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Polycrystalline ZnO thin films were deposited on a glass substrate by a spray pyrolysis technique using solution of zinc 
acetate and air as the carrier gas at 400 °C temperature. 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 (>90 %), low absorbance and low reflectance in 
the visible regions. Absorption coefficient α, and the thickness of the film t were calculated from interference of 
transmittance spectra. The energy band gap, and the thickness of the films were evaluated as 3.27 eV and 0.31-0.52 µm 
respectively. The crystallographic structure of these films was analyzed with x-ray diffractometer. The films were 
polycrystalline in nature with preferred (002) orientation perpendicular to substrate surface and the grain size estimated to 
be 40 nm. The extended x-ray absorption fine structure (EXAFS) calculations above the K-edge of Zn in the ZnO thin film 
have been performed by using real-space multiple scattering of photoelectrons. For ZnO thin films, the values of the 
correlated mean square relative displacements of nearest-neighbor atoms derived from EXAFS spectra show good 
agreement with those measured from the x-ray diffraction experiments. 
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1. Introduction 
 
Zinc oxide (ZnO) is one of transparent conducting 

oxide (TCO) materials whose thin films attract much 
interest because of typical properties such as high 
chemical and mechanical stabil ity in hydrogen plasma, 
high optical transparency in the visible and near-infrared 
region [1-3]. Due to these properties ZnO is a promising 
material for electronic or optoelectronic applications such 
as solar cells (anti-reflecting coating and transparent 
conducting materials), gas sensors, liquid crystal displays, 
heat mirrors, surface acoustic wave devices etc.  [4-6]. In 
addition to the traditional applications ZnO thin films 
could also be used in integrated optics and gas sensors [7]. 
Several groups have already done much research on ZnO 
by use of various film growth techniques, including 
RF/DC magnetron sputtering [8], chemical bath deposition 
[9], reactive thermal vacuum evaporation [10], pulsed 
laser deposition [11], sol-gel method [12] and spray 
pyrolysis [13,14]. 

Spray pyrolysis is a useful alternative to the 
traditional methods for obtaining zinc oxide (ZnO) thin 
fi lms, because of its simplicity, low cost and minimal 
waste production. The spray pyrolysis process allows the 
coating of large surface and it is easy to include in an 
industrial production line. This technique is also 
compatible with mass production systems. With spray 
pyrolysis, the solution is sprayed directly onto the 
substrate. A stream of gas, e.g. compressed air, can be 
used to help the atomization of solution through the 
nozzle.  

In this study, ZnO thin films were deposited by the 
spray pyrolysis technique on glass substrates. The 
crystall inity and structure of these films were analyzed by 
X-ray diffraction. Optical properties of the fi lms were also 
investigated by ultraviolet-visible-near infrared                   
(UV-VIS-NIR) spectrophotometer. The widely used 
envelope method has been developed for transmittance 
measurements to evaluate the refractive index, extinction 
coefficient and absorption coefficient [15]. In the optical 
transmission spectrum multiple coherent reflections are 
present due to interference effect and the above parameters 
can be determined from the envelopes, Tmax and Tmin along 
the interference maxima and minima.  

One of the most useful methods allowing study of the 
local arrangement of atoms is EXAFS.  The extended x-
ray absorption fine structure showing up above the 
absorption edges of atoms in molecules, liquids and solids 
is caused by the interference of the outgoing photoelectron 
wave with parts of this wave that are backscattered from 
the neighboring atoms [16]. There has been a great interest 
in EXAFS since the development of methods for 
extracting information about local geometrical structures 
such as bond lengths and coordination numbers from 
experimental spectra [17]. Whereas the periodicity of the 
EXAFS oscil lation allows us to determine the bond 
lengths between absorbing and scattering atoms, the 
amplitudes of the fine structure contain information about 
the number of atoms that surround the absorbing atom 
[18].  
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2. Experimental details  
 
ZnO films were prepared on glass substrates by spray 

pyrolysis technique. The spray solution was 0.2 M 
Zn(CH3C00)2·2H20 (zinc acetate), isopropyl alcohol and 
distillated water (volume ratio 3 to 1). The carrier gas 
(compressed air) and solution are fed into a spray nozzle at 
a pre-adjusted constant atomization pressure. The flow rate 
of solution was 8 ml/min and the substrate temperature 
was held constant at 400 °C. The nozzle to substrate 
distance was 25 cm and diameter of nozzle was 0.3 mm.  

The optical properties of ZnO films were carried out 
with a double beam spectrophotometer (Perkin Elmer 
Lambda 2S) in the UV/VIS/NIR regions. The optical 
transmittance at normal incidence was recorded in the 
wavelength range of 300-1100 nm. Swanepoel’ s envelope 
method was employed to evaluate the optical constants 
such as the refractive index n, extinction coefficient k, and 
absorption coefficient α from transmittance spectra [15]. 
The thickness of ZnO fi lms was determined from 
interference fringes of transmission data measured over 
the visible range. The structure and lattice parameters of 
ZnO films were analyzed by a Rigaku RadB X-ray 
diffractometer (XRD) with Cu Kα1 radiation with                     
λ =1.54056 

�
 (30 kV, 15 mA, scanning speed = 6°/min).  

 The full multiple scattering approach was applied to 
the calculation of Zn K edge EXAFS spectra of hexagonal 
wurtzite ZnO thin film. In the calculations one Zn atom 
was selected as an absorber, the thickness of sample was 
10 Å and the cluster contains 340 atoms (Zn, O). The 
calculations are based on different choices of one electron 
potentials according to Zinc coordination by using FEFF 
8.0 code which is based on the real space multiple 
scattering approach [19,20].   

 
 
3. Results and discussion  
 
Fig. 1 shows the X-ray diffraction pattern of ZnO thin 

fi lm deposited at 400 oC only with one sharp and three 
small peaks present. Diffraction pattern was obtained with 
2θ from 10° to 70° at 6° glancing angle. The XRD pattern 
of the film shows that the fi lm is crystallized in the 
wurtzite phase and presents a preferential orientation along 
the c-axis. The result is in agreement with the literature 
(JCPDF card no 36-1451). The strongest peak observed at 
2θ = 34.39° (d = 0.260 nm) can be attributed to the (002) 
plane of the hexagonal ZnO. The (101), (102) and (103) 
peaks were also observed at 2θ = 36.17°, 47.47° and 
62.78°, respectively but these peaks are of much lower 
intensity than the (002) peak. The c-axis lattice constant of 
the ZnO thin fi lm was calculated from XRD data as             
5.21 

�
. The grain size g can be estimated using the 

Scherrer’s formula: 
 

( ) θθ
λ

cos2

94.0

∆
=g                            (1) 

where λ is the x-ray wavelength (1.54056 
�

), θ  and 

( )θ2∆  are the Bragg diffraction angle of the XRD peak 
in degree and the full width at half maximum (in radian) of 
(002) diffraction peak respectively [21]. The crystalli te 
size is estimated about 40 nm. 
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Fig. 1. X-ray diffraction pattern of ZnO film deposited on 

glass substrate at 400 oC. 
 
 

Fig. 2 shows the optical transmittance spectrum of 
ZnO thin film in the wavelength range from 300 to             
1100 nm. The fi lms are highly transparent in the visible 
range of the electromagnetic spectrum with an average 
transmittance values up to 95 %, and present a sharp 
ultraviolet cut-off at approximately 380 nm.  
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Fig. 2. UV/VIS/NIR transmission curve of ZnO film. 

 
 

The thickness of the film was calculated using the 
following relation: 
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where n(λ1) and  n(λ2) are the refractive indices at the two 
adjacent maxima (or minima) at λ1 and  λ2. The zinc oxide 
fi lm thickness was found to be 0.52 µm.  

The optical constants such as refractive index n and 
extinction coefficient k were determined from a 
transmittance spectrum (Fig. 2) using envelope method. 
The refractive index can be calculated from the following 
equations: 

( ) 2
1

2
1

22 ������ −+= snNNn , 

( ) ( )
minmax

minmax
2

2
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TT

TT
n

n
N s
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+

+
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where ns is the refractive index of the substrate. Tmax and 
Tmin are maximum and minimum transmittances at the 
same wavelength in the fitted envelope curves on the 
transmittance spectrum. The extinction coefficient can be 
also calculated by the following equations: 
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where α is the absorption coefficient and t is the fi lm 
thickness. λ1 and λ2 are the wavelengths at the two 
adjacent maxima or minima. The optical constants such as 
refractive index n and extinction coefficient k were 
determined from a transmittance spectrum by envelope 
method as explained in the previous section. The 
variations of refractive index n and extinction coefficient k 
with wavelength in the region 400 nm-1100 nm are shown 
in Fig. 3 and Fig. 4. 
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Fig. 3. Plot of refraction index (n) as a function of wavelength. 
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Fig. 4. Plot of extinction coefficient (k) as a function of 

wavelength. 
 

 
The absorption coefficient α of ZnO films was 

determined from transmittance measurements. Since 
envelope method is not valid in the strong absorption 
region, the calculation of the absorption coefficient of the 
film in this region was calculated using the following 
expression: 

 

  )ln(
1

T
t

−=α                             (6) 

  
where T is the normalized transmittance, t is the fi lm 
thickness. These absorption coefficients values were used 
to determine optical energy gap. Fig. 5 shows the plot of 

α2 vs. hν, where α is the optical absorption coefficient and 

hν is the energy of the incident photon. The energy gap 
(Eg) was estimated by assuming a direct transition between 
valence and conduction bands from the expression 
 

( ) 21
gEhKh −= ννα                    (7) 

 
where K is a constant, Eg is determined by extrapolating 

the straight line portion of the spectrum to αhν = 0. From 
this drawing, the optical energy gap, Eg = 3.27 eV is 
deduced. This value is slightly smaller than the bulk value 
of 3.31 eV [22] and in good agreement with previously 
reported data of ZnO thin film [23]. Table 1 shows some 
results for the comparison, we conclude that spray 
pyrolysis is a suitable film deposition technique to obtain 
very similar properties.  
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Fig. 5. Plot of � 2 vs. photon energy νh for ZnO thin film. 

 
 

Table 1. 
 

                          Grain size Band gap Thickness Refractive 
index 

Gumus 
et al. 

40 nm 3.27 eV 520 nm 2.09-1.81 

[8] 25-48 nm 3.24 eV 450 nm 1.93 
[13] 14.6 nm 3.31 eV   
[24] 23 nm  650 nm  
[25] 60 nm 3.11 eV 600 nm  
[26] 30-36 nm 3.28 eV   
[27]  3.20  eV  2-1.87 

 
 
In addition to the experimental measurements, we also 

performed EXAFS calculation to determine precise the 
distances of atomic species from a selected Zinc atom. Fig. 
6 displays the Fourier Transform of the energy signals of 
the scattering intensities, the radial distribution function 
(RDF). The calculated mean square disorder is σ2 = 4.506. 
10-4 nm2. To get the atomic distances precisely, we made 
fits for the singly scattering paths which are calculated for 
the EXAFS of ZnO. All distances are determined from the 
Zn atom located at the origin. The first peak in Fig. 6 
shows the distances of 3 Oxygen atoms (Zn-O) at            
0.206 nm. The second and the third peak intensities are 
superposition of different signals from the atomic groups 
which are located closer to each other. The second peak 
contains the signals from 5 O atoms at 0.262 nm which is 
the shortest Zn-Zn bond length and 6 Zn atoms at a 
distance of 0.328 nm. The third intense peak contains 
signals from, 3 O atoms at a distance of 0.387 nm, 3 O 
atoms at 0.393 nm, 3 O atoms at 0.420 nm. The most 
intense contribution to the signal of third peak comes from 
the 12 Zn atoms located at 0.420 nm far from the Zn atom 
at the origin.  
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Fig. 6. EXAFS calculated radial distribution function of  
ZnO thin film. 

 

4. Conclusion 
 
Highly transparent ZnO thin films were successfully 

prepared by the spray pyrolysis technique on glass 
substrate at 400 °C using solution of zinc acetate and air as 
a carrier gas. The X-ray diffraction analysis showed that 
film is polycrystalline in nature. The deposited films 
exhibit excellent crystalline structure with (002) 
preferential orientation. The grain size is estimated to be 
40 nm. The EXAFS calculation for ZnO thin film is in 
good agreement with the experimental results. Optical 
measurements show that the film possesses high 
transmittance over 90 % in the visible region and sharp 
absorption edge near 380 nm. Envelope method was 
employed to calculate the refractive index and extinction 
coefficient as a function of wavelengths. The film has a 
direct band gap with an optical value of 3.27 eV which is 
close to the previously reported value (3.28 eV) [26].  
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