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ORIGINAL STUDY

Concentration of Spraying Solution Effect on the
Structural, Morphological and Optical Properties of
NiO Thin Films

Radhiyah M. Aljarrah a, Ali Madlool Naamah b, Adel H. Omran Alkhayatt a,*

a University of Kufa, Faculty of Science, Department of Physics, Najaf, Iraq
b University of Babylon, Faculty of Science, Department of Physics, Babylon, Iraq

Abstract

In the present study nickel oxide NiO thin films of thickness ranging about 250e350 nm which were prepared on glass
substrates by using chemical spray pyrolysis as a simple and low cost method. The impact of thickness and aqueous
solution molarity concentration on the crystal structure and optical characteristics were investigated. The results showed
that the deposited films is homogenous and have a good adherent to the glass substrates. The crystal structure results
showed that all films have polycrystalline in nature, of rock salt phase, and the preferential orientation is an along (111)
plane. The diffraction intensity was increased with the increase in spray solution concentration, leading to the
enhancement of the crystallinity and an increase in the crystallite size from 9.7 nm to 28.5 nm and reducing the dislo-
cation density from (104.3e12.2) £ 1016 line/m2. While the results of AFM results show that the grain size (D) enlarges
with increasing molarities concentration. Transmittance spectra confirm that the optical transmittance is of the direct
allowed type, while the value of transparency ranged from moderate to weak value and decrease when the spray so-
lution molar concentration and film thickness increases. Whereas the forbidden energy gap was decremented with the
increment of molarity concentration of spray solution and film thickness from 3.85 to 3.15 eV.

Keywords: Absorbance, Energy gap, Rock salt, Spray pyrolysis, Transmittance

1. Introduction

N anomaterials emerged as a fantastic class of
materials that own a wide spectrum of ex-

amples with one or more dimensions in the range of
1e100 nm. The new features that appear in the case
of the materials are due to the appearance of the
boundary effect of the particles that are constituents
of the nanomaterial [1]. The exceptionally high ratio
of surface area to volume of the nanoparticle can be
achieved by controlling the buildup of the nano-
particles. Nanomaterials have been produced with
magnetic, electrical, optical, mechanical, and cata-
lytic properties that are completely different from
their bulk form. The nanostructure form of semi-
conductor materials is a leading type of material,
giving wide freedom to determine electronic and

optoelectronic properties which makes them more
suitable for photocatalytic, photo voltaic applica-
tions [2]. Over the past decades and so far, most of
the researchers and demanders had focused on the
wide optical gap semiconductor and transparent
conducting oxides TCO materials. Due to its high
transmittance in the Vis region, high conductivity,
and high reflectance in the IR region. Such as SnO2

of 3.6 eV direct band gap and n-type conductivity
[3], CuO of 2.1 eV direct band gap, and p-type
conductivity [4], ZnO of 3.37 eV direct band gap and
n-type conductivity [5], and NiO of 3.5 eV direct
band gap and p-type semiconductor [6]. These ma-
terials are preferred due to their stability, chemical
inertness, resistance the high temperature, and
mechanical hardness [7e10]. Nickel oxide (NiO) is a
metal oxide that has been studied extensively due to
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its many desirable properties, including its low cost,
wide availability, photo-stability, non-toxicity, and
various catalytic activities [11,12]. Nickel oxide
physically is a greenish gray powder depending on
the kind of preparation method, made up of nickel
and oxygen, therefore it is classified as IIeVI com-
posite semiconductor, with a face center cubic
structure and it has many applications [13]. NiO is a
P-type semiconductor, which owns direct band gaps
of 3.5e3.8 eV, and weakly absorption band in the
visible range [14e17]. At room temperature nickel
oxide is an insulator; however at high temperatures
the structural defect makes it a semiconductor [18].
Nickel oxide thin films can be prepared by various
methods which include: magnetron sputtering [19],
electron beam evaporation [20], solegel [21] soft
chemical process [22], and spray pyrolysis [23].
Among all these methods, the spraying method is
characterized as low cost, simple and suitable to
produce large areas, with good purity for both
metallic and non-metallic material deposition.
Nickel (II) oxide adopts a sodium chloride structure,
each unit cell has four formulas and octahedral Ni2þ

and O2 sites, Plane (111) is pure consists of Ni or O,
while plane (100) is a mixed consisting of 50% nickel
and 50% oxygen. The face (111) is a non-stable and
polar face, while the face (100) is a stable and non-
polar face. This kind of structure is known as a salt
rock structure [23]. A literature review showed there
are very few studies on the effect of low spray so-
lution concentration on the characterization of NiO
thin films deposited by spray pyrolysis for different
applications. Reguig et al. 2006 [24] studied the
impact of Nickel chloride precursor solution con-
centration of (0.05e0.5) M on the properties of NiO
thin films deposited by spray pyrolysis method at a
substrate temperature of 350 �C. They found that the
thickness of the films increased from 0.5 mm to 3 mm
as the solution concentration increased from below
0.3 Me0.5 M. Whereas the NiO films are of a p-type
conductivity for the smaller molarity concentration
and it becomes of a n-type conductivity for the
higher molarity concentration. Hakkoum et al. 2020
[25] used different source solution quantities to de-
posit NiO thin films on a heated glass substrate at
temperature of 350 �C and to modify their optical
properties. They found that the transmittance and
the energy gap decreased as the solution quantity
increased as well as the film thickness was
increased. Owoeye et al. 2023 [26] deposited NiO
thin films using high purity nickel acetate pre-
cursors of various molarities from 0.1 M to 0.4 M on
a glass substrate at a temperature of 350 �C. The
XRD and EDX results confirmed the presence of Ni
and O in the samples and by increasing the spray

solution from 0.1 M to 0.4 M the thickness of the
prepared films was increased from 43 nm to 49 nm
and the quantity of Ni increased. Whereas the op-
tical transmittance and optical energy gap were
reduced as the solution molarity increased. This
work aimed to deposit nickel oxide nano-structured
thin films, and investigate the impact of molarity
concentration of the spray solution on the crystal
structure, surface morphology, and optical charac-
terization of the prepared films for gas sensing
application.

2. Experimental procedure

Nickel(II) oxide films were deposited by home-
made spray pyrolysis method on 25 mm � 25 mm x
1 mm glass substrates. The substrates are previously
cleaned using an Ultrasonic bath solution of
ethanol, acetone, and deionized water for 15 min for
each one.
Specified concentrations of Nickel (II) Nitrate

Hexahydrate solution (0.01, 0.03, 0.05, 0.07, and 0.1)
M were prepared, using the equation [27]:

M¼ W
MW

� 1000
V

ð1Þ

where: M: is the solution molarity concentration, W,
MW: the weight and the molecular weight of Nickel
salt, (MW ¼ 182.70 g/mol), V: distilled-water volume
(100 ml), by dissolve (0.29079, 0.87238, 1.445397,
2.03555 and 2.9079) g of Nickel Nitrate in 100 ml of
distilled water, with kept stirring for one hour. The
substrate has been heated by a hotplate to keep the
temperature at 420 ± 8 �C. To avoid the excessive
substrate cooling of the film during the spraying
processes the spraying process takes place in in-
tervals each one continues 11 s and separates for
two minutes. The rate of airflow was 5 ml/h and
30 cm is the distance between the spray nozzle and
the substrate, which is sufficient to obtain uniform
thin films. The thickness of the deposited films was
measured using the weight method using the
equation [28]:

t¼Dm
A:r

ð2Þ

where A is the surface area of the film and Dm
(m2-m1) is the weight difference before m1 and after
m2 deposition of Nickel oxide film and r is the
density of NiO (6.67 g/cm3). The thickness of the
deposited films is about 250e350 nm. The weight
method is the simplest method for film thickness
determination and is most probably the determi-
nation of the mass gain of a coated substrate with an
exact balance. It is possible to determine film
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thickness using the weight method with sufficient
accuracy for several practical applications.
The crystal structure and the lattice parameters of

the deposited films were studied by X-ray diffrac-
tion using XPert Pro MPD diffractometer, Cu(ka) of
1.54059 Å wavelength. Maximum rated output
1.2 kW, a tube current of 30 mA, and Tube voltage
40 kV. The surface morphology and the surface
topography of the prepared films were investigated
using SEM analysis (Hitachi S-4160 SEM device)
and AFM, model (TT-2 AFM Workshop, USA/SPM)
respectively. Whereas the optical characteristics
were studied using double-beam Maga-2100 UV-
Vis spectrophotometer in the wavelength range
(300e900) nm.

3. Results and discussion

3.1. Structural measurements

Most of the x-ray peaks confirm that the NiO films
structure is of a polycrystalline nature, with good
matching to the face-cantered cubic (FCC) phase,
and the value of the lattice constant is a ¼ 4.17382 Å.
There are three peaks at diffraction angles of 38.51�,
44.73�, and 65.19� are shown in Fig. 1 belong to (111),
(200) and (220) planes, respectively. These peaks are
in good agreement with the information from In-
ternational Centre for Diffraction Data (ICDD) card
number (04e0835). Moreover, there are no addi-
tional peaks observed in the diffraction patterns of
the prepared films which confirmed the purity of

NiO cubic phase. The diffraction peaks intensity
was increased as the spray solution molarity con-
centration increased; this can be attributed to the
increase of NiO content and film thickness by
increasing the spray solution concentration [24,25].
From XRD pattern of NiO film at 0.01 M spray so-
lution concentration, there is a shift towards high
angles which can be attributed to the low crystal-
linity of the film by the lower solution concentration
which cusses a higher lattice strain and higher lat-
tice constant as shown in Table 1. The crystallite size
D values for the preferred orientation along (111)
plane was calculated from the well-known Scherrer
formula [29]:

D¼ 0:9l
b cos q

ð3Þ

where (b) is the full width at half maximum
(FWHM) for a diffraction peak at an angle (q) and
l ¼ wavelength of the X-Ray beam.

Structural parameters including lattice constants
(a), micro-strain (e), interplanar spacing (d), and
dislocation density (d) of NiO thin films were
calculated using the following equations [30e32],
and the results are listed in Table 1.

nl¼2d sin q ð4Þ

dhkl¼ ahklffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p : ð5Þ

Fig. 1. XRD patterns of NiO thin films prepared at different precursor molarity.
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3¼aexp � abulk
abulk

ð6Þ

d¼ 1
D2

�
lines

�
m2

�
: ð7Þ

where n is diffraction order (n ¼ 1), l is the x-ray
wavelength (1.5406 Å), q is the diffraction angle,
(hkl) is the Miller indices, aexp and abulk is the lattice
constant values experimentally obtained and stan-
dard JCPDS value respectively.
The values of lattice parameters for all films are

less than the standard values (a ¼ 4.17382 Å) of NiO.
This difference in lattice parameter value can be
attributed to the existence of impurities, defects, and
internal strain, in the deposited films. These results
are consistence with those of published studies
[33,34]. Some structure parameters such as the
micro-strain are directly dependence on the lattice
constant cXRD and the shift of its value from the
standard value of JCPDS (cJCPDS) (bulk) which can be
evaluated using equation (6). It is worth mentioning

that the negative sign strain expression denoted that
the type of the micro-strain is a compressive strain.
The average crystal sizes are directly proportional to
solution concentration and the film crystallinity,
which ranged from 9.7834 nm to 28.5314 nm. Also, it
was noticed that the films which own the best
structural properties are which the one that has the
smallest mean strain value, which affects the degree
of crystallinity as the film deposited using a higher
molarity concentration (0.1 M) has the lower micro-
strain and the higher crystallinity.
The morphological features have been studied by

using SEM analysis, the SEM images (Fig. 2: a, b, c,
d, and e) revealed that all NiO films have a homo-
geneous uniform distribution surface and nano-
crystallites structure. The SEM micrographs show a
homogenous distribution of grains that have
different sizes which formed a smooth surface free
of pinholes with the presence of some cracks as
proof of good growth on the surface of the substrate.
As the molarity concentration of the spray solution
rises, no significant variation was observed, and the
surface is smooth, and homogenous, with some
cracks. The good adherent of the films to the sub-
strate was observed which can be due to the pre-
heated the substrate by using the spray pyrolysis
method.
The overall elemental composition of the phases

in the sample is calculated by using the energy
dispersion of x-ray spectroscopy EDXS from the
result of the SEM instrument as shown in Fig. 3(a, b,
c and e), which confirm the existence of the
elemental composition as shown in Table 2.

Table 1. Structural parameters of NiO thin films at different spray so-
lution molarity concentrations for the preferred orientation along (111)
plane.

Precursor
molarity
(mol/L)

d (Ǻ)
exp.

a(Ǻ)
exp.

D(nm) d 1016 (lines/m2) 3 (%)

0.01 2.33578 4.045 9.7834 104,38 �0.1461
0.03 2.38367 4.128 10.66988 87.83777 �0.1286
0.05 2.39681 4.151 12.18642 67.3361 �0.1238
0.07 2.33729 4.155 21.38948 21.85746 �0.1456
0.1 2.32914 4.163 28.53139 12.2844 �0.1485

Fig. 2. SEM images of NiO nanostructure for varies concentrations(a: 0.01, b: 0.03,c: 0.05, d: 0.07, and e: 0.1) M.
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The surface topographies of the deposited NiO
films have been investigated using an Atomic force
microscope (AFM). Fig. (4 a, b, c, d, and e) shows the
AFM images of the NiO films spray deposited at
different solution concentrations, which indicate that
the surface topography is a nanostructure, and the
RMS roughness for most films are lower than 15 nm.
The AFM images showed homogeneous distribution
of columnar grains and a direct proportion of the
particle size to the concentration of the solution that
was used to deposit them. The calculated values of
grain size are ranged from 42.04 nm to 110.058 nm,
the insets figures in Fig. 4 (a, b, c, d, and e) represent
the grain size distribution for different spray solution
concentrations. These results are consistent with
XRD results and are listed in Table 3.
The compression between the variation of the

crystallite size and the grain size values of NiO thin
films deposited at different spray solution concen-
trations Table 3, it was found that both have the
same behavior. The crystallite size and the grain size
increase with the n crystallite size lower the than the
values of the grain size which could be contains
more crystallites [27,36].

3.2. Optical properties

The optical properties of deposited NiO thin films
are studied by recording the transmittance spectra
in the wavelength range of 300e900 nm. In the
absorbance and transmittance spectra of the
deposited NiO films, can be distinguished two re-
gions Fig. 5 a and b; the higher than 350 nm, and the
lower than 350 nm, the first region allowed an
average transmittance between concentrations. This
can be attributed to the increase of the thickness as
well as the surface roughness of the deposited films
by increasing the solution molarity and increase of
NiO content [24,25] which obey the BeereLambert
law [35]. The second region (lower than 350 nm)
exhibits a decrease in the transparency for all sam-
ples. The highest value of the transmittance (over
80%) was obtained for the sample prepared at
0.01 M concentration.
The optical absorbance of NiO thin films Fig. 5 b

shows strong absorption in the UV region at a
wavelength of (300e380) nm and the absorbance
was increased as the molarity concentration of the
spray solution increased. Whereas the absorption
edge was shifted towards long wavelengths and low
energies (redshift) due to the introduction of local-
ized states within the gap by increasing the density
of states with the increase of the spray solution
concentration [36e38]. The result was consistent
whit those obtained by the literature [27,40,41]. It
can be concluded that the prepared films can be

Fig. 3. EDX spectrum of NiO nanostructure for varies concentrations (a: 0.01, b: 0.03,c: 0.05, d: 0.07, and e: 0.1) M.

Table 2. EDX measurements of NiO nanostructure thin films at different
concentrations

Element 0.01 M 0.03 M 0.05 M 0.07 M 0.1 M Standard Label

O 35.66 12.97 9.95 11.85 8.01 SiO2
Ni 64.34 87.03 90.05 88.15 91.99 Ni
Total: 100.00 100.00 100.00 100.00 100.00
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suitable for UV detectors and optoelectronic appli-
cations [39].
Fig. (6:a) shows a typical variation of (ahn)2 as a

function of photon energy (hn) (Tauc equation) for
all sprayed NiO thin films [35].

ðahnÞ¼B
�
hn�Eg

�1=2 ð8Þ

The optical forbidden energy gap was estimated by
extrapolating the linear part of the curve at a ¼ 0.
The best linearity has been noticed in the former
case. All curves characterize by a sharp absorption
edge close to the band NiO gap. Table 4 contains the
values of the band gaps. The direct optical band
gaps (3.85 eVe3.15 eV) vs concentration graph
shows that the band gaps are linear and inversely
proportional to concentration. This inverse Propor-
tional can be attributed to the compressive stress

that results from the increase in the atoms in the
lattice [37,39]. Also, gap decreasing with the increase
of the solution quantity can be due to the rise of the
film thickness or/and modification the films struc-
ture. Oxygen atoms coming up during the sprayed
deposition which can replace either the interstitial
site or substitution in the NiO lattice causes struc-
tural deformation (Ni vacancies or oxygen defects)
[42,43]. These optical band gap results are in good
an agreement with the results reported by [44e46].
Fig. (6:b) illustrates the relationship between lna vs.
photon energy (hn) for all films, and the values of
Urbach energy Eu have been calculated by the
Urbach equation [35,36]:

a¼ao exp
hn
Eu

: ð9Þ

Urbach energy was calculated from the slope of
lna vs. photon energy (hn) graph, the results are
tabulated in Table 4. The Utbach energy results
indicate a linear increasing trend of whereas the
band gap decrease, which means the defect states
rise with increasing the solution molarity concen-
tration. Urbach tails represent the width of available
localized states within the optical band gap of NiO
thin films, this localized states width is related
directly to the exponential tail of the state's density
near band edges [40].

Fig. 4. 3D AFM images of NiO thin films deposited at different solution concentrations (a: 0.01, b: 0.03, c: 0.05, d: 0.07, and e: 0.1 M). Inset figures
represent the grain size distribution for samples at different spray solution concentrations.

Table 3. Average grain size, crystallite size and roughness of NiO thin
films deposited at different solution concentration from AFM Images

Precursor
molarity
(mol/L)

Average grain
size (nm)

Crystallite
Size D(nm)

Average
Roughness
(nm)

Peak-to-peak
(nm)

0.01 42.04 9.7834 6.98789 106.821
0.03 45.733 10.66988 7.61831 108.356
0.05 64.5739 12.18642 9.32 114.2
0.07 72.7976 21.38948 9.53234 155.459
0.1 110.058 28.53139 14.3348 195.672
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4. Conclusion

Nickel oxide thin films have been deposited on a
glass substrate by the chemical spray pyrolysis
method. The impact of spray solution molarity
concentration on the structure, surface morphology,
and optical characterization was investigated. The
results showed that all deposited films have a
polycrystalline structure of cubic phase and the

Fig. 5. a. Transmittance spectrum, b. Absorbance spectrum as a function of l for NiO thin films at different concentration.

Fig. 6. Plot of a. (ahn)2, b. Ln(a) Vs. incident photon energy (hn) of NiO thin films at different precursor molarities concentrations.

Table 4. Optical parameters of NiO thin films at different precursor
molarity concentration

Precursor molarity (mol/L) Eg (eV) Eu (eV) T%

0.01 3.85 0.205 88
0.03 3.63 0.584 65
0.05 3.48 0.508 44
0.07 3.37 0.540 30
0.1 3.15 0.537 25
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crystallinity and the crystallite size enhanced as the
concentration rises. The surface morphology
revealed a homogenous small granular structure
and the surface roughness as well as the grain size
were increased with the increase of the spray solu-
tion concentration. The optical characterization
showed high transmittance and high absorbance in
the Vis and UV regions respectively and the ab-
sorption edge was red shifting with the increment of
the spray solution concentration. Therefore the en-
ergy band gap was decreased from 3.85 eV to
3.15 eV with an increment of the spray solution
molarity concentration from 0.01 M to 0.1 M. We can
be concluded that the electronic structure, surface
topography, and the optical band gap can be
controlled by the precursor concentration and the
prepared NiO films are more suitable for optoelec-
tronic, photovoltaics, and electrochromic
applications.
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