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The use of thin films in solar cell technology has gained substantial interest
because of their potential for cost-effective and efficient energy conversion.
nickel oxide (NiO) and zinc oxide (ZnO) have been used as potential
materials in solar cells application especially third generation solar cells
because of their good characteristics, such as high electrical conductivity,
chemical stability, resistance to degradation, and abundance and low cost.
However, at high temperatures, both NiO and ZnO can undergo thermal
decomposition and exhibit crystal defects and grain boundaries. This work
investigates high temperature annealing on the morphology, structural, and
optical properties of NiO and ZnO thin films. The deposited material was
annealed at 500 °C, 600 °C, and 700 °C and be characterized via scanning
electron microscopy (SEM), XRD, and UV-Vi’s spectroscopy. The results
showed that inceasing the annealing temperature can improve both ZnO and
NiO thin films in structure and appearance. For ZnO, higher temperatures
made the grains bigger and more orderly, and for NiO, the process made the
grains more organized, bigger in size, and spread out more evenly. However,
annealing at high temperature yields a smaller bandgap energy value for
both thin films.
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1. INTRODUCTION

The quest for sustainable and renewable sources of energy has led to remarkable advancements in
the field of photovoltaics, with solar cells emerging as a prominent solution for harnessing solar energy.
Among the various generations of solar cells, third-generation solar cells have garnered substantial attention
due to their potential to enhance the efficiency and cost-effectiveness of solar energy conversion. This class
of solar cells encompasses a range of innovative technologies, including dye-sensitized solar cells (DSSCs)
and perovskite solar cells (PSC), quantum dot sensitized solar cells (QDSSC), tandem solar cells, and organic
solar cells (OPV) [1] which are distinguished by their utilization of novel materials in their component

design.

Nickel oxide (NiO), an extensively researched p-type transition metal oxides, is characterized by its
economical cost, non-toxic nature, and optical transparency. Its bandgap exhibits a significant range, shifting
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from 3.6 eV to 4.0 eV [2]. Notably, modifications in precursors, diverse preparation techniques, and
variations in doping concentrations can all influence these bandgap values [3]. NiO possesses an octahedral
structure, with nickel (Ni) in a (1) oxidation state and oxygen ions (O?) akin to the arrangement found in
sodium chloride (NaCl). NiO has a cubic crystal structure at temperatures above the néel temperature
(523 K). However, when the temperature drops below this point, the crystal structure slightly distorts,
forming a rhombohedral configuration associated with anti-ferromagnetic behavior. The distinctive structural
characteristic of NiO has made NiO a subject of great interest among researchers, primarily due to its wide-
ranging applicability in fields such as anti-ferromagnetic materials, chemical sensors, electrochromic devices,
catalysts, and solar cell. NiO has been extensively explored and used as a constituent material in solar cell
applications, particularly in third-generation solar cells. NiO emerges as a promising candidate for the role of
counter electrode in DSSCs due to its powerful interaction with ions from iodine-based electrolytes, resulting
in excellent catalytic activity [4].

Feihl et al. [5] investigated NiO thin films as counter electrodes, discovering favourable properties
such as homogeneity, transparency, and efficient light harvesting, in addition to noteworthy conductivity.
Chen et al. [6] proposed doping NiO with phosphorous as a counter electrode for DSSCs in order to improve
NiO’s catalytic capabilities. This change yielded an exceptional power conversion efficiency (PCE) of
9.05%. NiO is used in perovskite solar cells as a promising hole transfer material (HTM) in addition to
DSSCs. NiO is well-suited for this job due to its remarkable properties such as high hole mobility, electrical
conductivity, transmittance, energetically favourable band alignment, and environmental stability [7].
Yin et al. [8] employed a straightforward process to create NiO thin films as HTMs in perovskite solar cells,
achieving a peak power conversion efficiency of 15.71% with a thin film thickness of 59 nm. Shamna et al.
[9] also investigated NiO’s performance as an HTM in inverted perovskite solar cells. They achieved a
remarkable power conversion efficiency of 22.95% by optimising CH3NH3SnI3 as the absorber layer
utilising SCAPS software simulations [9].

Zinc oxide (ZnO) stands out as a readily accessible and economical semiconductor material
renowned for its non-toxic properties and widespread availability. This semiconductor possesses distinctive
traits, including n-type conductivity and a spacious energy band gap, registering at 3.37 eV under room
temperature conditions [10], [11]. Notably, ZnO exhibits a significant excitonic binding energy of up to 60
meV. Additionally, it showcases impressive optical characteristics, boasting high transmittance that surpasses
80% within the visible spectrum. Simultaneously, when adequately doped, ZnO displays low electrical
resistivity [12]. ZnO has a unique combination of potentially exciting features, including high bulk electron
mobility and possibly the most diversified array of nanostructures available via a wide range of production
methods. Taking use of these properties, ZnO has found use as a photoanode material in DSSC [13], [14].
Sufyan et al. [15] used a hydrothermal technique to synthesise ZnO nanorods, which they used as a
photoanode in DSSC and achieved an efficiency of 2.08%. This performance outperforms that of traditional
DSSCs based on ZnO nanoparticles, which achieve a 1.19% efficiency.

Furthermore, because of its high electron mobility and high transparency, ZnO emerges as an
attractive contender for usage as an electron transport layer (ETL) in perovskite solar cells [15]. Zheng et al.
used combustion synthesis to create a ZnO thin film for use as an ETL in perovskite solar cells, with a focus
on low-temperature production. Their method produced high-quality ZnO films with exceptional
crystallinity, resulting in an impressive power conversion efficiency (PCE) of 20% [16]. In addition, ZnO has
been employed as a photoanode in quantum dot sensitised solar cells (QDSSC). Raj et al. [17] proposed
using a single-crystalline ZnO nanorod array to make CdSe/CdS/PbS/ZnO quantum dot sensitised solar cells
(QDSSC). Their findings demonstrated improved short-circuit density, resulting in a PCE of 2.35%.

Annealing is a critical stage in the fabrication of thin films, including the application of heat to the
deposited thin film at a certain temperature and duration. Annealing is used to crystallise the deposited thin
film, improving its structural order and electrical characteristics. Tatyana et al. [19] used the Sol-Gel method
to successfully fabricate a NiO thin film. The deposited thin film was annealed at increasingly higher
temperatures at 200 °C, 300 °C, 400 °C, and 500 °C [18]. The study focused on the effect of annealing at
various temperatures ranging from low (200 °C) to high (500 °C). As a result, x-ray photoelectron
spectroscopy (XPS) study confirmed the production of NiO with the presence of Ni+ states during 400 °C
annealing. After treatment at 200 °C, the films initially displayed high optical transparency, reaching 90% in
the visible range. However, after 500 °C high-temperature annealing, this transparency decreased to 76-78%.
During heat treatment, the optical band gap of the NiOx films reduced, ranging from 3.92 to 3.68 eV. This
result demonstrates a decrease in optical transparency as the annealing temperature rises. Furthermore,
Toe et al. [20] have investigated the effect of low-temperature annealing on the performance of ZnO. The
ZnO thin films were annealed for 60 minutes at 350 °C, 450 °C, 550 °C, and 650 °C. The observations
demonstrated an increase in crystal grain size with increasing annealing temperature, which was attributed to
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the Ostwald ripening phenomenon. Furthermore, higher temperatures aided in the adherence of thin films to
the FTO glass substrate, resulting in an increase in ZnO production.

In this work, the effects of annealing at high temperatures (500 °C to 700 °C) on NiO and ZnO thin
films were thoroughly investigated. The NiO thin films were prepared using the sol-gel method, and then the
ZnO and NiO thin films were deposited to the FTO glass by spin-coating. Subsequently, characterisation
techniques were employed to evaluate the thin films’ surface characteristics, morphological characteristics,
and structural integrity. This methodical approach provides important insights into optimising the properties
of the thin film as component of solar cells.

2. METHOD
2.1. Preparation of nickel oxide precursor

The NiO precursor was created using the sol-gel technique [19]. Initially, 0.622 g of nickel acetate
tetrahydrate (C4H14NiOg) was dissolved in 10 ml of ethanol (C2HsOH) and 15 ml of isopropyl alcohol (IPA)
in the first step. Stirring was continued until full dissolution was accomplished. To keep the pH of the
solution at 10 [20], potassium hydroxide (KOH) was added dropwise. Following that, the solution was stirred
for 2 hours on a hot plate set at 60 °C. The resulting mixture was centrifuged, resulting in the separation of a
supernatant and a precipitate. The resulting precipitate was rinsed with ethanol five times to remove any
leftover compounds before drying at 60 °C for one hour. This procedure resulted in the formation of a green
gel. Figure 1 provides an illustrative depiction of the step-by-step preparation procedure for NiO via the sol-
gel method.

Preparation of Nickel Oxide (NiO) Precursor Via Sol-Gel Method

e O 568
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Figure 1. lllustration of the preparation procedure of NiO via sol-gel method

2.2. Preparation of ZnO paste

The binder consists of 19g a-terpineol [Sigma-Aldrich], and 1g of ethyl cellulose was prchased from
sigma-aldrich, supplied from Merck (Darmstadt, Germany). The resultant was stirred for 24h on a hot plate
to ensure the solution mixed well. ZnO nanoparticles were purchased from sigma aldrich (<100 nm, 20 wt. %
in H20) combined with a binder with 35% and 65% ratios, respectively. The combined solution was stirred
for 24h on a hot plate at 200 rpm.

2.3. Preparation of NiO and ZnO thin film

The spin coating technique was used to create NiO and ZnO thin films, as shown in Figure 2.
The solution was dispensed over a clean glass substrate (Microscope glass). Following that, the NiO and ZnO
substrates were spin-coated for 30 seconds at 3,000 rpm and 50 seconds at 3,000 rpm, respectively. The thin
films were dried at 150 °C for 15 minutes to remove organic residuals. For NiO thin films, this spin coating
and drying process was repeated 10 times, while for ZnO thin films, it was repeated once. The resulting thin
films were annealed in a furnace at three different temperatures (500 °C, 600 °C, and 700 °C). Table 1
summarises the deposition parameters for NiO and ZnQO thin films.
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Figure 2. Procedure of deposition via spin coating method

Table 1. Summary deposition of NiO and ZnO thin film
Sample  Temperature Speed/Time

NiO As deposited 3,000 rpm/30 seconds
500 °C
600 °C
700 °C

Zn0O As deposited 3,000 rppm/50 seconds
500 °C
600 °C
700 °C

2.4. Characterization of NiO and ZnO thin film

The characterization of ZnO and NiO thin films was conducted through x-ray diffraction (XRD),
scanning electron microscopy (SEM), and UV-visible spectroscopy analyses. XRD (PANalytical XPert PRO)
was utilized to assess the crystallinity of the films with a wavelength of 0.154 nm. For investigating the
surface morphology, field emission scanning microscopy (SEM, Zeiss EVO 50) was employed. Lastly, UV-
visible spectroscopy (Shimadzu UV-1800) was employed to determine the optical characteristics.
The optical band gap energy was calculated using in (1) and (2), based on the Tauc relation for direct
bandgap materials [21].

(ahv)? = A (hv — Eg) 1)

a=2303A/t @)

3. RESULTS AND DISCUSSION
3.1. Characterization of NiO thin film
3.1.1. XRD analysis of NiO thin films

The grazing mode of XRD was used to explore the structural properties of the thin films, and
intensity data were collected within a 2 range of 30° to 80°. The XRD patterns of NiO thin films subjected to
varied annealing temperatures (as-deposited, 500 °C, 600 °C, and 700 °C) are shown in Figure 3. The NiO
film showed two prominent peaks at 37.3° and 63.01° in the pattern corresponding to pH 10 after annealing.
These peaks correspond to the (1 1 1) and (2 2 0) cubic NiO diffraction planes, respectively, as confirmed by
the international centre for diffraction data (ICDD 00-044-1159) [22]. Based on the XRD pattern, it was
observed that the highest peak was at 600 °C. The XRD pattern shows two peaks at annealing temperature of
600 °C and 700 °C. The results are similar as reported by previous works [23]-[25] with two peaks available
in the XRD pattern.

3.1.2. UV-VIS analysis of NiO thin films

To investigate the optical absorption spectra of NiO thin films with different annealing temperatures
and analyze the energy bandgap, UV-Visible analysis was used in Figure 4. Figure 4(a) depicts the
wavelength dependence of absorption in the spectral region 295-800 nm for NiO thin films. Due to the
energy gap created by the NiO thin films, the absorbance decreased rapidly at short wavelengths. As a result,
there is an absorption peak at 295 nm for NiO at annealed temperatures of 500° and 700 °C. These results are
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almost similar to previous papers [26], [27]. The highest absorption was annealed temperature at 700° due to
the high crystallinity. Annealing at this temperature diffused and reorganized the NiO’s atoms into a more
ordered crystalline structure. Higher crystallinity allows the material to absorb and convert incident light into
electrical energy, increasing absorption.

Figure 4(b) shows the absorption coefficient in same wavelength. The absorption coefficient can be
calculated using in (4), which t represents the thickness of the sample and A is the absorbance. On the other
hand, the highest absorption coefficient of NiO thin films annealed at 500 °C at peak 2x106 cm-1 and
decreased at annealed temperatures of 600 °C and 700 °C, as indicated in Figure 4(b). These results have a
good agreement with previous work [28].

The optical energy band gap (Eg) is calculated using the classical relationship shown in (1).
The value of n in the equals (2) for allowed indirect optical transitions. This work determined the indirect
bandgap by plotting a graph between (chv)2 and (hv) in eV, as indicated in Figure 5. The band gap values
were obtained with different annealing temperatures are 4.10 eV, 3.50 eV, 3.43 eV, and 3.59 eV for as
deposited, 500 °C, 600 °C, and 700 °C, respectively. Furthermore, these findings are almost same with the
findings of the researchers [22] as the researchers obtained the result of 3.86 eV, 3.69 eV, 3.60 eV, and 3.47
eV for same varied temperature in this work.

Intensity (a.u)

' 'I " a5 deposited
a

20 40 50 &0 70 80
2Theta (degree)

Figure 3. XRD patterns illustrating NiO thin films at various annealing temperatures

3.1.3. SEM images analysis of NiO thin films

Surface morphology analysis of NiO thin films annealed at different temperatures (500 °C, 600 °C,
and 700 °C) was conducted using SEM. The surface morphology of NiO can change with increasing
temperature because of several factors, including changes in crystal structure, surface diffusion rates, and
surface oxidation/reduction reactions. Figure 6 shows the SEM image of NiO with the magnification of
10,000 obtained by focusing the electron beam over the surface of the sample to generate the 2-dimensional
images. As shown in the micrographs, top views of the NiO films reveal nanocrystalline grains that
uniformly cover the substrate’s surface. The NiO thin films show smooth and homogenous surfaces for NiO
thin films as deposited and 500 °C, as indicated in Figure 6(b). As shown in the micrographs, top views of
the NiO films reveal nanocrystalline grains that uniformly cover the substrate’s surface. The micrography
results clearly reveal that the nanoparticles are extremely fine and uniformly distributed across the glass
substrate. These results reported similar SEM images for NiO thin films with previous works where the NiO
thin films show smooth and homogenous surfaces due to the changes in surface morphology that occur with
increasing temperature [29], [30].

3.2. Characterization of ZnO thin films
3.2.1 XRD analysis of ZnO thin films

The same XRD technique used for the NiO thin film was used for the structural study of the ZnO
thin film. Data on intensity were collected throughout a two-degree range of 20° to 80°. The XRD pattern of
ZnO thin films at various annealing temperatures is shown in Figure 7. The major peaks of the ZnO films
align with the indices (100), (002), and (101), which are located at 31.67°, 34.47°, and 36.18°, respectively,
across all samples. Surprisingly, the (101) plane had the highest intensity in all samples except those
annealed at 700 °C [21]. With increasing annealing, it was expected that the intensity of the peaks would
increase. Nevertheless, the peaks observed in the sample annealed at 700 °C were notably smaller in
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comparison to those of the other samples. This discrepancy could be attributed to the diminished durability of
the glass substrate, which exhibited signs of melting at around 700 °C. The XRD analysis revealed that all
the ZnO thin film samples exhibited the characteristic XRD pattern of ZnO, aligning well with findings from
previously reported studies [31]-[33].
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Figure 4. Ultraviolet-visible (UV-vis) spectra of NiO at varying annealing temperatures (a) UV-Vi’s
absorption of NiO and (b) Absorption coefficient of NiO

1.50E+12

as deposited

——500°C

——600°C I|

—700°C
- 1.00E+12 - ,'I
E bandgap
= as deposited =4.10 eV
o 500 °C =3.50 eV |
E= 600°C =343 eV 350V .'r |
B £ pog+11 4 700°C =359 eV

343eV fi

e O T
20 25 3.0 35 4.0 45
Energy (eV)

Figure 5. Optical band gap of NiO thin films

3.2.2. UV-VIS of ZnO thin films

The absorbance of ZnO thin films at various annealing temperatures was investigated using
UV-visible analysis. From Figure 8(a), the absorption peak position with different annealing temperatures is
372 nm, 363 nm, and 343 nm for 500 °C, 600 °C, and 700 °C, respectively. These results are in the range
reported by previous work [34], [35]. The ZnO thin film annealed at 500 °C exhibited the highest spectrum
along the wavelength. The absorption spectra of other samples decreased with the increasing annealing
temperatures because the particle size grew, and the sample dispersion degraded at the highest temperature
[36]. In addition, as the annealing temperature increases, the band gap of the thin film also increases. A larger
band gap results in lower absorbance, as it requires more energy for the material to absorb light, reducing its
ability to interact with the surrounding environment [37].

The plot of (ahv)2 vs. hv indicated in Figure 8(b) shows that ZnO has band gaps of 4.17 eV, 3.94
eV, and 3.85 eV with annealing temperatures at 500 °C, 600 °C, and 700 °C, respectively. However, these

results contradicted previous work [22], [23], [38], and the optical bandgap obtained was higher than bulk
Zn0 3.37 eV [25].
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Figure 7. XRD spectra depicting ZnO thin films at various annealing temperatures (as deposited 500 °C,

3.2.3. SEM analysis of ZnO thin films

SEM images of ZnO thin films at magnifications of 5,000 for samples 500 °C, 600 °C, and 700 °C
are shown in Figure 9. Figure 9(a) for the ZnO thin film samples annealed at 500 °C reveals that the particles
are distributed equally and that their attachment to one another results in agglomerated particles. These
results for ZnO annealed at 500 °C were almost the same as reported by previous work [31], where the ZnO
particles formed very uniformly. In addition, the grain size of ZnO thin films was obtained in the range of
0.20-0.40 um. The average grain size was measured using Image] software. Figure 9(b) reveals the
increasing grain size at 0.41 um from 0.29 um when the sample annealed at 600 °C. Figure 9(c) shows the
image after annealing at 700 °C because of the low durability of glass. As a result, only the binder was
presented when SEM was conducted.

600 °C, and 700 °C)
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Figure 9. SEM images showing ZnO thin films at different annealing temperatures; (a) 500 °C, (b) 600 °C,
and (c) 700 °C

4. CONCLUSION

The conclusion of the study on the effect of annealing temperature on the deposition of ZnO and
NiO thin films is that increasing the annealing temperature can improve the structural and morphological
properties of both ZnO and NiO thin films. For NiO, the annealing process improved crystallinity, increased
particle size, and more uniform distribution especially at 700 °C. However, bandgap energy decreased when

Indonesian J Elec Eng & Comp Sci, Vol. 34, No. 2, May 2024: 777-787



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 785

the thin film was annealed from 4.10 eV into 3.50 eV, 3.43 eV, and 3.59 eV. The result of UV Vis analysis
shows that the annealing at high temperatures showing decreasing bandgap energy trends in both of thin
films. XRD analysis of NiO shows that annealing at high temperature resulted in the increase of crystallite
size and enhancement of the intensity of the (111) reflection. For ZnO, annealing at higher temperatures
resulted in larger and more ordered grains from 0.29 um at 500 °C and 0.41 um at 600 °C, but at 700 °C,
there no ZnO present on the film but only binder is presented. In addition, at higher annealing temperatures,
the absorption spectra had sharper peaks, which indicated a uniform crystalline structure. However,
the absorption band edge shifted to a shorter wavelength, indicating smaller bandgap energy at 3.85 eV.
Moreover, XRD analysis of ZnO films show the diffraction peak corresponding to the (002) planes became
sharper and shifted to a higher degree with the increase in annealing temperature, indicating enhanced crystal
orientation along the c-axis and reduction in lattice strain. In addition, the XRD analyses of the ZnO and NiO
films indicate that heightened annealing temperatures result in an enhanced structural integrity and crystalline
nature for both materials.
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