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Abstract. Nickel oxide (NiO) is one of the p-type semiconductors with
unique properties suitable for nanosensor applications. It has a wide range
band gap and can be fabricated in various methods, leading to different
nanostructures and results. In this study, undoped and lithium (Li)-doped
NiO were fabricated using the immersion method to investigate their
properties. The field emission scanning electron microscopy analysis
revealed that both samples produced two layers of nanosheet and nano coral
reef-like (CR) structures. X-ray diffraction patterns confirmed the average
crystallite sizes for undoped and Li-doped NiO are 24.70 nm and 31.19 nm,
respectively. According to ultraviolet-visible spectroscopy, Li-doped NiO
has a higher average transmittance percentage of 53% compared to undoped
NiO, which has 40%. The estimated optical band gap values are not much
different, with 3.94 eV for undoped and 3.95 eV for Li-doped. Electrical
measurements also indicated that Li-doped NiO has a higher conductivity
value of 7.9 x 102 S.m™%, whereas undoped NiO has 7.71 x 102S.m™.

1 Introduction

The silicon nanosensor-based industry has experienced increased demand in past years due
to their reliability. However, over time, researchers explored other alternatives to develop
sensors that can match the performance of silicon-based sensors. One such option is the use
of metal oxide semiconductors (MOSs). MOS-based sensors are susceptible and can detect
even small changes in the environment, such as the detection of harmful and toxic gases [1].
Moreover, they are inexpensive to manufacture, making them an affordable solution for many
applications.
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Generally, there are two types of MOSs, which are n-type and p-type. In recent years,
several n-type metal oxides have gained popularity in research, such as indium (I11) oxide
(In203), zinc oxide (ZnO), titanium dioxide (TiO), and tin (IV) oxide (SnO3), which have
been studied extensively for their properties and potential applications. On the other hand, p-
type metal oxides are less common, but they are still a crucial area of research. Several
different materials have been identified as potential p-type semiconductors, including nickel
oxide (NiO), copper oxide (CuO), copper (I) oxide (Cu0), tin (1) oxide (SnO), and cobalt
oxide (Co30a4). These materials are characterized by their ability to conduct holes essentially,
the absence of electrons, which makes them useful in various applications, such as sensors
and energy conversion devices.

NiO is widely used by researchers due to its exceptional characteristics. This material
is used in various fields, such as battery cathodes [2], solar cells [3], electrochromic coatings
[4], antiferromagnetic materials [5], smart windows [6], and supercapacitors [7], due to its
remarkable properties such as having a wide band gap ranging between 3.6 to 4.0 eV. The
surface area, color, and nonstoichiometric levels of NiO samples can vary depending on the
preparation conditions [8]. Due to these properties, many researchers have studied the impact
of NiO samples on the morphological, electrical, structural, and optical properties in sensor
fields and energy conversion devices. Most researchers suggest that dopants can be added to
NiO samples to enhance the NiO performance. Doping is a prevalent technique used in
semiconductor fabrication to modify the behavior and conductivity of the samples by
introducing extra electrons or electron holes into the precursor samples. According to Wang
et al. [9], even small amounts of dopant atoms can significantly alter the sensitivity of the
samples and improve their sensing performance. A few transition metals have been employed
as dopants in NiO. For example, Ahmed et al. used zinc (Zn) and manganese (Mn) to be
doped with NiO through a co-precipitation method for optoelectronic application purposes
[10]. On the other hand, Ahmed et al. fabricated chromium (Cr)-doped NiO forming nanorod
structures for supercapacitor application, while Sahoo et al. suggested doping NiO with
copper (Cu) to be used for photocathodes in water splitting applications [7, 11].

In this study, besides undoped NiO, lithium (Li) is used as a dopant element to be
incorporated with NiO. The immersion method is employed to deposit undoped and Li-doped
NiO nanostructures, with a NiO thin film (TF) used to enhance the adhesion between the
nanostructures and glass substrates, as previous research has confirmed [12].

2 Methodology

2.1 Experimental work

Firstly, a thin film (TF) of NiO is deposited on two glass substrates using a sol-gel spin
coating to enhance the adhesion of undoped and Li-doped NiO nanostructures, respectively.
0.5 M nickel acetate (II) tetrahydrate is dissolved into the mixture of 2 ml diethanolamine
and 50 ml 2-methoxyethanol before being stirred at 500 rpm for 24 hours at 30 °C. Then, the
well-stirred solution goes through the 5000 rpm spin coating process, where 10 drops of the
solution are dropped onto the spinning glass before drying for 5 min. The process is repeated
for another four layers. The final step is annealing the TFs for 3 h at a temperature of 500 °C.

The second process is the growth of NiO nanostructures, which are undoped and Li-
doped NiO. 0.2 M of nickel (II) nitrate hexahydrate is dissolved into the mixture of 0.2 M
hexamethylenetetramine and 100 ml deionized (DI) water. For growing the Li-doped NiO
nanostructure, 1 at.% of lithium acetate dihydrate is added into the solution. The solution is
sonicated for 1 h and stirred for 1.5 h at 500 rpm. Through the sonication process, the solid
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particles in the solution will break down and disperse in a solvent to achieve a uniform
solution mixture. The solution is poured into Schott bottles, where the NiO TF-coated glass
substrate inside faces upwards. The bottles were then immersed in a water bath at 95 °C for
2 h to grow the nanostructures on the NiO TF. After immersion, the samples were rinsed
thoroughly with DI water and dried for 20 min at 150 °C. They were then annealed for 1 h at
a temperature of 500 °C.

2.2 Characterization

The surface morphology and cross-sectional images of the undoped and Li-doped NiO
samples were examined using a field emission scanning electron microscope (FESEM)
model Hitachi SU8020.

The crystal properties were determined through X-ray diffraction (XRD) patterns.
These patterns were analyzed using an X-ray diffractometer Rigaku Model Ultima IV. From
these patterns, various properties such as full width at half maximum (FWHM), dislocation
density (J), interplanar spacing (d), lattice parameters (@), unit cell volume (V), strain (¢), and
stress (o) can be obtained. The average crystallite size (D) was assessed using the Debye-
Scherrer (1) relation [13].

D kA
- pcosB

(1

where £ is the constant value of 0.94, A is the X-ray wavelength with a value of 1.542 A, S is
the FWHM in radians, and 6 is the diffraction angle in degree.

Both undoped and Li-doped NiO samples were analyzed for their optical properties
through an ultraviolet-visible spectrometer (UV-vis) model Jasco/V-670 EX. The analysis
was carried out in the 300 - 800 nm wavelength range. The optical band gap (E;) was
determined from the transmittance plot. The absorption coefficient (a) was calculated using
Lambert’s law, as shown in (2).

—111 2
a=-n = @

where ¢ and T represent the thickness and transmittance of the film. Then, the £, of undoped
and Li-doped NiO was estimated by employing the Tauc model referring to the Davis and
Mott relation [14] as shown in (3):

(ahv)? = B (hv — E,) 3)

where /v is the photon energy, and B is the energy-independent constant.

Meanwhile, the electrical characteristics were measured with a two-probe current-
voltage (/-V) method using a manual prober ST103A in the voltage range of -10 to 10 V. The
resistance (R) of the samples was determined through Ohm’s law as shown in (4).

Vv

R=- )

The resistivity (p) of both samples was calculated from the /-J measurement plots
using the equation:
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p= (%)

RA
t
where 4 is the surface area of the electrode, and ¢ is the thickness of the sample. Conductivity
(0) was determined using formula (6). Determining conductivity is crucial in order to assess

the effectiveness of the sensitivity of the samples [15].

(6)

1
o= —
p
A silver (Ag) electrode was utilized during the electrical measurement. The Ag electrode

was deposited with a uniform thickness of 60 nm using an electron beam thermal evaporation
system model Ulvac VPC-1100.

3 Results and Discussion

3.1 Surface morphology and cross-sectional images

Fig. 1 (a) and (b) demonstrate cross-sectional views of undoped and Li-doped NiO at 5,000
magnification. Meanwhile, Fig. 1 (¢) and (d) display the surface morphologies of the samples
magnified at 10,000%. The observation shows that nanosheet and nano coral reef-like (CR)
layers have been formed onto the NiO TF. The growth of CR is scattered and not uniform.
Both undoped and doped samples have similar nanostructures with no significant differences.
This structure is observed as in the previous study, where the same immersion method was
used [12]. The only difference between the two samples is their nanosheet and CR thickness.
The CR layers of undoped and Li-doped NiO have an average thickness between 4.5 to 11.8
pm. Meanwhile, the thickness of the nanosheet for undoped is 595 nm, while for Li-doped,
it has a slightly thicker of 620 nm.
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Fig. 1. Cross-sectional images of (a) undoped NiO and (b) Li-doped NiO at a magnification of 5,000%,
and surface morphologies of (¢) undoped NiO and (d) Li-doped NiO at a magnification of 10,000x.
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3.2 Structural properties

NiO CR structures displayed polycrystalline structures that belonged to the face-centered
cubic (FCC) NiO phase space group JCPDS card No. 47-1049. The XRD patterns were
examined in the 26 range of 20 - 90°, as demonstrated in Fig. 2. The undoped and Li-doped
NiO shows five diffraction peaks at approximately 37.7°, 43.3°, 62.9°, 75.5°, and 79.4°,
which were indexed to (111), (200), (220), (311), and (222) crystal planes. However, the Li-
doped NiO has three additional diffraction peaks with low intensity, corresponding to the
44.5°,51.9°, and 76.4°, which were indexed to (220), (131), and (144) crystal planes. It shows
the apparent Li in the sample. It was found from the graph that both samples have clear and
sharp diffraction peaks, indicating good crystalline quality. At the same time, the intensities
of these peaks increased significantly when the NiO sample was doped with Li. As a result,
Li-doped NiO CR showed higher intensities in the diffraction peaks and belonged to better
crystalline quality than undoped NiO.
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Fig. 2. XRD patterns of the undoped and Li-doped NiO CR structures.

Table 1 presents the crystal properties of undoped and Li-doped NiO CR evaluated at
the most prominent crystal plane (200). The 26 values indicate that the Li-doped NiO
diffraction peak is higher and a narrower FWHM than the undoped NiO. Meanwhile, the
dislocation density (6) of undoped NiO is relatively high. The excessive value of 14.284 x
10'* lines/m? on the undoped sample showed the loss of its crystalline structure and low
crystal quality. In contrast, the Li-doped sample performed the best crystal quality due to the
lower § value. The addition of Li* ions to NiO changes its crystalline structure, resulting in a
more organized lattice with fewer defects [16]. This alteration reduces the dislocation density
in comparison to undoped NiO. Li* ions are smaller in size than Ni* ions, and when they are
added to the NiO lattice, they take up the spots that were initially reserved for NiO ions. This
substitution can cause distortions in the lattice, modify the crystal structure, and improve its
quality.

On the other hand, the interplanar spacing (d) and lattice parameter (a) values for the
undoped NiO exhibit more lattice expansion than Li-doped NiO, which in turn causes the
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unit cell volume (V) to indicate a higher value. The strain (¢) for the undoped sample showed
a positive value, considered tensile strains. Meanwhile, the Li-doped sample showed a
negative value that carries the meaning of compressive strain. For the stress (o) evaluation,
the undoped sample showed a negative value considered compressive stress. Meanwhile, Li-
doped samples showed a positive value regarded as tensile stress. The difference in ionic
radii between Li" and Ni?" ions is also the cause of changes in strain and stress behavior [17].
This happens because the internal distortion in the host lattice interferes with the crystalline
nature of NiO. This disorder stimulates the formation of defects in the Li-doped NiO CR,
leading to a change in the behavior of tensile and compressed strain, as well as compressed
and tensile stress.

The D values of the five crystal planes of the samples were calculated and recorded
in Table 2. The results show that the average D value of Li-doped NiO is higher than the
undoped sample, with values of 31.19 nm and 24.70 nm, respectively. The decrease in
dislocation density and strain, as well as the increase in stress, has explained the increase in
crystalline size.

Table 1. Crystal parameters at (200) plane.

Sample 20 (°) FWHM, Dislocation Interplanar Lattice Unit Cell ~ Strain, Stress,
£ Density, 0 Spacing,d  Parameters, Volume, e o
(x 10 A) a(A) 14 (%) (GPa)
lines/m?) (< 107 m?)
g?g‘)ped 43300 03377 14.284 2.090 4.1796 7.30 6  -0.19
Li-doped
NiO 43337 0.2475 7.671 2.088 4.1762 7.28 -2 0.07

Table 2. The average crystallite size at (111), (200), (220), (311), and (222) planes.

Crystallite Size, D (nm) Average D
Sample
a1y 200 (220 @11 (222 (nm)
Undoped NiO 255 26.5 24.1 26.4 21.0 24.7
Li-doped NiO  33.5 36.1 30.0 29.9 26.4 31.2

3.3 Optical properties

Fig. 3 displays the transmittance spectra of both samples in the wavelength ranges of 300 to
800 nm. The Li-doped NiO sample has a higher average transmittance percentage (ATP) than
the undoped NiO sample, with 53% and 40%, respectively. The percentage values are
calculated within the 400 - 800 nm wavelength range. The presence of a dopant element
impacts the transmittance of the samples, as evidenced by the increase in ATP when lithium
is doped into the NiO sample. The increase in the ATP was related to the increase in the
crystallite size [18]. Large crystallites have fewer grain boundaries and less surface area,
resulting in less scattering and more light transmission through the material. The higher ATP
may also be affected by an increase in the thickness of the material [19]. Thicker materials
allow light to travel through a longer path length, particularly in the visible light spectrum.
This extended path length creates more chances for the light to scatter and reflect internally,
resulting in a higher percentage of the incident light being transmitted. The average
transmittance percentage of the samples is recorded in Table 3.

https://doi.org/10.1051/matecconf/202439703001
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Fig. 3. Transmittance of undoped and Li-doped NiO CR structures.

Table 3. The average transmittance percentage and optical band gap of the samples.

Sample Average Transmittance (%) Optical Bandgap, Eg(eV)
Undoped NiO 40 3.94
Li-doped NiO 53 3.95

Fig. 4 shows Tauc's plot, plotted to estimate the £, of the samples. The values obtained
are presented in Table 3. The E, values were gained from the linear line graph of (a4v)? versus
photon energy (/4v), and the estimated values for undoped NiO and Li-doped NiO are 3.94
eV and 3.95 eV, respectively. Based on the results, the £, values of the samples fall within
the range of 3.6 — 4.0 eV, which is consistent with the literature [20].
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Fig. 4. Tauc's plot for undoped and Li-doped NiO CR structures.
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3.4 Electrical properties

The I-V measurement plots of undoped NiO and Li-doped NiO CRs are shown in Fig. 5 with
the voltage supply from -10 to 10 V. Both samples exhibit Ohmic characteristics, as linear
plots were obtained. The plots indicate that the current value concerning the supplied voltage
for the Li-doped NiO increases compared to the undoped.

The calculated R, p, and o of the samples are summarized in Table 4. The results
show that the conductivity of the samples increases with the addition of Li elements, as
compared to undoped NiO with the values of 7.71 x 10 S.m™! and 7.90 x 102 S.m™! for
undoped and Li-doped NiO, respectively. This result matches the findings of the previous
study, which states that the conductivity of Li-doped NiO should be higher than the undoped
NiO sample [21]. The results gained are also affected by the thickness of the CR structures.
Sta et al. conducted research on different layers of Li-doped NiO thin film and found that
resistivity increases with the increase in thin film thickness [22].
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Fig. 5. I-V plot for undoped and Li-doped NiO CR structures.

Table 4. Electrical properties of the undoped and Li-doped NiO CR structures.

Sample Resistance, Resistivity, Conductivity,

R (MQ) p (Q.m) o (X102 S.m™)
Undoped NiO 15.28 13.0 7.71
Li-doped NiO 14.31 12.7 7.90

4 Conclusion

The undoped and Li-doped NiO CR structures were successfully synthesized using a 95 °C
immersion approach on NiO thin film. Significant differences exist between them regarding
their morphological, structural, optical, and electrical properties. Li-doped NiO is slightly
thicker and more crystalline than undoped NiO. In addition, the average crystallite size for
Li-doped is larger than undoped. The optical band gap values calculated from Tauc's plot for
both samples fall within the general band gap for NiO. The conductivity of Li-doped NiO
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CR is higher than the undoped sample. In conclusion, the electrical properties of NiO could
be improved with the cooperation of Li as the dopant element. Thus, it is promising in
optimization in certain applications, such as a smart window material that can change color
and transparency in response to an applied voltage.
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