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Abstract. In this work, ZnO thin films have been prepared by spray pyrolysis deposition method
on the glass substrates. The effect of deposition parameters, such as deposition rate, substrate
temperature and solution volume has been studied by X-ray diffraction (XRD) method, UV–Vis–
NIR spectroscopy, scanning electron microscopy (SEM), and electrical measurements. The XRD
patterns indicate polycrystalline wurtzite structure with preferred direction along (0 0 2) planes.
Thin films have transparency around 90% in the visible range. The optical band gap was determined
at 3.27 eV which did not change significantly. Evolution of electrical results containing the carriers’
density, sheet resistance and resistivity are in agreement with structural results. All the results
suggest the best deposition parameters are: deposition rate, R = 3 ml/min, substrate temperature,
Ts = 450◦ C and thickness of the thin films t = 110–130 nm.
Keywords. ZnO; spray pyrolysis; X-ray diffraction; thin films.
PACS Nos 68.55.ag; 78.66.Hf; 73.61.Ga; 77.55.hf

1. Introduction
Transparent conducting oxides (TCO) are the focus of research in the last decade because
of the combination of their high transparency due to their wide band gap [1] and high
conductivity which leads to their applications in electronics, photovoltaics, catalysis and
gas sensors [2,3]. These materials are also used in optoelectronic devices such as solar
cells [4], liquid displays [5] and light emitting diodes [6]. TCOs are already commercialized and the most famous of them is the indium tin oxide (ITO) because of its
transparency and conductivity. But, doped ZnO films are considered as a replacement
of ITO due to its nontoxicity and abundance. Due to native defects, undoped ZnO is an
n-type wide and direct band-gap (3.37 eV at 300 K) semiconductor with a large exciton
binding energy (60 meV) and strong luminescence emission in ultraviolet (UV) domain.
These properties make it a potential candidate for application in the field of solar cells
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[7], transparent electrodes [8], diluted magnetic semiconductors [9] and nanopiezotronics
[10]. Optical and electrical properties of ZnO may change by doping with different elements [11]. Different methods were used for fabricating ZnO thin films [12]
and nanostructures [13] but few results are reported concerning spray pyrolysis method
[14–16].
In this work, by a systematic study we tried to find optimal parameters for fabricating
the best ZnO thin films designed for structure and optical properties. We investigate the
effect of the deposition parameters, such as deposition rate, substrate temperature and
solution volume (thickness) on the physical properties of ZnO thin films prepared by
spray pyrolysis.

2. Experimental procedures
2.1 Spray conditions
ZnO thin films were prepared on the glass substrates by spray pyrolysis technique. Before
deposition, the substrates were cleaned with normal detergent and deionized distilled
water and then rinsed by 2-propanol. The spraying set-up consisted of scanning nozzle placed 35 cm apart the heated substrates with adjustable spray flow rate; the carrier
gas was dry air at 3 atm pressure. The substrates were installed on a hot plate rotating at 5
rpm. The initial spraying solution was 0.15 mol/l of zinc acetate (Zn(CH3 COO)2 )·2H2 O)
dissolved in water and 2-propanol solution with 1 : 3 ratio as a solvent. For studying
the influence of deposition parameters, the samples were prepared in different conditions. In each stage of the spray, all the spray parameters except one were fixed and
only one parameter was changed. In this work, spraying rate (R) was changed between
1 and 10 ml/min for substrate temperature Ts = 450◦ C and solution volume V = 100 ml.
The substrate temperature was changed between 350 and 500◦ C for R = 3 ml/min and
V = 100 ml and solution volume is changed between 100 and 300 ml for R = 3 ml/min
and Ts = 450◦ C.

2.2 Characterization
For the structural study of the films, XRD patterns of the ZnO thin films were recorded
by D8 Advance Bruker system using CuKα (λ = 0.15406 nm) radiation. The average
crystallite size (D) was calculated using the Scherrer’s formula [17]:
D=

kλ
,
β cos θ

(1)

where β is the full-width at half-maximum (FWHM) of the corresponding XRD peak
at radiant, k is a constant (≈0.9) and θ is the Bragg angle. Surface morphology and
cross-section of the films were observed by Philips XL-30 SEM system. The optical
measurements were carried out in the range of 190–1100 nm using Unico 4802 spectrophotometer system. The direct energy band gap (E g ) of the prepared films was obtained
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by extrapolating the linear part of the (αhν)2 curve vs. photon energy (hν) and using the
Tauc equation [18]:


(αhν)2 = A hν − E g ,

(2)

where α and E g are the absorption coefficient and the band gap energy, respectively, and
A is a constant. The sheet resistance (Rs ) of the films was measured by two-point probe
method using thermally evaporated aluminum electrodes. Using the measured thickness
of the thin films and Rs data, the resistivity was calculated using the relation ρ = Rs × t
where t is the thickness of the films. The type of the major carrier (n or p) was determined by Hall effect experiment. The carrier density was calculated using the following
equation [17]:
Nn,p =

IB
,
|q| VH t

(3)

where I, B, t, q and VH are the measured current, magnetic flux density, the thickness of
the films, electron charge and Hall voltage, respectively.
To find the optimal deposition rate, the substrate temperature and the solution volume,
several sets of samples were prepared by changing one parameter and keeping the other
parameters fixed (see table 1). For obtaining the optimal deposition rate, a set of samples
were prepared by changing the rates from 1 to 10 ml/min keeping substrate temperature
at 450◦ C and the solution volume as 100 ml. To study the effect of substrate temperature, ZnO thin films were prepared at different substrate temperatures (400–550◦ C) in
optimal deposition rate from the first set of experiments. The influence of the thickness
was studied by keeping the substrate temperature and deposition rate fixed and changing
the solution volume as 100, 200 and 300 ml.

3. Results and discussion
3.1 Structural properties
Figure 1a represents the XRD patterns of the ZnO thin films. As illustrated, for deposition rates down to 5 ml/min, the films have the wurtzite polycrystal structure of ZnO
with preferred orientation along [0 0 2] at 2θ = 34.49◦ (JCPDS Card No. 36-1451). By
decreasing the deposition rate, the intensity of the main peak at 2θ = 34.47◦ increases
and the intensities of other peaks decrease. The strongest peak along [0 0 2] is observed
at R = 3 ml/min and the other peaks are so weak; this suggests that the films will have
the best structure at R = 3 ml/min. For R = 1 ml/min, the intensities of all the peaks
decrease. This effect could be due to the re-evaporation of the layer from the substrate
and decrease in the thicknesses of the films; it is verified by measuring the thickness
of the sample where one can see that the thickness is decreased from 110 nm (for R =
3 ml/min) to 80 nm (for R = 1 ml/min). Also, a shift of the main peak from 2θ = 34.49◦
(for R = 10 ml/min) to 2θ = 34.47◦ (for R = 3 ml/min) is occurred due to the modification of the structure to bulk ZnO with the peak at 2θ = 34.43◦ . Hence, optimal deposition
rate is determined about 3 ml/min. The lattice distances in all the samples are found
Pramana – J. Phys., Vol. 78, No. 4, April 2012
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Figure 1. XRD pattern of ZnO thin films as a function of (a) deposition rate (R) and
(b) substrate temperature (Ts ). Inset of figure 1b represents the influence of solution
volume (V) on the crystal structure.

to be between 2.59 and 2.599 Å suggesting that the tensile strain is related to various
deposition conditions. Figure 1b represents the XRD patterns of the ZnO thin films as
a function of substrate temperature. As can be seen, the patterns are so similar to figure
1a and the strongest peak at 2θ = 34.47◦ corresponds to substrate temperature Ts = 450◦ C
suggesting that the best substrate temperature for the deposition of crystallized ZnO thin
films is 450◦ C. At this temperature, atoms have optimum energy for chemical reaction
and arrange along the preferred orientation of [0 0 2].
Influence of film thickness (solution volume) on the crystal structure has been also
investigated (inset of figure 1b). It is observed that for higher volume solutions, intensities
of peaks increase and any observed shift in position of the peaks is due to thickness effect.

3.2 Optical properties
3.2.1 Transmittance. Since the band gap of stoichiometric and bulk ZnO is 3.37 eV, the
samples are transparent in the visible range; however the quality of the crystal structure
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Figure 2. Optical transmission curves of ZnO thin films for (a) deposition rate
R = 1 ml/min (), 3 ml/min (•), 5 ml/min () and 10 ml/min (), (b) substrate
temperature Ts = 350◦ C (), 400◦ C (), 450◦ C (•) and 500◦ C (). Inset of figure 2b shows the influence of solution volume (thickness effect) on transmittance for
V = 100 ml (), 200 ml (•) and 300 ml ().

is an important factor for the best transparency. Transmittance curves of the ZnO thin
films for different deposition rates are presented in figure 2a. It is observed that for 3
and 5 ml/min deposition rates, the transparency is the most for samples in the visible
range. This optical result is in good agreement with XRD result; the best crystal structure
is found for deposition rates between 3 and 5 ml/min and the transparency is also the
maximum in these deposition rates. Similar study has been done for substrate temperature (figure 2b) and film thickness (inset of figure 2b). The best transparencies found
for Ts = 400 and 450◦ C are in good agreement with XRD results which describe the best
arrangement along a preferred orientation along [0 0 2]. Indeed, decrease in transparency
for other substrate temperatures could be due to the arrangement of atoms along different planes such as (1 0 1), (1 0 2) which lead to dispersion of light and diminution in
transmittance in the visible range. Furthermore, thickness effect is low for thicknesses
Pramana – J. Phys., Vol. 78, No. 4, April 2012
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Figure 3. Plots of
vs. photon energy (hν) for ZnO thin films prepared at
Ts = 450◦ C and deposition rate R = 1 ml/min (), 3 ml/min (), 5 ml/min (•) and
10 ml/min (). Inset: (a) represents the optical band gap evolution as a function of
substrate temperature (Ts ) and (b) represents the plots of (αhν)2 vs. photon energy
(hν) for solution volume at V = 100 ml (), 200 ml () and 300 ml (•).

of thin films between 110 and 160 nm corresponding to the volume between 100 and
300 ml.
3.2.2 Optical band gap. Optical band gap of the ZnO thin films is calculated using
Tauc formulation (3). For the same substrate temperature (figure 3) all the samples have
nearly the same band gap energy of around 3.27 eV with a shift about 0.004 eV, while
increase in substrate temperature leads to decrease in band gap energy (inset (a) of figure
3). As observed from the calculated results by XRD patterns, no remarkable change
in mean grain sizes corresponding to various spray rates with Ts = 450◦ C is observed,
whereas, increasing the substrate temperature leads to increase in grain size; and hence
a narrowing of optical gap. Band gap energy as a function of the volume of deposited
solution (or thickness effect) is presented in the inset (b) of figure 3. Band gap widens
about 0.08 eV for V = 200 ml and then it narrows for V = 300 ml. The band gap energy
corresponding to V = 200 ml is approximately equal to the band gap energy of bulk ZnO
(3.37 eV at 300 K). Therefore, a comparison of the thickness of the samples prepared
with V = 100 ml (110 nm) and V = 200 ml (130 nm) suggest the optimal thickness to
be between 110 and 130 nm. Band gap narrowing could be attributed to an increase in
thickness which can lead to increase in the grain sizes as explained earlier.
3.2.3 Refractive index. Extinction coefficient (k) (imaginary part of the refractive
index) is determined using absorption data and equation
k=
630
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Figure 4. Extinction coefficient curve for ZnO thin film prepared at Ts = 450◦ C,
V = 100 ml and deposition rate R = 1 ml/min (), 3 ml/min (), 5 ml/min (•) and
10 ml/min (). Inset: Extinction coefficient curve for R = 3 ml/min, Ts = 450◦ C and
V = 100 ml (), 200 ml (•) and 300 ml ().

where α is the absorption coefficient and λ is the wavelength of incident light. Refraction
indexes (n) of the samples are calculated using transmission data and the PUMA software
[19]. Extinction coefficient curves are represented as a function of deposition rate for
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Figure 5. Refractive index of ZnO thin films prepared at Ts = 450◦ C and deposition
rate R = 1 ml/min (), 3 ml/min (•), 5 ml/min () and 10 ml/min (). Inset: refractive index for R = 3 ml/min and substrate temperature Ts = 400◦ C (), 450◦ C (•) and
500◦ C ().
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V = 100 ml and Ts = 450◦ C in figure 4. Comparing the values of k with the bulk ZnO
[20] shows that, in thin films, there is a low decrease in visible and a high increase in UV
range (factor 2). Indeed, for R = 1 and 10 ml/min, comparing with other deposition rates,
k (light absorption) increases slightly. This could be due to the structure of the samples
that is not as good as the samples prepared with R = 3 and 5 ml/min, that is coherent with
XRD results.
Refractive index (n) (figure 5) of the sample corresponding to R = 3 ml/min and Ts =
450◦ C represents a decrease from 1.8 for bulk ZnO to 1 for thin film in the visible range
[20]. In UV range, the increase in n is similar to the bulk ZnO. For R = 3 ml/min
and Ts = 400◦ C (inset of figure 5) in UV range, n increases more than the bulk ZnO and
the films are more disperse in UV range/while in visible range, n is slightly lower than
other samples. This is coherent with structural results, and suggest that the substrate
temperature lower than Ts = 450◦ C is not sufficient for arranging the atoms along the
preferred direction and the film presents an abnormal optical behaviour. Hence optical
results confirm the structural results, and the best quality of samples is found at R =
3 ml/min and Ts = 450◦ C.

(a)

(b)

(c)

(d)

Figure 6. SEM image of ZnO thin films prepared for the deposition rate of
(a) R = 10 ml/min, (b) 5 ml/min and (c) 3 ml/min. (d) Cross-section profile for
R = 3 ml/min.
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Table 1. Electrical properties of ZnO thin films as a function of deposition parameters
Deposition rate effect
Deposition rate (ml/min)
Carrier density (1013 cm−3 )
Sheet resistance (M /)
Resistivity ( ·cm)

Ts = 450◦ C,
1
5
3.5
38

V = 100 ml
3
4.28
8.1
102

5
3.12
–
–

10
8.7
–
–

Substrate temperature effect
Sub. Temp. (◦ C)
Carrier density (1013 cm−3 )
Sheet resistance (M /)
Resistivity ( ·cm)

R = 3 ml/min
400
13.9
0.7
14.3

V = 100 ml
450
4.28
8.1
102

500
1.5
7.2
15

550
3.4
6.3
150

Solution volume effect
Solution volume
Carrier density (1013 cm−3 )
Sheet resistance (M /)
Resistivity ( ·cm)

R = 3 ml/min
100
4.28
8.1
102

Ts = 450◦ C
200
13.5
4.0
52

300
15.17
5.5
88

4. SEM images
Figure 6 shows the microscopic micrographs for 3, 5 and 10 ml/min deposition rates. It
is observed that for R = 10 ml/min (figure 6a), the grain sizes are between 150 and 270
nm and homogeneity of the layer is not as good as the samples corresponding to R = 5
(figure 6b) and 3 ml/min (figure 6c). For R = 3 ml/min the average size of the nearly
spherical grains is around 250 nm with the best homogeneity. This is in agreement with
the XRD results which confirm that the best structure with the strongest diffraction peak
is along the preferred direction along [0 0 2]. The cross-section profile of the samples
(figure 6d) suggests that the layers have a bulk growth and the (0 0 2) planes are
constructed parallel to the substrate.

5. Hall effect and sheet resistance
Hall effect experiments were done for determining the type of the semiconductor and
also the carrier density. Table 1 represents the results of Hall effect, sheet resistance and
resistivity measurements as a function of x. All the samples are n-type and carrier density is of the order of 1013 cm−3 . The carrier densities corresponding to R = 1 and 10
ml/min are more than for other rates. It is in agreement with the XRD results that suggest
that for R = 1 and 10 ml/min, the structure is not as good as for R = 3–5 ml/min and
the density of dangling bonds (and non-bound electrons) generated by structural defects
can be more than other rates. Resistivity also represents minimum values for the parameters of Ts = 400◦ C, R = 3 ml/min and V = 100 ml, in agreement with the structural
results.
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6. Conclusions
In this work a systematic study for determining the optimal conditions for fabricating ZnO
thin films by spray pyrolysis method was done. XRD patterns represented strong orientation along [0 0 2] direction and disappearance of other orientations for R = 3 ml/min,
Ts = 450◦ C and V = 100−200 ml. UV–Vis–NIR curves represented the best transparency
in the visible range and SEM images represented the homogeneous surface at the same
experimental conditions. Optical band gap was determined at 3.27 eV with a slight change
for different deposition rates. Refractive indexes were obtained and compared with bulk
ZnO. It is increased in UV range and decreased in visible ranges for Ts = 400◦ C. The
optimal conditions for fabricating ZnO thin films by spray pyrolysis is found to be R =
3–5 ml/min, Ts = 450◦ C and V = 100–200 ml.
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