is a constant, h is Planck’s con-
stant (6.62 x 1073* J.s) and v is frequency of inci-
dent photon [16]. The ZnO is a direct band gap ma-
terial and so (c><hv)2 vs. E (or hv) has been plotted
to calculate band gap of ZnO thin films deposited
at various withdrawal speeds. Table 1 shows the
changes in band gap of ZnO thin films caused by
changing withdrawal speed. The ZnO thin films de-
posited at withdrawal speeds of 100, 150, 175, 200
and 250 mm/s gave the optical band gap of 3.98,
3.97,3.85, 3.83 and 3.54 eV, respectively, as shown
in Fig. 4.

The absorption edge blue shift is due to the
poor crystallinity of ZnO thin films grown at vary-
ing withdrawal speed of the substrate. The physical
model of the structure can be imagined as many
nano-crystalline grains fixed in an amorphous ZnO
lattice. The inter-atomic distance in an amorphous
structure would be longer and more disordered
than in the crystalline structure, due to the lack
of long-range translational periodicity. As amor-
phous ZnO phase increases in the films grown at
increasing withdrawal speed, the extended localiza-
tion in the conduction and valence bands increases.
In consequence, the absorption of photon is gov-
erned by amorphous ZnO, hence, the absorption
edge is blue shifted [17]. The band gap is depen-
dent on film thickness. Band gap of thin films is
a function of reciprocal of square of their thick-
ness [18-20]. So, the band gap decreased with an
increase in a film thickness (Table 1). The film
thickness was found to be in the range of 173
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Fig. 4. The evolution of (e<)? vs. E (or hv) curves of ZnO thin films at different withdrawal speeds (a) 100, (b)
150, (c) 175, (d) 200 and (e) 250 mm/s, respectively.
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Fig. 5. Plot of extinction coefficient k as a function of
photon energy for ZnO films deposited by dip-
coating and withdrawn at (a) 100, (b) 150, (c)
175, (d) 200 and (e) 250 mm/s, respectively.

to 323 nm and refractive index slightly varied in
the range of 1.515 to 1.622 with an increase in

withdrawal speed from 100 to 250 mm/s. Table 1
shows variations in thickness, refractive index and
extinction coefficient with withdrawal speed.

The absorption coefficient & and the extinction
coefficient k are related by the formula k = aA/47.
Extinction coefficient has been evaluated for dif-
ferent withdrawal speeds and the results are shown
in Fig. 5. Extinction coefficient follows Sellmeier’s
dispersion relation and it increases with an increase
in withdrawal speed of substrate. Furthermore, it
displays a decrement in an ultraviolet spectral re-
gion and an increment in visible spectral region.

3.4. Surface studies

Surface morphologies of ZnO thin films pre-
pared at different withdrawal speeds are presented
in Fig. 6. Highly porous nanostructures in the
Zn0 films can be demonstrated by the SEM ob-
servations. The films are granular in appearance.
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Table 1. Thickness and optical properties of ZnO thin films at various withdrawal speeds.

Withdrawal Thickness Refractive Extinction Band gap

speed (mm/s) nm index n coefficient k E, (eV)
100 173 1.515 0.00022 3.98
150 220 1.520 0.00095 3.97
175 243 1.591 0.00114 3.85
200 263 1.603 0.0013 3.83
250 323 1.622 0.03 3.54

Fig. 6. SEM images of thin films of ZnO deposited at a withdrawal speed of (a) 100, (b) 150, (c) 175, (d) 200 and
(e) 250 mm/s, respectively.



520

ZOHRA NAZIR KAYANI et al.

A non-spherical shape and faceted morphology of
these grains may be due to their crystallographic
symmetry of the wurtzite ZnO and a preferred
growth direction during deposition. At a high with-
drawal speed, the liquid film has a high concen-
tration of sol that is converted into particles which
then agglomerate together during the heating pro-
cess. It is why the grain size in the thin films in-
creased from 81 to 288 nm with the increase in
withdrawal speed from 100 to 250 mm/s as it is
shown in Fig. 6.

4. Conclusion

The ZnO thin films were successfully prepared
by sol-gel dip-coating method. All films were
dipped three times, withdrawn at speeds of 100,
150, 175, 200 and 250 mm/s and calcined at 350 °C
in air for 1 hour. The films exhibited amorphous
structure. Moreover, these ZnO thin films had a
large optical band gap of 3.98, 3.97, 3.85, 3.83 and
3.54 eV at withdrawal speeds of 100, 150, 175, 200
and 250 mm/s, respectively. These thin films are ef-
ficient UV absorbers and moderate-weak absorbers
of visible light. The amorphous phase in ZnO films
is considered to be the cause of the blue shift in
optical band gap. Thickness and refractive index
of the thin films can be tailored using suitable sol,
withdrawal speed and number of dips. Therefore,
the sol-gel technique and dip coating seem to be
powerful means to fabricate wide gap semiconduc-
tors with unique optical properties.
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