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Low-cost nebulizer spray deposited conduction mechanism
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The Zinc Oxide (ZnO) thin films have been deposited on glass substrate at different
temperature from 300 to 500 °C by nebulizer spray pyrolysis technique. The prepared
films were characterized by X-Ray diffraction (XRD), High resolution scanning electron
microscope (HRSEM), Energy dispersive analysis by X-rays (EDAX), Photoluminescence
(PL), UV-Vis-NIR spectrometer and impedance spectroscopy, respectively. The XRD
confirms that the films are polycrystalline in nature with hexagonal wurtzite crystal
structure with (002) plane as preferential orientation. The various parameters such as
crystallite size, micro strain, and dislocation density were calculated from X-ray
diffraction. HR-SEM images show smooth, tiny grains and dense morphology. The PL
studies exhibits two emission peaks one at 389 nm corresponding to band gap excitonic
emission and another located at 490 nm due to the presence of singly ionized oxygen
vacancies. The UV-Vis-NIR spectrometer confirms the possibility of good transparent
ZnO films with an average transmission of about ~85-95% in the visible region and optical
band gap shifted from 3.37 eV to 3.2 eV with increase in temperature and which is
supported by PL study. The semiconductor bahaviour and activation energy of these films
have been confirmed by impedance spectroscopy measurements.
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1. Introduction

In recent years, zinc oxide materials have been carried out to modified the properties for
different applications such as solar cells, gas sensor, surface acoustic wave device, varistors,
transparent conducting electrodes and also in a wide variety of electronic applications [1-3]. Zinc
oxide thin films have attracted much attention due to their valuable properties such as high optical
transparency in the visible region, high thermal stability, low electrical resistivity and absence of
toxicity. It is wide band gap semiconductor with a band gap value varied from 3 to 3.5 eV [4].
However, very easy to dopants can make it n-type semiconductor.

Zinc oxide thin films have been prepared by various methods, such as nebulizer spray
method [5-7], chemical vapor deposition [8,9], chemical bath deposition [10,11], sol-gel [12,13],
thermal evaporation [14,15], sputtering [16,17] and pulsed laser deposition [18,19] have been
deposited for the prodcution of ZnO films. Nebulizer spray pyrolysis techniques has received a
little bit of more advantages due to their better homogeneity, stoichiometry control, low cost
effectiveness, low processing temperature, simplicity and easier deposition of large area films, and
compared to other methods, which allow the possibility of prepared films with the required
properties for various applications.

In this work, the ZnO thin films were prepared by nebulizer spray pyrolysis technique
using a 0.1 M of zinc acetate was dissolved in deionized water mixed with methanol in the ratio of

" Corresponding author: sanprasath2006@gmail.com
https://doi.org/10.15251/JOR.2023.191.53


https://chalcogen.ro/index.php/journals/journal-of-ovonic-research
https://chalcogen.ro/index.php/journals/journal-of-ovonic-research/12-jor/589-volume-19-number-1-january-february-2023
https://doi.org/10.15251/JOR.2023.191.53

54

1:3 and different temperature from 300 to 500 °C. The structural, electrical, surface morphological
and optical properties of ZnO films have been carried out.

2. Experimental details

The ZnO thin films were chemical used for analytical reagent grade (98.9% purity
procured from sigma Aldrich). The ZnO film films were deposited at different temperatures from
300 to 500 °C in steps of 50 °C through nebulizer spray pyrolysis technique. 0.1 M zinc acetate
dehydrate was dissolved in 25 ml of de-ionized water mixed with methanol in the ratio of 1:3 and
stirred for 10 min using magnetic stirrer until the pH value reached 7. Fig. 1 shows the schematic
diagram of the NSP setup. First, connect one end of the tubing to the air outlet on the compressor
and the other end into the bottom of the prepared solution cup. When the solution is deposited in as
an aerosol, it is easily deposited into the glass plates. The nebulizer machine works very similar to
an deposition but delivers the machine at a slower rate. Confirm the machine is turned off before
unscrewing the cup and filling it with the prescribed amount of solution. Put the cup's top back on
after filling it with machine. The prepared solution was sprayed onto the ultrasonically cleaned
glass substrates and substrate temperature varied from 300 to 500 °C and controlled within + 5 °C
by using Iron-Constantan thermocouple kept on the metallic hot plate surface. The solution flow
was added to the pressurized air at a constant pressure of 30 Pa. The nozzle to substrate distance
was 5 cm and the time for the film deposition was about 10 min.
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Fig. 1. XRD patterns of sprayed ZnO thin films.

Powder X-ray diffraction (XRD, Bruker D8 advanced diffractometer) measurements using
CuKa radiation (k = 0.154 nm) were employed to identify the crystalline phase of the prepared
material. Surface morphology and compositional analysis of ZnO thin films were carried out using
a high resolution scanning electron microscope and energy dispersive X-ray analysis setup
(EDAX) which is attached with HRSEM (FEI QuantaFEG 200), respectively. Impedance
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measurements were done using a Frequency Response, Solartron, Model 1360 coupled with the
Solartron Dielectric Interface, 1296. The room temperature photoluminescence spectrum was
performed on a spectrofluorimeter (fluorolog model FL3-11). The optical studies of the films were
done with a UV—Vis-NIR spectrophotometer (Model JASCO-V-570) in the range from 300 to
2500 nm.

3. Results and discussion

3.1. XRD analysis

XRD analysis there is no phase transformation during the different temperature, the main
transformations are recovery, recrystallization, and grain growth. The XRD patterns of the
deposited ZnO thin films were deposited at different temperature from 300 to 500 °C are se hown
in Fig. la-e. The deposited ZnO thin films reveals that the polycrystlline in nature with wurtzite
hexagonal crystal structure as preferential orientation along (002) plane and it is compared with
standard JCPDS No. 01-080-0074. The diffraction peaks were observed for 20 values 31.7°, 34.4°,
36.3°% 47.6°, 56.6°, 62.8°, and 68.0°, corresponds to (100), (002), (101), (102), (110), (103) and
(112) planes. On comparison of peak intensities for indexed planes (100), (002) and (101). It is
observed that the peak intensity for (002) remained constant, while that for (100) and (101) got
decreased with increase in temperature from 300 to 500°C. These changes in the peak intensity
suggest the changes the leaf nanostructures to spherical nanostructures. The lattice constants,
crystalline sizes, dislocation density, microstrain were calculated by the XRD pattern data [20-23]
as listed in Table 1.

The lattice parameters 'a' & 'c', were calculated using following Equation (1)

1 4 [a?+hk+k? 12
== J+= 1

aZ
The crystalline size (D) was calculated using following Equation (2)

KA

= Bcoso )
The dislocation density () was calculated using following Equation (3)
5= % 3)
The micro strain (g) was calculated using following equation (4)
Y T 4)

~ Dsinod S tanb

The variation of crystalline size, dislocation density and microstrain with temperature for
ZnO thin films are shown in Fig. 2. As the temperature increases from 300 to 500°C (Fig. 2), the
grain sizes growth is the main microstructural change in the samples, which leads to a decrease in
the mechanical characteristics of this ZnO films. The average crystalline size value for ZnO films
was found to be increased from 22 nm to 62 nm with increase in temperature. It is seen from the
Fig.2, a increase in crystalline size values with an increase in temperature is attributed to the
enlargement of grain sizes and a decrease in the micro strain while increase in dislocation density.
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Fig. 2. Variations of crystallite size, dislocation density, micro strain with substrate temperature
for ZnO thin films.

3.2. Surface morphological analysis

The surface morphology and compositional analysis of the ZnO thin films at different
temperatures from 300 to 500 °C were examined by HR-SEM attached with EDAX spectrum are
shown in Fig. 3a-e. It is seen from Fig.3a & b, the grains are growth over the substrate with
uniform, very well-boundary and vertically growth nano-leaf like structures. The average length of
grain sizes was found to be ~40-60 nm. As increased in temperatures from 400 to 450°C, we
observed that the Fig.3c & d, the grains are changed to clusters composed of multiple grains with
sharp edges, showing upon the surface and it is found to be ~65 nm for 450°C. As deposited at
500°C, the clusters tend to merge, forming a more compact and non-uniform, but highly dense and
irregular shape in grains.

The compositional analysis of ZnO thin films were carried out by the energy dispersive
analysis by X-rays (EDAX) at difference temperature are shown in Fig.3a-e. It is seen from
Fig.3a-e, the all deposited ZnO films are confirmed the presence of Zn and O elements and atomic
percentage of ZnO nanoparticles nearer stoichiometry at 400 °C. The presence of the silicon peak
in the spectra is due to the glass substrate component.

Fig. 3.1 High resolution SEM images and EDAX spectra of sprayed ZnO thin films.
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Fig. 3.2 High resolution SEM images and EDAX spectra of sprayed ZnO thin films.
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3.3. Photoluminescence analysis

The photoluminescence (PL) spectra of sprayed ZnO thin films were deposited at
different temperature, 300, 350, 400 and 500 °C with excitation wavelength of 321 nm are shown
in Fig.4a-d. Wide green emission of ZnO was ascribed to oxygen impurities, which existed both
on the inside and on the surface of the ZnO nanoparticles [24-26]. Surface defects, which existed
only on the surface of emission material, decreased photoluminescence intensity because the
surface defect level increased the nonradiative transitions [27-29]. Therefore, the
photoluminescence intensity of the nanoparticles, which had large specific surface areas, was
significantly weaker than that of the bulk material.

The PL show two emission peaks; one is having 389 nm could be attributed to band gap
excitonic emission, which was blue shifted by the quantum confinement effect, and another one is
having a 490 nm, due to the presence of oxygen defects. From the Fig. 4a-d, the increase in
temperature with decrease in impurities and peak intensity. The number of sub peaks obtained
from Gaussian peak function fitting of PL spectra shows the possible energy levels, the types of
defects present in the samples and also their influence on the optical properties.
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Fig. 4. Room temperature PL spectra of sprayed ZnO thin films.

3.4. UV-Vis-NIR analysis

The optical transmittance spectrum of ZnO films as shown in Fig. Sa-e. It is clearly
indicate that Fig. 5a-e, the all ZnO films are found to be highly transparent between visible to near
infrared region of the electromagnetic spectrum. The highly transmittance of 85-95% is observed
from Fig.5a-e. The transmittance spectra clearly exhibit a shift in lower wavelength side due to
the band gap absorption [30-35].
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Fig. 5. Transmittance spectra of sprayed ZnO thin films.
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The absorption coefficient (a) was calculated from the transmission data using the
following Equation (5)

(6))

where, ‘T’ is the transmittance and ‘t’ is the thickness of the film. The optical band gap of the
films is determined using the following Equation (6)
ah9 = A(h9 — Eg)? (6)

where, A is the constant, v is the photon energy and Eg is the optical band gap energy. For
n=1/2 the transition data provide the best linear curve in the band energy region, implying the

direct transition.
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Fig. 6. Plots of (ahv)’ vs hv for nebulizer sprayed ZnO thin films.
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Extrapolation of the straight line portion to zero absorption coefficient (o = 0), gives the
band gap energy. The plots of (ahd) versus (h9)for ZnO films were deposited at different
temperature from 300 to 500°C are shown in Fig. 6a-e. From Fig. 6a-e, the band gap energy values
was found to be decreases from 3.37 eV to 3.2 eV with increase in temperature and which is
supported by XRD and PL study. As temperature increases, the band gap energy decreases
because the crystal lattice expands and the interatomic bonds are weakened. Weaker bonds means
less energy is needed to break a bond and get an electron in the conduction band [36-39].

3.5. Impedance analysis

The complex Impedance spectra are generally plotted as Nyquist plot, i.e. imaginary
component of impedance (Z’”) versus real component (Z’) as function of frequency. Bulk, grain
boundary and electrode sample interface contributions to overall resistivity are determined by
fitting of the experimental data to an equivalent circuit. The complex impedance spectra of ZnO
films were deposited at 450 °C are investigated systematically in a as a function of temperature in
the frequency range from 10 Hz to 1 MHz. From Fig.7a depicts the Nyquist plots of ZnO at
various temperatures from 323 K to 573 K. It is observed that the Fig.7a, all plots of the
semicircles are maximum is shifted to higher frequencies as increase in temperature. This is due to
indicate that the electrical conductivity was thermally activated. To better analyse the impedance
spectra, we assigned, to these spectra an equivalent ac circuit including connected parallel (R) and
constant phase element (CPE). This circuit can be described by the earlier researchers [40-43]. The
imaginary impedance versus frequency at various temperature is shown in Fig.7b. It is seen from
the all plots that -Z" increases with increase in frequency. The imaginary part of the impedance
reaches a maximum value -Z",,,, which decreases with increase in temperature at the increase in
relaxation frequency. The Variation of Z"/ Z"... versus f/f,.x of the ZnO film at various
temperatures are shown in Fig. 7c. From the Fig7 show that the same curve reveals that the
relaxation dynamics processes were unaffected by temperature [20]. This result confirms that the
relaxation process of charge carriers in ZnO film follow a similar process regardless of
temperature.
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This finding indicates that the frequency maximum followed Arrhenius behaviour. The
calculated activation energy from Arrhenius Equation (7) is given below [44-45].

e = fo [ ™

where f, is the pre exponential factor, E, is a activation energy, k is the Boltzmann constant and T
is the temperature in Kelvin. Insert Fig.7¢ represents the plot of Ln(f,.,) versus (1000/T) giving a
linear function. As temperature increases, molecules gain energy and move faster and faster.
Therefore, the greater the temperature, the higher the probability that molecules will be moving
with the necessary activation energy for a reaction to occur upon collision. The activation energy
is found to be 0.24 eV. These indicates that the conduction mechanism may primarily due to the
hopping of the electrons in ZnO film.

4. Conclusions

The Zinc Oxide (ZnO) thin films were deposited by simple and effective nebulizer spray
pyrolysis method. From XRD analysis confirms a hexagonal crystal structure and which is found
that the average crystallite size of the ZnO thin films with the temperature. The crystalline size was
found to increases linearly with increase in temperature while decrease in dislocation density and
microstrain. HR-SEM images reveals that the samples were highly uniform, homogeneous films
consisting of nano-leaf and irregular spherical particles and average grain sizes are found to be ~50
nm at 500°C. The grain size increases with the increasing temperature. This is due to increasing
the temperature leads to increase the crystallinity of the material and hence increases the number
of crystallites. The PL spectra shows the two emission peaks, one is having at 389-409 nm which
corresponds to band gap excitonic emission, and another is having located at 495-490 nm, due to
the presence of defects. The UV-Vis-NIR spectra shows the all films are highly transparent in the
visible region ~85-90 nm and optical band gap energy of the all films are found to be decreased
from 3.37 eV to 3.2 eV with increase in temperature and which is supported by XRD and PL
study. The impedance spectra of the ZnO thin films show the well-defined semicircular arc with its
centre lying below the real axis at a particlular angle of depression, indicating a multi relaxation
behaviour of ZnO films. Further, the arc observed in the low frequency is interpreted as due to the
grain boundary effect. The real impedance exhibit activation energy at different temperature
regions, indicating the presence of the donor carrier concentration and the impurity energy levels.
In my conclusion, the ZnO film films are one of the most important conducting oxides and it is
good solar cells, piezoelectric devices, gas sensors applications.
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