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This work presents the fabrication of NiO thin films via versatile sol-gel spin coating method
and investigation of annealing effects on their physical properties. After the deposition
process, the NiO thin films underwent annealing process at different values of temperatures
ranging from 200°C to 350°C for one hour duration. XRD patterns confirmed the
polycrystalline nature, along the preferred orientations (110) and (101) planes.
Nanoparticles in NiO thin films demonstrated an increase in crystallite size with rising
annealing temperatures, reaching a maximum size of 49 nm at annealing temperature 300°C.
FTIR patterns revealed Ni-O bands at 472 cm! in the far infrared region. UV spectroscopy
showed that the average transmittance of the NiO thin films increases 91% to 94% as a result
of increasing the temperature during annealing. While the band gap decreases and reaches
the lowest value 3.94 eV at 300°C. The hot probe tests of the fabricated nickel oxide thin
films verified their p-type nature while the four-point probe technique showed that
resistivity decreases at higher annealing temperatures. Based on these enhancements of
physical properties, NiO thin films could be suggested as promising candidates for hole
transport layer applications in chalcogenide and perovskite materials based solar cells.
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1. Introduction

One of the main problems that society is currently dealing with is the demand for sustainable
energy. Only 85% of the world's energy needs are now satisfied by non-renewable fossil fuels, which
have detrimental effects on the environment and human health. Solar power is a practical renewable
power source that can contribute to supplying the world's energy needs. With little pollution,
photovoltaic cells turn sunlight into electric power. Different materials are being studied for solar
cell applications [1-4]. Over the past decade, scientists have made significant efforts to enhance the
photovoltaic conversion efficiency (PCE) of perovskite solar cells (PSCs), increasing it from 3.8%
to 25.7% [5]. PSCs are especially appealing due to their semiconductor qualities, which include their
long electron and hole diffusion lengths, broad light absorption capabilities, and ambipolar transport
facilitation [6]. When photons of light are absorbed by the perovskite layer, electrons from valance
band are stimulated to the conduction band or lowest unoccupied molecular orbital (LUMO), which
causes charge carriers to form in the material's bulk. Notably, perovskite has free electrons and holes
instead of bound excitons because the latter's binding energy is enough to permit for charge
separation at ambient temperature. The ambipolar conductivity of the perovskite materials causes
the free positive holes and negative electrons to move through the material to the interface with the
hole transport layer (HTL) or electron transport layer (ETL) respectively. In a typical perovskite
solar cell, the level of the valance band or highest occupied molecular orbital of HTL is marginally
greater than the perovskites. Furthermore, HTLs must meet some prerequisites, including: (a) HTL
should have high mobility and carrier concentration (b) HTL should have a high band gap but the
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HOMO energy levels of HTLs should match those of the perovskite layer (c) to prevent photon loss
HTL should have high transmittance in the photoactive region (d) the HTL material shouldn't react
with nearby components (e) HTL should have high thermal stability, (f) the HTL layers must have
low defect concentration. This compatible criteria of selection of HTL material helps to reduce the
charge recombination process by preventing the formation of holes at the interface and preventing
the depletion of holes within the perovskite. Therefore, inverted perovskite solar cells (PVSCs)
benefit from the HTL interface layer's increased charge-collecting efficiency, which raises PCE. So,
the selection and engineering of p-type hole transport layer (HTL) in ABX; perovskite solar cells is
very sensitive for enhancing their performance. Significant efforts are being made by scientists to
research develop and optimize new p-type materials. For this purpose, many materials, such as CuO,
CuSCN, Cul, MoS,, WS, and NiO, are frequently used to fabricate a hole transport layer [7]. Among
these materials, nickel oxide (NiO) stands out as one of the most versatile transition metal oxides
and has a wide range of applications, including electrochromic devices [8], photovoltaic devices [9],
chemical sensors [10], transparent electrodes in displays, solar cells [11], light-emitting diodes
(LEDs) [12], lithium-ion batteries, and optical coatings [13]. Its versatility arises from many
promising properties, including excellent cycle stability, high specific capacitance [14]. Due to their
cubic p-type semiconducting nature, excellent transmittance, the wide band gap (E,), ranging from
3.5eV to 3.9 eV, high thermal stability, high surface area, and appropriate work function (WF) with
deep valance band edge ranging from -5.2 eV to -5.4 eV that aligned with valance band of MAPbI;
perovskite layer (-5.4 eV), NiO-based HTLs have been widely regarded as promising candidate in
PVSCs [15]. Additionally, it is low cost, non-toxic and earth-abundant. Hence, it is very suitable to
use NiO thin film as an HTL when deposited by a suitable technique.

Fabrication of thin films of metal oxides can be done using various methods, including spray
pyrolysis [16-18], sputtering [19], electrochemical deposition [20], electron-beam deposition [21],
pulsed laser deposition (PLD) [22], SILAR [23], chemical vapour deposition (CBD) [24], thermal
deposition (TD) [25], and atomic layer deposition [26]. The sol-gel method is favoured because of
its simplicity, versatility and cost-effectiveness. In contrast to other methods, it does not require too
much pricey technological equipment. The spin coating technique includes four steps: (i) prepare a
precursor solution [17]; (ii) age the precursor solution to turn it into a gel; (iii) coat sol-gel on a
substrate; and (iv) dry and anneal thin films [27]. The characteristics of the films vary with several
parameters, such as the ageing time, doping, concentration, spinning time, chelating agent, substrate
temperature, post-heating temperature, annealing time, and spinning speed. Optimizing the ageing
duration and heat-treatment parameters is highly important for fabricating nanoscale thin films by
controlling optical bandgaps [28], among other aspects, to produce high-quality thin films. Many
studies have looked at electrical, thermal, structural, chemical, optical, and electrochromic properties
of NiO thin films. Both the annealing treatment and the deposition technique substantially affect the
structural and optical characteristics of the deposited films. Few researches have explored the effects
of annealing on physical characteristics, particularly employing the sol-gel spin coating approach
[29, 30]. Therefore, this study investigates the effects of annealing on thin NiO thin films obtained
via the sol-gel spin coating method to optimize the structural, optical, and electrical properties in
order to determine the potential of NiO thin films as p-type HTL in PSCs.

2. Experimental work

2.1. Chemicals and substrates

A precursor material, nickel acetate tetra hydrated (Ni(C,H30,),.4H,0, 98% purity), with
CAS No. 6018-89-9, was acquired from Sigma Aldrich and used exactly as purchased to fabricate
NiO thin films. A viscous liquid of 2-aminoethanol (NH.CH,CH,OH with purity >99.5%, CAS 141-
43-5) was used as versatile liquid (solvent and as a stabilizer). Glass slides, cut nearly into square
shapes with thicknesses of 1.2 mm (CAT No. 7101) were used as substrates.

2.2. Preparation of substrates
Well cleaned substrate is required for better adhesion of materials to be deposited on it. In
the present work substrates were prepared for deposition by using a cleaning scheme in which a
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series of three cleaning solutions; (i) a surfactant; first substrates were cleaned with lab cleaning
surfactant, (ii) distilled water; in second step substrates were thoroughly cleaned in distilled water,
and (iii) IPA for ten minutes each; in third and last step substrates were cleaned in IPA and then in
IPA before shifting on substrate holder for deposition.

2.3. Deposition of pristine NiO thin films

The precursor Ni(C,H30,),.4H,O was successfully dissolved in 2-methoxyethanol to
prepare the required solution. The nickel acetate concentration was held constant at 0.5 M. After one
hour of homogeneous, transparent stirring at 50°C with a magnetic stirrer, the mixture was left to
age for twenty-four hours at room temperature. The cleaned glass slides were then spin coated with
this solution for 20s at 3000 rpm. To remove the organic residue, the prepared films were dried on
a hot plate set at 100°C. Four layers were deposited on each substrate to prepare a thin film. All of
the pure NiO thin films were then annealed from room temperature to 200°C, 250°C, 300°C, and
350°C using a 2.5 kW muffle furnace, which runs at 250V and has a rectangular cabin with an inner
muffle dimension of 200 x 120 x 80 mm, ensuring regulated and consistent annealing.

2.4. Characterizations

Several characterization techniques, such as Fourier transform infrared spectroscopy
(FTIR), ultraviolet (UV) spectroscopy, hot probe analysis, four-point probe measurements, and X-
ray diffraction (BRUKER Germany), were used to examine their structural, optical, and electrical
properties at different annealing levels. A simple, economical, and accurate mass difference
technique was used to calculate the films' thickness [31-34]. It was found that the NiO thin films
had an average thickness of 200 nm.

3. Results and analysis

3.1. XRD analysis

Structural changings induced in the NiO thin films after annealing were studied by XRD.
The data was obtained for diffraction angles (20) ranging from 10 —70°. Fig. 1 shows the XRD
results of NiO thin films which were annealed at 200, 250, 300, and 350 °C. The cubic-shaped,
polycrystalline NiO thin films were oriented along the (110) and (101) planes at 30.34° and 27.7°.
Typically, the preferential orientations for NiO nanoparticles attributed to annealed thin films were
reported as (111) or (200) peaks but interestingly (110) NiO peak is found in this work and matches
well with the NiO peaks of JCPDS card number 89-3980 [35], whereas the other weak peak oriented
along (101) attributed to Ni,O3 (JCPDS card number 14-0481) is also found [36]. These XRD
patterns were used to determine other structural parameters, such as full width at half maximum,
dislocation density, crystallite size, and microstrain, which are summarized in Table 1.
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Fig. 1. XRD patterns of NiO thin films annealed at 200, 250, 300, and 350 °C.

The XRD data were also used to calculate the full width at half maximum (FWHM) by using
origin software and then we calculated the crystalline size via Debye—Sherrer's relation [37].

kA
- Bcos6 (1)

where usual names of factors "0”, "D", "k", "A", and "B" are diffraction angle, crystallite size, shape
factor, wavelength, and full width half maxima respectively. Williamson and Smallman’s formula
[38] was used for calculation the dislocation density [39, 40].

5= — ©)
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The factor "6" denotes dislocation density and "D" cystallite size. The microstrain within
the NiO thin films was computed via the following equation [40].

. 50059/4 3)

The micro strain "&" scattering angle and FWHM are represented by "0" and "B",
respectively. Fig. 2 shows an increase in the crystallite size from 45.60 nm to 49.54 nm for annealing
temperatures of 200 to 300°C, and then it decreases to 49.16 nm for an annealing temperature of
350°C. An overall increasing trend is observed for a specific range of annealing temperatures
ranging from 200-350°C. One possible reason for the rise in crystallite size is the sintering process.
At higher sintering temperatures, the rate of diffusion increases, which results in the promotion of
the growth of crystallite size [41]. So, the increase in crystallite size found in this work may be
attributed to the process of sintering [42]. The finding that NiO nanoparticles exhibit a large
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crystallite size is not surprising. Arunodaya and Trilochan Sahoo reported a large crystallite size of
106 nm via the spin coating technique [43], while Ganesh et al. reported a crystallite size of
approximately 53 nm using the same methodology. Fig. 2 also shows that micro strain decreases
from 3.79 x 10" to 3.49 x 10 when annealing temperature jumps to 300°C and is in agreement with
literature [44]. The highest crystallite size (49.54 nm ) found in this work is distinctively smaller
than the crystallite size reported [43]. The dislocation density decreases from 4.81x 10'%/m? to 4.07
x 10 lines/m* with shifting temperature from 200 to 300°C, and then increases to 4.14 x 10
lines/m? for 350°C and is in line with the research reported by Aswathy et al [14]. From these
observations, it is evident that both the strain and dislocation density decrease, while crystallite size
decreases, with increasing annealing temperature, indicating that annealing causes significant
changes in structural properties of the NiO thin films. The rise in the crystallite size led to fewer
defects and imperfections, indicating high thermal stability and good nanocrystalline structure [45].
All changes occurred in structural [39] parameters are in good agreement with many published
reports [46, 47]. Normally good results are obtained by using thin films of moderately large
crystallite size for fabrication of solar cells [48]. According to Prabeesh and his colleagues' findings,
the thin films with the large crystallite size (47nm) exhibits higher carrier concentration of 4.12x10"
cm, however thin film with the smallest crystallite size (11nm) had the lowest carrier concentration
(6.62x10' cm). Hence, thin films prepared in this work having crystallite sizes 45 nm to 49 nm
with additional features of being less defective and thermally stable show good potential to be used
as HTLs in perovskite solar cells.

Table 1. FWHM, dislocation density, crystallite size, and strain of NiO thin films.

Temperature, Methodology FWHM Crystallite Dislocation Micro strain,
T(°C) B(degree) | size, D(nm) density g(10%)
3(x10"lines/m?)

200 Sol-gel spin 0.18049 45.60 4.81 3.79
coating

250 Sol-gel spin 0.17201 47.85 4.37 3.62
coating

300 Sol-gel spin 0.16608 49.54 4.07 3.49
coating

350 Sol-gel spin 0.16735 49.16 4.14 3.52
coating

—li— Crystallite size
49.6 =M= Micro strain - 4.8
—m— Dislocation Density WAV ’
Ll
48.8 <
3.70 + E
2 £ tas
£ 48.0 1 é 3.65 + z:
g = =
L] = =
2 2 360+ £
T 47.24 5 < (44
£ s 5
o) 355+ &
46.4 o z
z
350l ° Laz2
m
45.6 /
3.45 +
T 4.0

w
o
o

T T
200 250 300

Annealing Temperature (°C)

Fig. 2. Variations in the dislocation density, crystallite size, and strain of NiO thin films annealed at
temperatures of 200, 250, 300, and 350°C.
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3.2. FTIR analysis

FTIR spectroscopy is extensively employed to monitor microstructural evolution in
response to processing parameters [49]. FTIR can also be used to reveal the formation of Ni—O
bonds present in thin films treated at different annealing temperatures. Using this characterization,
the annealing effects on the functional groups, intensities of the absorption bands, and vibrational
modes were studied. Fig. 3 revealed that annealing alters the absorption bands broadening
significantly. Stretching vibrations of hydroxyl (O-H) groups are typically detected in the spectral
range 3000-4000 cm™!, whereas O-H bendings are associated with a 1644 cm™ band [50]. The NiO
films developed a wide absorption band with a center at 3400 cm™! after being annealed at 200°C.
In the FTIR pattern of thin film annealed at 200°C, the broad absorption region of 2940-3860 ¢cm'!
signifies the presence of O-H bands. The band centered approximately at 3400 cm™! is associated
with interlayer water (H,O) molecules [51]. The characteristic Ni(OH), band is at 3648 cm™ [52].
The band centered at 2940 cm™ links to C—H stretching while the band centered at 1644 c¢cm'!
signifies absorbed moisture or the H-O-H group [53]. The absorption bands at 1409, 1339, and 1025
cm’! correspond to various C-H and C-O modes resulting from the coating process [54] The bending
at 676 cm™! indicates hydroxyl groups where hydrogen is bonded to Ni-O.
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Fig. 3. FTIR patterns of NiO thin films annealed at different temperatures.

There is so much noise in region of 450 cm™ to 4900 cm! but in an enlarged view of this
region weak absorption lines associated with Ni—O bonding vibrations were observed and centered
at 452, 458 and 472 cm’! and are well aligned with reported research [44, 55-64]. A detailed
comparison of the current work's findings with those of earlier Ni-O stretching investigations is
provided in Table 2. In FTIR spectra of thin film annealed at 250°C the the bending at centered 472
cm! is much clearer than in thin film annealed at 200°C while 672 ¢cm™ band indicates hydroxyl
group where hydrogen is bonded to Ni-O. A comparative FTIR analysis of all thin films revealed
that the band attributed to Ni(OH), is broader for thin film annealed at 250°C. Three bands, centered
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at 472, 672, and 1339 cm! in the FTIR pattern of a thin annealed at 300°C, are ascribed to Ni-O, O-
H, and C-O bonding, respectively. The narrowest bands are those at 672 and 1339 cm™'. FTIR pattern
of thin annealed at 350°C more or less shows the same bands mentioned in thin films annealed at
200°C, 250°C, and 300°C. Comparison of all patterns reveals that at low annealing temperatures
(200 and 250°C), broader and stronger bands are observed, but their intensity decreases as the
temperature increases to 300 and 350°C. A significant decrease in the broadening of O-H vibrations
occurred due to the annealing process and O—H vibrations almost completely vanished for thin film
treated at 300°C. Summarizing the FTIR findings, Ni-O bonding has been confirmed in all NiO thin
films annealing renders NiO thin films OH-free, making these thin films good candidates for hole
transportation in perovskite solar cells.

Table 2. FTIR band positions and assignments.

Band position (cm™) Assigned group Reference
stretching/bending
402,415, 442 Ni-O [59]
436 Ni-O [57]
460 Ni-O [58]
419,614 Ni-O [44]
461 Ni-O [60]
550 Ni-O [61]
500 Ni-O [62]
435, 615 Ni-O [63]
470, 522 Ni-O [64]
475 Ni-O [56]
452,458 and 472 Ni-O This work

3.3. UV-visible analysis

We employed UV-vis spectroscopy to collect the transmission data for NiO films in the
region of 200-800 nm wavelength range of incoming light. The acquired transmission data were
then utilized to determine critical optical parameters, including the absorption coefficient and band

gap energy.

3.3.1. Optical transmission analysis

Each NiO thin film's transmittance spectrum is shown in Fig. 4. The annealing temperature
has a significant impact on the optical transmittance of the NiO thin films. When the annealing
temperature rises from 200 to 300°C, the transmittance rises from 91% to 94%, and when it reaches
350°C, it drops and reaches 89.6%. A significant decrease in the transmittance is observed
approximately at 471 nm, 491 nm, and 521 nm for nanoparticles of thin films annealed at 200°C,
250°C, 300°C and 461 nm for those annealed at 350°C, respectively. A significant shift in
transmittance to a higher wavelength [65] suggests that the predicted optical band gap values will
decrease as by the increasing annealing temperature. and leading to the formation of good quality
thin films. The improvement in transmittance is related to the enhancement in the microstructure,
and results in less defect dispersion [47]. A less dispersive HTL minimizes variations in energy
levels, leading to a smoother energy band alignment with the perovskite layer. This reduces energy
losses during charge transfer and ensures consistent hole mobility, reducing the chances of charge
trapping and recombination within the HTL [66]. Therefore, these less dispersive NiO thin films
annealed at different temperature levels have the potential to be used in lasers, LEDs [14], and solar
cells as p-type hole transport layers.
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Fig. 4. Variation in the transmittance of NiO thin films versus wavelength.

3.3.2. Absorption coefficient

The ratio of the amount of light absorbed to the thickness of the film is called the absorption
coefficient. Various materials absorb incident light differently across different energy ranges. The
absorption coefficient was determined via a specific equation (4) called Lambert's law [67].

a= — %lnT (4)

"T" denotes the percentage transmission, whereas "#" denotes thickness of thin films. Fig. 5
shows a decrease in the absorption coefficient with increasing wavelength of incident light.
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Fig. 5. Variation in the absorption coefficient of NiO thin films versus wavelength.

Fig. 5 shows that average value of the absorption coefficient increases from 0.0056 nm™ to
0.0161 nm™! as the temperature increases from 200°C to 300°C and finally it decreases when the
annealing temperature further jumps and reaches 350°C. In this study, the energy-dependent
absorption coefficients seemed to be greater in the visible light energy spectrum especially in the
region of 400 nm to 450 nm and showing that prepared thin films allow more light to reach the
perovskite layer. Therefore, these sol-gel-derived NiO thin films with such absorption coefficients
can be used in solar cells. This pattern is consistent with findings from other research projects [68].
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3.3.3. Band gap analysis
An electron needs energy to participate in the conduction process. The optical band gap
energy (Eg) was determined via Tauc plots (Fig. 6) attributed to the following equation[69].

(ahv)'/n = B(hv - E,) ®)

The v, a, h, § symbolises frequency, absorption coefficient, Planck’s constant and band
tailing parameter respectively. The factor "n" frequently takes values such as 1/2, 3/2, 5/2, etc., or
2, 3, 4, etc., which correspond to direct and indirect band gap transitions while n is taken as 1/2 in
this work. Tauc plots showed that the band gap values for thin films annealed at 200, 250, 300 and
350 are 4.01 eV, 3.99 eV, 3.94 ¢V and 3.97 eV respectively. The band gap decreased from 4.01 to
3.94 ¢V as the annealing temperature increased and is in good agreement of the literature [70, 71].
When the crystalline size increases, the sample band gap energy decreases due to the quantum
confinement effect. The decrease in band gap reflects the decrease in number of defect sites [72,
73]. We observe that annealing lowers the band gap but it still is high as 3.99 eV. Perovskite
materials' valence band and the highest occupied molecular orbital (HOMO) can be perfectly aligned
by high bandgap hole transport layers (HTLs). This adjustment leads to efficient hole extraction,
reduced resistive losses, and improved charge transport [74]. Hence annealing affects the optical
properties NiO thin films to make them compatible with the perovskite layer.
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Fig. 6. Plots of (ahv)? vs incident light energy (hv) for NiO annealed at different temperatures.
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Table 3. Bandgap energies of NiO thin films for various annealing temperatures.

Deposition Annealing temperature Decreasing trend of band | Reference
Methodology (°O gap (eV)

Spin coating 300 — 600 3.75-3.50 [75]

Spin coating 000 — 500 3.72-298 [14]

Spin coating 300 — 600 3.83-3.66 [73]

Spin coating 300 —700 3.86 —3.47 [45]

Spin coating 350 - 600 3.75-3.66 [76]

Spin coating 200 — 300 4.03-3.94 This work
Spin coating 300 — 350 3.94-3.97 This work

4.02 50.0

—B—Band gap
~— M~ Crstallite Size

|- 49.5

/

- 49.0

|- 48.5

|- 48.0

- 475

|- 47.0

—#— Band gap (eV)

- 46.5

—B— Crystallite size (nm)

- 46.0

T T T T
200 250 300 350

Annealing temperature (°C)

Fig. 7. Decreasing trend of the band gap with increasing annealing temperature.

Fig. 7 shows decrease in the band gap from 4.01 eV to 3.94 eV due to an increase with
increasing temperature. The obtained values of bandgap energies of NiO thin films for various
annealing temperatures are compared with literature as shown in Table 3.

3.4. Electrical analysis

3.4.1. Conductivity type determination

There are a number of methods for figuring out a semiconductor's conductivity, including
wafer flat detection, electromotive force, rectification, the Hall effect, and a hot probe [77]. A
straightforward, efficient, affordable, and precise hot probe approach is used in this work to examine
the conductivity type for both n-type reference and p-type samples [78]. This method entails
positioning two probes at various locations on the thin film's surface. By first heating the anode
probe, a potential gradient is created between the two examining probes as electrons are forced to
diffuse from the anode to the cathode (the cold probe). If the film being tested is n-type, a parallel-
connected voltmeter detects the potential and displays a positive reading; if it is p-type, it displays a
negative value. Fig. 8 (A) illustrates the negative conductivity of an n-type silicon wafer (reference)
as measured by the hot probe method. The positive reading confirms that the reference film (the
silicon wafer) exhibits n-type conductivity. In contrast, Fig. 8 (B) shows the response of the NiO
thin film, which initially registers a negative response when heat is applied. A negative reading on
the panel indicated that the sample exhibited p-type conductivity, and this response was consistent
across all samples. The reaction intensified when heat was gradually applied above zero and
diminished upon cooling [79]. As a result, the prepared samples are confirmed to be p-type materials.
P-type conductivity ensures thin film has a holes’ concentration and can be used as p type HTL.
With a higher number of holes in the HTL, the material may easily enable the transfer of charge
carriers, boosting overall device performance. In short, the p-type features of the HTL play an
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important role in increasing electrical conductivity, resulting in improved device functioning and
effectiveness. Hence these NiO thin films can be used in PSCs as p-type HTLs.
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Fig. 8. Conductivity type measurement set-up: (4) n-type Si reference sample,; (B) NiO thin film sample.

3.4.2. Resistivity measurement

There are many advantages for employing a four-point probe instead of a two-point probe
to determine the sheet resistance (R) and resistivity (p). The four-point probe method is an easy,
accurate, and low-cost approach that successfully overcomes the contact resistance problem, in
contrast to the two-point probe leading to the more precise measurement of sheet resistance. A self-
made local set up was made to determine the resistance of the thin films or sheets. It consists of a
digital multimeter, a six-pin DC connector (out of six pins only four pins were used as probes), and
an input current source. A 0.02 A current was passed through outer probes via an input current
source, and then we observed the potential difference (V) between the inner probes on the display
screen of the digital multimeter. Finally, we calculated the sheet resistance by using the data values
in the following relation [80].

R= () x (=452 () 0

In the present measurement set-up, we used the probes with the 1.6 mm spacing which is
higher than the thickness of thin film. So, we applied a correction factor of 4.532 in the above relation
for square-shaped samples. The resistance values obtained from the relation were then used to find
the resistivity by using relation given below [81].
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Fig. 9 demonstrates that with the rise in annealing temperature (T) from its lowest value of
200°C to 300°C, then the resistivity of the NiO films drops from its highest value of 2.04x10° Q cm
to 1.04x10° Q cm, and finally, it increases up-to 1.22 x 10~ Q-cm at annealing temperature 350°C,
showing the typical semiconducting behaviour [82].

2.2x1075 7

L]
2.0x107 ~ T
L |

1.8x107° H

ity (Q cm)

1.6x107°

1.4x1075

1.2x1075 o /

L}
1.0x107°

Resistiv

T T
200 250 300 350

Annealing Temperature (°C)

Fig. 9. Resistivity versus annealing temperature.

This decreasing and increasing trend of the resistivity may be attributed to the increase and
decrease of crystallite size found in this work. The decrease in resistivity indicates an increase in the
carrier concentration and mobility as resistivity varies inversely with them [83], which is necessary
for creating an effective hole transport layer. The decreasing values 2.04x10° Q cm to 1.04x1075Q
cm are very small than the resistivity values (24.70 Q cm to 5.48x10° Q cm) decreasing with
annealing temperature reported in the previous literature [84]. The HTLs need to exhibit high
conductivity and minimal resistivity. Low resistivity ensures that holes can move efficiently from
the active layer to the electrode, enhancing device performance by reducing energy losses due to
resistance [85]. Hence these low resistive NiO thin films show excellent potential to be used as hole
transport layers for perovskite solar cell application.

4. Conclusion

In this research work, we employed a spin-coating deposition approach to fabricate NiO thin
films. XRD revealed a polycrystalline nature with (110) as preferential orientations, with crystallite
sizes ranging from 45.60 to 49.16 nm, which increased with increasing annealing temperature. FTIR
findings revealed Ni-O stretching in the far infrared region at 472 ¢m™ band position. We found a
decrease in the band gap from 4.01 eV to 3.94 eV, and it finally increases to 3.97 eV. The optical
investigations revealed temperature-dependent variations in the transmittance (91% to 94% then
94% to 89.6%), absorption coefficient (0.0056 nm™ to 0.0161 nm™ and then 0.0161 nm™' to 0.0053
nm™'), and optical band gap. The hot probe technique confirmed that NiO thin films had p-type
conductivity. We can conclude that annealing enhances the optical and structural properties of NiO
thin films fabricated via so gel spin coating technique. The key characteristics, such as large
crystallite size, few defect sites, p-type conductivity, high band gap and low resistivity, make NiO
thin films good candidates for use as hole transport layer applications in perovskite and chalcogenide
materials based solar cells.
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