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Abstract: ZnO material possesses a huge potential to be utilized as the photoanode in Dye
Sensitized Solar Cells (DSSC) application. In this work, we prepared ZnO thin films with different
zinc concentrations by a simple and low-cost electroplating technique. XRD analysis reveals that all
ZnO thin films with different zinc concentrations have a hexagonal wurtzite crystal structure with
crystallite sizes ranging from 19.37 to 32.96 nm. The SEM analysis demonstrated that particle size
of the ZnO thin films increased from 46 +12 to 78+28 nm as the zinc concentration increased from
0.1 to 0.4M. The optical properties analysis revealed the transmittance value of the ZnO thin film for
all coating solution concentrations greater than 80%. The band gap energy of the ZnO thin films
slightly decrease from 3.20 to 3.16 eV with increasing zinc concentrations from 0.1 to 0.4 M.
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1. Introduction

The evolution of solar cell technology from silicon (Si)
solar cells to Dye Sensitized Solar Cells (DSSC) continues
to increase every year). There is always room for
improvement to achieve greater efficiency in the
development of DSSC. One of promising approach is the
engineering of the semiconductor of the photo-anode. The
use of modified ZnO semiconductors as the photoanode
electrodes in DSSC is very promising due to the suitable
bandgap position of the material, excellent optical,
electrical, and piezoelectric properties®®.

Various methods for preparing thin film have been
explored, including sputtering®, spray pyrolysis®,
molecular beam epitaxy”, pulse laser deposition®), and
chemical vapor deposition®”. However, those methods
often have some drawbacks such as high equipment costs
and complicated process. Therefore, it is important to
develop a simple and low-cost technique for growing ZnO
thin film on substrate. Sol-gel spin coating is another
relatively low-cost technique approach. Unfortunately, the
synthesis process is lengthy and time-consuming,
particularly the preparation of the gel'®!V. To overcome
those challenges, the electroplating technique presents to
be the best option for growing ZnO thin films. This
technique is characterized by its simplicity, cost-
effectiveness, and the ability to adjust various parameters
to achieve the desired properties. The advantages of the
electroplating method include a low temperature process,
low cost of the apparatus, the absence of need for vacuum

pump to evacuate the chamber, uniform composition,
controllable thickness, and excellent microstructural
properties'>!®

There are several reports have utilized electroplating
technique to fabricate thin films, showcasing its potential
for various applications. For example, Kumar and
colleagues prepared aluminum zinc oxide thin films at
various deposition potentials for optoelectronic use'®"
Their findings showed that the highest transmittance,
reaching 80%, was obtained at a potential of -1.7 V, and
the band gap energy decreased with increasing potential.
According to report by Navarro-Gazquez and co-workers,
the average crystalline size and roughness of the film
increased with increasing the electrolyte concentration of
Zn(NO;),'¥. Sulaiman's group also investigated the effect
of the applied potential during the electrodeposition of
ZnO and discovered that morphological properties of the
resulting thin films were strongly dependent on the
applied potential'®. They found that the surface
morphological of the film was a plate-like structure.
However, most of those reported works utilized a three-
electrode system, including working, counter, and
reference electrodes for coating the films!'™®). This a
three-electrode system has several disadvantages such as
more complicated set-up and maintenance. In this work,
we aim to fabricate ZnO thin films using an electroplating
technique with a two-electrode system, which is simpler
and easier to set up and maintain than a three-electrode
system. The structural and optical properties of the films
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with different zinc concentrations will be systematically
evaluated.

2. Experimental
2.1 Materials

Zinc foil, indium tin oxide (ITO) glass, and ZnSO4 were
purchased from Sigma-Aldrich chemicals company.

2.2 Electroplating

The ITO glass was used as the substrate to grow the
ZnO thin film by electroplating technique. Prior to the
electroplating procedure, the FTO glass was washed by
ultrasonication in acetone and ethanol for each of 5
minutes. A certain amount of ZnSOs4 powder was
dissolved into 50 mL DI water to obtain a solution
concentration with different concentrations such as 0.1,
0.2, 0.3, and 0.4 M. The solution was then stirred for about
15 minutes to let the ZnSO4 homogeneously dispersed.
The electroplating was conducted with a two-electrode
system with ITO glass (1 x1 cm?) as working electrode
(negative) and zinc foil (1 x1 c¢cm?) counter electrodes
(positive), which were placed parallel to each other with a
distance of about 2 cm. All electroplating experiments
were carried out with a potentiostat at a constant current
density of -10 mA/cm? with deposition time of 2.5
minutes. After electroplating, the sample was dried in dry
oven at 70 °C with duration time of 30 min. Then, the
sample was annealed at 500 °C with a heating rate of 10
C /min for 2 hours under atmospheric conditions. Lastly,
the sample was formed and ready to be used for
characterizations.

2.3 Instruments for Characterization

To investigate the structural properties, an X-ray
diffractometer (LabX XRD-6100, Shimadzu) was utilized
with Cu (A=1.54A). The surface morphology and cross
section images were captured utilizing a scanning electron
microscope (JEOL-6500). A UV-Vis NIR
spectrophotometer was used to analyze both transmittance
and absorbance spectra. X-ray photoelectron spectroscopy
analysis was conducted using a VG ESCA Scientific Theta
Probe with Al K.

3. Results and discussion

The structural properties of ZnO thin film samples was
characterized by an X-ray diffractometer. Figure 1
demonstrates peak diffraction patterns ZnO thin films for
various zinc concentrations. The XRD pattern of the ITO
substrate was also recorded. As shown in Figure 1, there
are several peaks of ITO substrate that located at about
21.45,30.54,35.41,37.64,41.78,45.62, 50.95, and 55.90°,
which also well agreed with the JCPDS file No. 89-4958
(Indium tin oxide, ITO). As clearly exhibited in Figure 1,
all X-ray diffraction patterns of the ZnO thin films at
different concentrations show a similar pattern. There are

three major additional peaks as compared to the ITO
substrate. Those peaks located at about 32, 34.4, and 36.6°
for two theta, which correspond to the formation of ZnO
with (100), (002), and (101) planes based on the JCPDS
file No. 36-145129. All the samples have a hexagonal
crystal structure and prefer to grow with an orientation of
(101). These results also show that the concentration did
not have effect on the crystal growth. To further evaluate
the crystal properties of the ZnO thin film, we calculated
the full-with half maximum (FWHM). As tabulated in
Table 1, the FWHM value increases with increasing the
concentration from 0.1 to 0.3M. The ZnO thin film grown
with a concentration of 0.3 M had the greatest FWHM
value, indicating the lowest crystallinity. Next, the
crystallite size of the ZnO thin film was also calculated
based on the Scherer formula (eq. 1)?".
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Fig. 1. XRD pattern of ZnO thin films at various
concentrations together with substrate and standard JCPDS file.

Table 1. Summary of crystal properties for various zinc
concentrations.

M | FWH D é e LP (A)

M | (m) | x10° (nm?) | x1073 a c
0.1 | 0.279 | 32.96 0.92 4.1 323 | 517
0.2 | 0.326 | 28.17 1.26 9.4 321 | 5.16
0.3 | 0.474 | 19.37 2.67 12 324 | 522
0.4 | 0.309 | 29.73 1.13 4.1 323 | 519

The crystallite sizes of ZnO thin film at concentrations
of 0.1, 0.2, 0.3, and 0.4 M were 32.96, 28.17, 19.37, and
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29.73 nm, respectively. Again, the ZnO thin film with a
concentration of 0.3 M possessed the lowest crystallite
size, which confirmed the poorest crystallinity among the
as-prepared samples. To further analyze the structural
properties of the thin films, the dislocation and density of
dislocation were also calculated using eq. 2 and eq. 3,
respectively.

1
=0 @)
(e) = 27 3)

The value of lattice parameters a and ¢ were further
computed based on the egs. 4 and 522

A
a= \/3_sin 9(100) (4)
A
c=—— 5
sine(ooz) ( )

Finally, the details crystal properties of ZnO thin film at
different zinc concentrations are summarized Table 1.

Fig. 2. Electron microscope images of the ZnO Thin Film for
various zinc concentration (a) 0.1 M, (b) 0.2 M, (¢) 0.3 M, and
(d)04M

The surface morphology of ZnO thin films at various
zinc concentrations was observed using a scanning
electron microscopy. As revealed in Figure 2, the surface
morphological of ZnO thin films consists of a lot of
nanoparticles. However, with elevating the concentration
of zinc precursor from 0.3 to 0.4 M, the particle size also
increases. We then used the image-J software to estimate
the particle size of nanoparticle on the surface of the
films?¥. The average particle sizes were 46+12, 51£12,
58+19, and 78+28 nm for concentrations of 0.1, 0.2, 0.3,
and 0.4M, respectively. Figure 3 demonstrates the
thickness of the thin films with different zinc
concentrations. The actual thickness of ZnO thin films for
concentrations of 0.1, 0.2, 0.3, and 0.4M were 1.0, 1.6,2.2,
and 3.2 pum and 1.06, respectively. It is clearly evident that

increasing the concentration continuously thickens the
thin films.

Fig. 3. SEM cross-section images of the ZnO Thin Film at
various zinc concentration (a) 0.1 M, (b) 0.2 M, (c) 0.3 M, and
(d)04M

EDS analysis was carried out to determine the elements
compositions and the atomic percentages in each sample.
It should be noted that to eliminate the other elements
contribution from the ITO substrate, the film was
stretched off from the substrate and attached to the carbon
tape for the EDS analysis. Figure 4 exhibits the EDS
spectrum of ZnO thin films with various zinc
concentrations. It is clearly seen that Zn and O peaks
appear with high intensity for all sample. A weak peak at
about 2 keV corresponds to the Pt coating before the SEM
test to improve the conductivity, which is common in the
field.

S
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Fig. 4. EDS spectrum of the ZnO thin films at concentrations
of (a) 0.1 M, (b) 0.2 M, (¢) 0.3 M, and (d) 0.4 M
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Based on the peak area of spectrum in Figure 4, the
quantitative atomic percentages of Zn and O in each
sample can be compouted in Table 2. According to this
EDS analysis, the atomic percentage of Zn was about 50%
and O was also 50%, which were similar for other
concentrations. Therefore, the actual ratio of Zn/O for
concentrations of 0.1, 0.2, 0.3 and 0.4M were 1.01, 1.14,
1.00 and 1.06, respectively, which was in line with the
theoretical value of 1 (Zn/O=1). The EDS results showed
that the concentration of the solution did not significantly
affected the atomic percentage of zinc and oxygen.
Furthermore, the elemental mapping was performed to
evaluate the Zn and O distribution using the representative
sample with concentration of 0.2 M. Figure 5b and ¢
clearly exhibits the homogenous distribution of Zn and O
on the area mapping (dash line in Figure Sa).

Table 2. Atomic percentage of ZnO thin film at different zinc

concentrations
M Zn (0] Zn/O
(%) (%)
0.1 50.23 49.77 1.01
0.2 53.33 46.67 1.14
03 50.05 4995 1.00
04 51.39 48.61 1.06

Bn - &
Fig. 5. (a) SEM image for acquiring elemental mapping of
(b) Zn and (c) oxygen

To evaluate the surface chemistry of the sample, X-ray
photoelectron spectroscopy (XPS) analysis was employed
and the result is shown in Figure 6. The high-resolution
XPS of Zn 2p in Figure 6a confirms the binding energies
of 1020 and 1043 eV, which corresponds to the Zn 2psp»
and Zn 2ps, respectively 23, It also confirms that Zn exist
as bivalent (2+) state. Figure 6b demonstrates the high-
resolution XPS of O 1s. There are two distinct peaks at
529.6 and 530.2 eV, which related the oxygen in the lattice
of ZnO phase and oxygen vacancies, respectively 9.
Based on the peak area and sensitivity factor, the
concentrations of zinc and oxygen were 44.77 and 55.23%,
respectively, which were similar to EDX results in the
previous section.

(@ n* 2p,, (b)
10201 eV

Zn2p,,
1043.1 eV

Intensity (a.u.)
Intensity (a.u.)

1012 1016 1020 1024 1028 1032 1036 1040 1044 1048
Binding energy (eV)

Fig. 6. XPS high-resolution spectrum of (a) Zn 2p and (b) O
Is

525 526 527 528 529 530 531 532 533 534 535
Binding energy (eV)

Both transmittance and absorbance spectrum of the as-
prepared samples were observed and recorded with an
UV-Vis spectrophotometer in order to evaluate the optical
properties. Figure 7a displays the absorbance of the thin
films at the wavelength between 200 to 600 nm. As shown
in Figure 7a, all samples exhibit similar spectrum with
only different intensity and have strong absorbance values
between 300 nm and 400 nm, corresponding to ultraviolet
wavelength region. As the concentration of the solution
increases, the absorption edge shifts towards shorter
wavelengths. Figure 7b depicts the transmittance
spectrum of all samples. It can be clearly observed that
there is a significant increase in transmittance between
approximately 300 and 450 nanometers. By increasing the
concentration of the zinc solution in transmittance value
decreased while the absorbance increased. This is due to
the fact that as the concentration of the solution increases,
there are more atoms (thickness of the film increases), and
collisions between light particles and atoms become more
frequent, making it more difficult for light to pass through.
Our finding was also similar to the previous reports?*-2%-
where the transmittance value decreases with increasing
solution concentration. All ZnO thin film samples have
transmittance values greater than 80 %, allowing them to
be potentially used as the photoanode in DSSCs 2%. To
further investigate the optical properties of ZnO thin film,
photoluminescence spectroscopy analysis was conducted
under an excitation wavelength of 250 nm. The emission
was then recorded as wavelength of 300-700 nm. As
depicted in Figure 7c, the characteristic emission of all
ZnO thin films with different concentrations exhibited a
similar emission peak but varying intensities. The highest
peak emission located at wavelength of about 400 nm,
relating to the UV emission and bandgap of the ZnO. The
second peak at 480 nm corresponds to the presence of
oxygen vacancy. This presence of oxygen vacancy has
been verified by the XPS analysis in the previous section.
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Fig. 7. Optical properties of ZnO thin film (a) absorption, (b)
transmission, and (c) photoluminescence spectrum.

The direct band gap value of the samples was further
computed to evaluate the effect of zinc concentrations on
optical properties of ZnO thin films, according to the
relation of absorption and photon energy, which is known
as the Tauc plot (Eq. 6)*7.

(ahv)? = Cp(hv = Egpy) (6)

Figure 8 demonstrates the Tauc plot to show the
bandgap energy of ZnO thin films with variations of
concentration. Based on Figure 8, the bandgap values
were determined to be 3.20, 3.19,3.16, and 3.17 eV at zinc
concentration of 0.1, 0.2, 0.3, and 0.4 M were, respectively.
Clearly, the change in concentration of ZnO thin film
solution causes a slight decrease band gap value. This
result is in accordance with the previous work*!, which
state that the value of bandgap energy drops as the
concentration of a solution increases. With excellent
structural and optical properties, our ZnO thin film
prepared by electroplating technique has a great potential
as the photoanode for assembling DSSCs in the next
project.
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Fig. 8. Tauc Plot of ZnO thin film to determine band gap
energy value at different concentrations (a) 0.1 M, (b) 0.2 M,
(¢) 0.3 M and (d) 0.4 M

4. Conclusion

ZnO thin films with different zinc concentrations have
been successfully synthesized by a simple and
inexpensive electroplating technique. XRD analysis
confirmed that all the ZnO thin film had the hexagonal
crystal structure with crystallite size of 19.37 -32.96 nm.
The surface the all samples were nano particles with size
range of 46 to 78 nm. The solution concentration slightly
influences the bandgap energy of ZnO thin films. The
transmission value of the film for all concentrations was
above 80%. The XPS analysis revealed that our ZnO film
consisted of Zn with bivalent, oxygen lattices and
vacancies. Our ZnO thin film demonstrate excellent
optical and crystallographic properties.
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