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Abstract: Nickel oxide (NiO) thin films were deposited on glass substrates using spray
pyrolysis to study the effect of fabrication temperature on their structural, optical, and electrical
properties. Processing temperatures of 350°C, 450°C, and 550°C were used. X-ray diffraction
(XRD) revealed cubic crystals with a single-phase structure oriented along the (220) axis. Grain
sizes ranged from 8.2 nm to 64.52 nm. Optical band gaps increased from 3.37 eV to 3.57 eV
with higher temperatures, while Urbach energy decreased from 362.12 meV to 280.32 meV.
Electrical resistivity varied from 316.22 Q.cm to 1500.14 Q.cm, and hole concentration from
5.645x10* cm3to 9.987x10% cm?,
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1. Introduction

Nickel nitrate is the inorganic compound Ni (NO3)2 or one of its hydrates. Since the anhydrous
form is not common, the term "nickel nitrate” generally refers to nickel (I1) nitrate hex-hydrate.
The formula for this species is written in two ways: Ni (NO3)2.6H20 and, more descriptively
[Ni(H20)6](NO3)2. This last formula indicates that six water molecules in this hydrated salt
surround the nickel (I1) center. In the hex-hydrate, the nitrate anions are not bound to the nickel.
Three other hydrates are also known: Ni(NO3)2.9H20, Ni(NO3)2.4H20 and Ni(NO3).2H20.
Anhydrous Ni(NO3)2 is also known [1]. It is prepared by the reaction of nickel oxide with
nitric acid. The formation of nickel oxide (NiO) takes place by the thermal decomposition of
nickel chloride hexahydrate according to the chemical reaction of equation (Ni(Cl) 2.H 2
O—NiO+2.HCI(g)+5.H_2 O(g) ) [2]. Nickel oxide (NiO), belongs to the family of transparent
conductive oxides (TCO), it is an antiferromagnetic semiconductor. It is a material recognized
by its chemical and thermal stability and presents a set of electrical and optical properties, likely
to use in many applications in the field of electronics and optoelectronics [3]. Nickel oxide has
a face-centered cubic structure of the NaCl type, with lattice parameter (a = 4.176 A, It has a
volume density of 6.72 g/cm3)) [4, 5]. This structure is composed of two similar sub-lattices
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and B such that any atom of sub-lattice A has only neighbors belonging to sub-lattice B and
vice versa. The anion sublattice (O-2) and the cation sublattice (Ni+2) have a CFC structure.
lonic radii: R (Ni+2) = 0.72 A and R(O-2) = 1.40 A [6]. This oxide is a transparent material in
the visible, whose refractive index is equal to 2.33 with a large direct gap in the ultraviolet
range (3.5 - 4 eV) [7]. In addition to the energy level of the 3d electronic subshell responsible
for the magnetism was slightly higher than that of the 4S conduction subshell [8]. The order of
electrical conductivity in the dark for NiO increases from “10-6 to 10-1” (Q.cm)-1 with
increasing deposition temperature [2, 9].

The variation of the conductivity can correspond with the grain size or with the thickness [9].
It has important physical properties that materials more widely used in various fields and
especially in the form of thin layers, especially in the field of electronic optoelectronics and
optoelectronics such as (photo-catalytic reactors [10], gas sensors [11], light-emitting diodes
[12], optical windows in solar cells [13]. Metal oxide nanostructures with narrow and large
band gaps have been widely investigated for their potential applications in various fields [14].
The literature indicates that thin films of NiO, have been produced by several techniques and
researchers. These include vacuum evaporation [15], spray pyrolysis [2], sol-gel technique
[16], electron beam evaporation [17], sputtering [18], chemical deposition [19], and laser
ablation [15]. Most of the reports dealing with the structural aspects of these films [20,
emphasize (the effect of the substrate temperature, the electro-chromic property, the cyclic
durability, the surface morphology, and the detection property of the films) [21]. The electronic
response during potential switching and the degree of coloration [22] as well as their practical
use in electrochemical and photovoltaic cells [23].

2. Preparation of cobalt oxide substrates

Nickel oxide thin films (see Fig.1) were synthesized from nickel (I1) nitrate hexahydrate Ni
(NO3)2,6H20. Methanol was introduced into the solution to yield a transparent, mildly viscous
green solution. Glass substrates were then heated to the required processing temperatures
(350°C, 450°C, and 500°C) using a solar oven [24]. According to the work presented by several
authors, including Bougrine, A., and al. [25], Chamberlin, R. and, I. [26], the spray pyrolysis
method gives a more or less homogeneous product so that it cannot modify the properties from
one zone to another. In addition to the substrate's consistency in temperature on the hotplate.
The solution is equally dispersed over the substrate's surface because the spraying procedure is
perpendicular to the substrate. On hot glass substrates, the resulting solution is pulverized. To
achieve the desired thickness, the deposition time is varied between (3 and 4 min), this period
is expressed in several time intervals to give the layer sufficient time to crystallize. After setting
the glass substrate on the oven's heating plate at the proper temperature for crystallization, we
activate the air nebulizer, spray the solution for four minutes, stop for a while to let the substrate
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return to its original temperature, and then repeat the procedure until the desired thickness is
achieved.

Figure 1. Nickel oxide (NiO) substrate.
3. Structural characterization

Using the Scherrer equation [28, 29], and assuming that the grains are spherical, we can
determine the average grain size in the thin film using X-ray diffraction (XRD) spectra through
the following equations:

0.90.4
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Where: (D: Average grain diameter, a: Wavelength of incident radiation (1.5 = 1.54056
A), p - Width at mid-height of the diffraction peak, @ : Diffraction angle and « : Absorption
coefficient).
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Figure 2. Acoustic parameters of NiO thin films as a function of temperature.
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Figure 3. The grain size of the NiO films deposited on sapphire substrates at different
temperatures.

With a resolution ranging from a few micrometers to a few tens of nanometers and a very broad
depth of focus, SEM allows the generation of surface pictures for all solid materials [29]. This
technique scans the sample's surface point by point using a fine beam of electrons. The surface
of the sample emits backscattered electrons, secondary electrons, Auger electrons, X-rays, and
photons as a result of the interaction of the beam with the material. This interaction takes place
in a pear-shaped volume with a size of the order of a cubic micron (m3), making it very large
compared to the point of impact [29].

Figure 4. SEM of the NiO films deposited at different temperatures.

4. Optical characterization

The following domains (ultraviolet-visible, infrared, and microwave) can be distingue shed
in the fields of spectroscopy according to the wavelength interval in which the measurements
are made. In the present work, we used UV-visible spectrophotometry (Cary Series UV-VIS-
NIR Spectrophotometer), by which we were able to draw curves representing the variation of
the transmittance according to the wavelength in the field of UV-visible and near-infrared
(200-800nm). By exploiting these curves, we can determine its optical characteristics; the
optical absorption threshold, the absorption coefficient, the valence band tail width, and, the
refractive index. The determination of the optical gap (Eg) is based on the model proposed
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Tauc [30, 31], where (EQ) is related to the absorption coefficient. With the use of a UV-Visi-
NIR Spectrophotometer) in the present work, we were able to generate curves in the field of
UV-visible and near-infrared that show how transmittance varies with the wavelength in the
current study (200-800 nm). These curves can be used to calculate the optical properties of the
material, including the optical absorption threshold, absorption coefficient, valence band tail
width, and refractive index. The model put forth by Tauc [30, 31] is used to determine the
optical gap (Eg), where (EQ) is connected to the absorption coefficient by:

JaE=A(hv — E,) 3)

Where: (A: Constant reflecting the degree of disorder of the amorphous solid structure,
E): Expressed in eV, and E=hv: Energy of the photon in eV).
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Figure. 5. Transmittance spectra of NiO thin films as a function of processing
temperatures.
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Figure. 6. Optical gaps of NiO thin films.
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Figure. 7 Urbach parameters (Eu) of NiO thin films.

5. Electrical characterization

To determine the resistivity of our samples, we applied the Hall Effect principle, which relies
on two forces: the Lorentz magnetic force and the Hall electrical force acting on a
semiconductor carrying a current under a magnetic field. Thus, the Hall Effect is fundamentally
grounded in the Lorentz force [32]. We utilized the Ecopia HMS-3000 system, equipped with
a magnet generating a magnetic field of 0.55 T, to subject the sample to during electrical
measurements, employing a specialized holder. This equipment comprises a comprehensive
system capable of measuring resistivity, Hall coefficient, concentration, and mobility. The
equipment is a full system for measuring resistivity, Hall coefficient, concentration, and
theirity. It uses a sample holder with four tips arranged in a square and is connected to a
generator to perform the electrical measurements. The technique involves taking four-point
contacts A, B, C, and D, which alternately allow injecting a current Ih (in mA) between two
contacts and measuring a voltage Um (in V) between them. By symmetrically placing the
contacts and averaging the various measured voltages Um, we can deduce an average resistance
Rm (in Q) that will enable the determination of the resistivity p (Q2.cm) of the thin film analyzed
with a thickness e (in cm) through the following equation:

m.e.Ry
T () (4)

The number of free carriers n (or p) (in cm”-3) is determined by measuring the Hall voltage
Uh taken between two contacts as soon as a current IH is applied between the other two under
the influence of a magnetic field B of 0.55 Tesla perpendicular to the sample. The orientation
of this magnetic field must be adjusted. Additionally, by averaging the different measurements
for each of these permutations, we can obtain the value of the average Hall voltage Uhm (in
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and determine n (or p) as well as the nature of the free carriers (electrons or holes) through the
sign associated with the charge g (in C) using the following equation:

()
(6)

Table. 1 The Hall measurement result of the samples grown at different temperatures.

Iy.B
+q.Upm.e

n(orp) =

_ 1
|£ql.np

1l

Sample (1) 2 3)

Resistivity (6[Q.cm]) 316.22 631.45 1500.14
Mobility (u[cm2 .V-1.S-1]) 0.416 0.677 0.713

Hole Concentration (n[cm-3]) | +5.645x10+18 | +9.645x10+18 | +9.987x10+18
Thickness (e[nm]) 340 371 316

6. Results and Discussions

To examine the crystal quality of the NiO films generated at various temperatures, X-ray
diffraction measurements of the (20) scan on NiO films were performed. The primary peaks
of the [(111) and (222) for the temperature 350°C], [(111), (222) and (200) for the temperature
450°C] and [(111), (222), (200), (220), (3110) and (400) for the temperature450°C] planes
connected to NiO films can be seen in Fig. 1, which shows a sizable (111) preferred orientation
growth. The very faint peak in Sample (1) is due to the NiO (200) plane's diffraction.
Furthermore, it is found that as the growth temperature rises, the structure has more crystallites,
which increases the intensity of NiO (111) diffraction [33]. The NiO (111) diffraction peak
intensities have a ratio of 1:1.75, 3:25. Additionally, from sample le (1) to sample (3), the full
width at half maximum (FWHM) of NiO (111) is decreasing, showing that the NiO film's
crystal quality is improved at higher temperatures.

Fig. 3 shows the variations of NiO grain size at different temperatures. The NiO grain size is
calculated from the (111) peak using the rider’s formula (equation 1). For samples (1), (2), and,
(3), the computed findings are 8.2 nm, 19.84, and 64.52 nm, respectively. It suggests that
raising the growth temperature might result in larger NiO grains. In addition, the outcome of
the SEM pictures, as seen in Fig. 4 supports this. On the one hand, it can be seen from
comparing the SEM pictures of the samples above that the NiO films' grain size dramatically
increases with rising temperature. While the grain appears to have a cubic shape when the
growth temperature reaches 550°C, the grain's shape is aberrant at lower development
temperatures. This change is attributed to the NiO film's regular cubical development closely
adhering to the NaCl-type structure as the temperature rises and the film's crystal quality
improves.
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The optical absorption spectra of the aforementioned samples are displayed in Fig. 5 to study
how crystal quality affects optical attributes. The optical band gap is calculated from the optical
measurements (Equation 3). According to our calculations, the optical band gaps of samples
(1), (2), and, (3) are around 3.37 eV, 3.44 eV, and 3.57 eV, respectively. These values are all
higher than those of the materials ZnO (3.3 eV) and GaN (3.4 eV). Additionally, it should be
noted that when the growth temperature increases, the optical band gap moves toward lower
energy. This is most likely related to the improvement in crystallinity and the band tailing
brought on by non-stoichiometric composition [34]. The Hall results of the NiO films made at
various temperatures are displayed in Table 1 below. All three samples show p-type properties,
and the hole concentration decreases with increasing growth temperature. Additionally, as the
temperature rises, the films' mobility and resistance increase. It is widely known that NiO
materials will display p-type characteristics as an insulator of stoichiometric composition when
Ni2 vacancies are present [35]. As a result, the improvement in NiO crystal properties brought
on by the higher growing temperature is what causes the increase in hole mobility. AddThe
declining Ni2 vacancies should also be blamed for the increased resistivity and decreasing hole
concentration [36]. Figure 6 displays the three samples' ultraviolet-visible patterns. Fig. 5
shows how the transmittance rapidly decreases in the low wavelength area close to the
absorption edge. The optical absorption spectrum investigation described above shows that the
NiO films produced at high temperatures had higher transmittances.

The three NiO samples have respective transmittances of 58%, 69%, and 88% at 425 nm. This
shows that the NiO films have good UV-range transmittance properties.

7. Results and Discussions

The findings of the Hall measurement show that all NiO films have p-type conductivity, and
their resistance rises as the growth temperature rises. Additionally, the optical transmittance of
the NiO films increases from 58% to 88% at 425 nm, with an increase in optical band gap
energy values from 3.37 eV to 3.57 eV. This work suggests that NiO films could achieve their
maximum conductivity and transmittance at the proper growing temperature films are thought
to hold potential for use in the production of UV-LEDs when combined with other n-type large
band gap semiconductors.
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