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Abstract

Nickel oxide (NiO) thin films were grown on glass substrates by a simplified spray pyrolysis technique using perfume
atomizer at different substrate temperatures which is the novelty of this work. X-ray diffraction patterns reveal the cubic
crystalline phase pure NiO film with preferential orientation along (2 0 0) plane. Thermal treatment of NiO thin films at
400 °C enables us to identify a suitable deposition temperature for obtaining good quality thin films. The average crystal-
lite size calculated from Scherrer’s formula is found to be 28 nm. The closely packed and spherical shaped grains obtained
were confirmed from field emission-scanning electron microscope (FE-SEM). From FE-SEM analysis, the smooth nature
of NiO thin films deposited at 400 °C enables it to use for solar cell applications, whereas the porous nature of NiO thin
films deposited at 300 °C enables it to use for gas sensing applications. The mean square roughness increased with substrate
temperature is confirmed from atomic force microscope analysis. The average transmittance of 75-85% demonstrates the
compactness of the film except for the film N400, which is attributed to the defects. The energy band gap (E,) is found to
be 2.93, 3.63, 3.72, and 3.67 eV, respectively, for NiO thin film deposited at substrate temperature 300 °C, 350 °C, 400 °C,
and 450 °C. The Raman peak at 1573 cm™! corresponds to 2 M band antiferromagnetic state. The presence of defect states

is identified from PL and EPR spectra.

Keywords NiO thin film - Various substrate temperature - Perfume atomizer - Spray pyrolysis - Structural and optical

properties - Magnetic properties

1 Introduction

Nickel oxide belongs to periodic group X-VI, which is a
p-type semiconducting material with band gap ranging from
3.6 to 4 eV [1-3]. The properties of NiO purely depend
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on the ratio of nickel to oxygen atoms. NiO thin films can
be prepared by several methods such as spray pyrolysis
[4-T7], sol-gel [8, 9], pulsed laser deposition [10, 11], elec-
trochemical methods [12-15], DC/RF magneton sputter-
ing [16] and successive ionic layer adsorption and reaction
(SILAR) [17-19]. Due to its small size, large surface area,
high surface energies [20] and various morphologies like
nano-sheets [21], nano-wires [22], nano-fibres [23], cactus
like nano-structure [24], hemisphere [25], nano-flowers
[26] with size ranging from several nanometers to microm-
eters, NiO thin films were used in variety of technology-
based applications such as gas sensors [27], electro chromic
devices [28], dye sensitized solar cells [29], resistive switch-
ing [30], catalysts [31], batteries [32], water splitting appli-
cation [33], energy storage [34], superparamagnetic devices
[35], transparent electrode and opto-electronic devices [36].
Uchida et al. reported the phase pure single crystalline NiO
thin film by metal organic vapor phase epitaxy technique
[37]. Nano-sized porous NiO thin film shows high photo-
catalytic activity of commercially available dyes such as
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methyl orange, indicating the NiO can be used for pollutant
cleanup [38]. Navale et al. investigated the electrochemi-
cal supercapacitor behavior of amorphous NiO thin film by
electrodeposition at various time intervals. The supercapaci-
tor performances were within the potential range of — 1.2
to + 1.2 V [39]. Shang et al. [40] explored NiO with rose
like nanostructure exhibits high photocatalytic activity. More
recently, the ferromagnetic (FM) phenomenon of NiO-based
nanoparticles and thin film made it suitable for spintronic
devices [41, 42]. The NiO was chosen as alternative anode
material for lithium ion battery with a high capacitance
value of 718 mAh/g which was reported by Huang et al.
[43]. Kate et al. [44] reported the effect of substrate tem-
perature on the spray deposited NiO thin films. The preferred
orientation (1 1 1) remains constant for the films at different
temperatures and also morphology of the thin film. The sub-
strate temperature strongly affects the thickness and energy
gap of the NiO film which were explained by Bakry et al.
[45]. This paper reports on the preparation of phase pure
NiO thin film by custom made spray pyrolysis technique
using perfume atomizer, and their structural, morphological,
optical properties were studied. The novelty of this research
work is employing a simple and efficient ambient pressure
perfume atomizer as an alternative to conventional spray
pyrolysis instrument. This also results in obtaining NiO thin
films with appreciable properties by varying the substrate
temperature during spray deposition. Thermal treatment of
NiO thin films at 400 °C enables us to identify a suitable
deposition temperature for obtaining good quality thin films.
From FE-SEM analysis, the smooth nature of NiO thin films
deposited at 400 °C enables it to use for solar cell applica-
tions, whereas the porous nature of NiO thin films deposited
at 300 °C enables it to use for gas sensing applications.

2 Experimental

To synthesize NiO thin film, nickel acetate anhydrate (Ni
(CH;C00),-xH,0) 99% purchased from Alfa Aesar was
used without further purification. Ethanol (AR grade) was
used as a solvent. Blue star (Mumbai) and micro-glass slides
(75 %25 mm) (PIC - 1) were used as substrate for film depo-
sition. The glass substrate was washed with soap solution
and is degreased using hydrochloric acid (AR grade, Merck)
and acetone (AR grade, Merck), finally rinsed in deionized
water and dried for 30 min. Then the glass substrate was
placed on the heating plate at the desired temperature prior
to deposition [46, 47]. A 0.1 M of nickel acetate precursor
was diluted in the mixture of double distilled water and etha-
nol in 2:1 ratio. The mixture was dispersed ultrasonically
(stainless steel sonicator bath, Ikon Industries, Mumbai) for
about 20 min in a water bath maintained at 60 °C, result-
ing in a homogeneous and transparent solution. This final
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solution is sprayed on to the preheated substrate maintained
at 300 °C, 350 °C, 400 °C, and 450 °C, respectively, using
the perfume atomizer for film deposition. The sketch of
simplified perfume spray pyrolysis setup is shown in Fig. 1.
The as-deposited films were then annealed at 450 °C for 1 h
and were characterized by X-ray diffraction, field emission-
scanning electron microscopy, atomic force microscope,
ultraviolet—visible spectrophotometer, photoluminescence
analyzer, Raman analyzer and electron paramagnetic reso-
nance spectroscopy.

3 Results and discussion
3.1 X-ray diffraction analysis

The structure and phase of the NiO thin film were analyzed
by PANalytical/Xpert3 powder XRD diffraction instrument.
The structural characterization of NiO film deposited at tem-
peratures 300 °C, 350 °C, 400 °C, and 450 °C is displayed in
Fig. 2. The XRD patterns reveal crystalline, pure phase NiO
film with cubic structure. The diffraction peaks at 37.20°,
43.23°,62.81° and 75.72° correspond to (1 1 1) (200), (22
0) and (3 1 1) crystallographic planes, respectively.

No other impurities are observed within the detection
limits. The obtained diffraction peaks are in good agree-
ment with the JCPDS No. 89 - 7130. It shows the prefer-
ential orientation along (2 0 0) plane, indicating that the
NiO film has favorable growth along (2 0 0) direction. All
samples have the same structural pattern where only the
intensity varies. This could be a good indicative of the
crystallinity of the film [17]. The intensity of diffraction
peaks increased with substrate temperature up to 400 °C

o o

s N : |
Perfume Atomizer

Fig. 1 Schematic of simplified perfume spray pyrolysis setup
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Fig.2 XRD patterns of NiO

film deposited at various sub-
strate temperatures
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is due to the enlargement and densification of grains. And
at 450 °C, the intensity of diffraction peak decreases. The
decrease in intensity of XRD at 450 °C might be due to
homogeneous reaction and incomplete thermal decompo-
sition; as a result, it induces atomic level strain leading
to some random and irregular grains as seen from FE-
SEM morphologies [48, 49]. The significant decrease in
the intensity of diffraction peaks at higher temperatures is
also attributed to the deterioration of crystallinity and the
strain produced [50]. The broad hump and peak around
29° (marked as *) in the XRD pattern of N450 denote the
amorphous state of the substrate used [51]. Additionally,
Ni,O; hexagonal phase along (0 0 2) plane at 26 (31.66°)
(JCPDS Card Number 14-0481) is observed for the film
deposited at 450 °C [52]. Najafi et al. reported the pres-
ence of Ni,O; phase for Cu-doped NiO thin film by spray
pyrolysis [53]. As the temperature is increased, the den-
sity of nucleation centers decreases. As a consequence, a
small number of nucleation centers start to grow resulting
in larger grains [54]. The similar trend in spray deposited
NiO thin film has been revealed by Krunks et al. [55],
as the temperature goes high, the thickness of the film is
lowered which is a typical nature of spray process wherein

20 30 40 50 60 70 80

2theta(deg)

the spray droplets drive away from the reaction zone and
only few precursor reaches the substrate.

The parameters, such as crystallite size (D), microstrain
(e), dislocation density (8), d-spacing, unit cell volume, are
tabulated in Table 1.

The crystallite size (D) is calculated from the diffraction
peak using Scherrer’s relation,

D = kA/f cosf (nm)

‘D’ is the crystallite size (nm), ‘k’ is the shape factor
(0.9), ‘A’ is the x-ray wavelength (1.540 A), ‘p’ the full
width and half maxima (radian), and ‘@’ is the Bragg’s angle
(degree).

The microstrain (¢) was calculated using the formula,

(a—ay)

do

Microstrain(g) = X 100%

In general, if € >0, it represents tensile strain and if € <0,
it leads to compressive strain, respectively. For spray depos-
ited NiO thin films, the strain, € > 0, clearly states that the
NiO thin film exhibits tensile strain as the result of excess
oxygen [56].
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Table 1 Crystallite size (D), microstrain (¢), dislocation density (), d-spacing, lattice constant and unit cell volume of NiO thin film

Substrate Hkl plane 26 (deg) FWHM d-spacing A) Crystallite  Micro- Dislocation Lattice Volume of unit
temperature (radian) size (D) strain (¢) Density () constant cell (a3) (A3)
(T,) (°C) (nm) (%) (lines/m?) (@) A
300 111 37.11 0.8725 2.420 10.03 0.316 0.0099 4.181 73.087
200 43.23 1.2609 2.090 7.08 0.0199
220 62.86 0.7897 1.477 12.31 0.0065
350 111 37.15 1.1338 2417 7.72 0.388 0.0167 4.184 73.244
200 43.22 1.2947 2.091 6.89 0.0210
220 62.67 2.1292 1.481 4.56 0.0480
400 111 37.20 0.3420 2414 25.6 0.172 0.0015 4.175 73.772
200 43.23 0.9865 2.091 9.05 0.0122
220 62.81 1.7084 1.478 5.68 0.0309
311 75.72 0.8432 1.260 12.45 0.0064
450 111 37.23 0.3456 2412 25.34 0.292 0.0015 4.180 73.034
200 43.26 0.0973 2.090 91.74 0.0001
220 62.98 9.7284 1.474 1 1

The dislocation density (6) is determined using
6 =1/D? (lines/mz)
The lattice constant (a) is calculated using

0= A
2sin @

(2 + k2 + 1) A

3.2 Field emission-scanning electron microscopy
analysis

The surface morphology was observed by FE-SEM with
EDX analyzer by Zeiss (SIGMA), Bruker instrument. The
morphology of NiO film deposited on the glass substrate at
substrate temperature 300 °C, 350 °C, 400 °C and 450 °C
was analyzed and is displayed in Fig. 3a—d, respectively.
The SEM morphologies of almost all films appear to have
spherical grains throughout their entire surface. The sur-
face morphology of the deposited NiO film appears quasis-
mooth, and uniform surfaces with closely packed spherical
grains indicate the quality nature of the obtained film. The
nanocrystalline grains with pores on the surface of the film
are shown in Fig. 3a. The porous structure of the film entails
for larger surface area increases the gas sensing property of
sensors [57]. A smooth film with surface morphology such
as those from Fig. 3b—c is the basic requirement for device
applications such as electronics and optoelectronic devices.
Similar morphology is observed for NiO thin films which
are reported [11, 15]. Also the rice husk shaped grains are
seen in Fig. 3d. A significant change in the morphologies is
identified for the film as substrate temperature increases. At
450 °C, the film beneath the particles appears smooth and
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dense [5, 55, 58]. Ukoba et al. studied the morphologies of
NiO thin film at different precursor concentrations by spray
pyrolysis showing husk-shaped grain [59]. The EDX spec-
trum of NiO thin film as the function of substrate tempera-
ture is shown in Fig. 4 and clearly reveals the oxygen-rich
NiO film, and their corresponding atomic and weight % are
presented in Table 2.

Besides the prominent peaks of Ni and O, the peak of
Si is also observed, which is from the glass substrate, as
the electron penetration depth is higher than film thickness
[60]. The atomic ratio of oxygen to nickel in NiO film was
reported by Hajakbari deposited by DC sputtering technique
[66]. The nonstoichiometric NiO creates excess oxygen at
Ni?* sites leading to more Ni vacancy [61].

3.3 Atomic Force Microscopy Analysis

The surface topography of NiO film was analyzed using
AGILENT 5500 Atomic Force Microscope in contact
mode. Figure 5a, c, e, g and b, d, f, h represents the 2D
and their corresponding 3D AFM images of the NiO film at
substrate temperatures 300 °C, 350 °C, 400 °C and 450 °C,
respectively.

In general, the bright region of the image represents high
peaks and deep valleys on the surface and the dark area is
contradictory to the bright one [62]. An exceptionally rough
surface with various pores was observed for NiO thin film
deposited at 300 °C. A further decrease in porosity nature
has been observed for the film deposited at 350 °C. Further
the porosity has been diminished upon the expansion in sub-
strate temperature up to 450 °C. Similar trend has been seen
in SEM photographs. An increment in deposition tempera-
ture to 450 °C prompts film crackness and agglomeration
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Fig.3 SEM micrograph of sprayed NiO thin film at substrate temperatures a 300 °C, b 350 °C, ¢ 400 °C, and d 450 °C

of particles seen through SEM just as AFM. The estimated
values of root-mean-square roughness (R,), height (R,),
skewness (R,), and kurtosis (Ry,) for all the samples are
given in Table 3.

3.4 Optical analysis
3.4.1 Ultra violet-visible analysis

The UV-Vis absorbance and transmittance spectra of
NiO thin film deposited at substrate temperatures 300 °C,
350 °C, 400 °C, and 450 °C were recorded in wavelength
range 190-1100 using THERMOFISHER Evaluation 220
instrument which are displayed in Fig. 6. The NiO thin film
deposited on the glass substrate at different temperatures is
black, which is due to non-stoichiometry of the deposited
film [63]. Normally the nickel oxide appears pale green.
The nonstoichiometry of NiO thin film appears black. This
may be due to the presence of nickel vacancy and interstitial
oxygen or mixed valence Ni>*/Ni** [57, 64]. Thus, the non-
stoichiometric NiO contains Ni** vacancies, and this Ni** is
oxidized to Ni** ions to keep charge neutral. [65, 66].

The absorbance of the thin film in Fig. 6 tends to decrease
at a higher wavelength. This absorbance behavior is quite
different for the thin film deposited at 400 °C. The same
is the case with the transmittance also. It is noticed from
the absorbance spectra that the maximum absorbance of all
the samples can be found in the UV region around 300 nm
wavelength.

Figure 7 displays the transmittance spectra of NiO thin
film. The transmittance of NiO thin film decreased with
substrate temperature is observed [67]. The transmittance
of above 70% is noticed for all the films except for the film
deposited at 400 °C. The transmittance of the thin film
is related to defects such as the oxygen vacancy, impu-
rities, and surface roughness of the deposited film [68].
Also, the sudden decrease in transmittance at substrate
temperature 400 °C may be connected to the film’s thick-
ness. The absorption edge near 310 nm is observed for all
the film which led the luminescence efficiency [69]. Here,
the transmittance spectra show two regions, one at a wave-
length above 400 nm, the transmission ranges from 75 to
88% is due to the compactness of the samples. Secondly,
for the wavelength below 400 nm, all samples exhibit
fundamental absorption due to the shift of electrons from
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Fig.4 EDS spectra of spray deposited NiO thin films a 300 °C, b 350 °C, ¢ 400 °C, and d 450 °C

Tablg 2 Atomic and weight % Substrate temperature ~ Weight % Atomic %

of NiO thin film T.(°C)

s Ni (0] Si Ni (0] Si

300 27.29 58.55 14.16 19.70 71.33 8.97
350 28.61 59.33 12.06 20.24 70.19 9.57
400 29.60 58.98 11.42 21.01 69.45 9.54
450 29.35 58.89 11.76 20.77 69.84 9.39

the valence band to conduction band [70]. Further, the
transmittance spectra of the deposited thin film show no
interference sign, which is due to the absence of multiple
reflections inside the substrate. This is related to the thick-
ness of the deposited film [71]. The average transmittance
of the N400 sample is 36% which is in decreasing trend
compared to the other thin film samples. This is attributed
to more defects in the thin film. Such behavior is related
with a higher conductivity of NiO thin films [72].

The optical energy band gap of NiO thin films is derived
from absorbance spectra using well-known Tauc relation.

@ Springer

(ahv)('lf) = A(hv — Eg)

Here, ‘@’ is the absorption coefficient, ‘iz’ is the incident
photon energy, ‘A’ is a constant, and ‘n’ is the exponent
value which depends on the type of electronic transition
such as direct or indirect. In our case, ‘n’ takes the value 2
and has a direct transition [70]. The optical band gap versus
photon energy (eV) is shown in Fig. 8.

The spectral shape for NiO film at 450 °C is similar to
the spectral shape of NiO thin film reported [70, 73, 78].



Structural, morphological, optical and magnetic properties of sprayed NiO thin films by perfume... Page70f12 524

nm

nm

40
35
20
25
20
15
10
5

Fig.5 a-h 2D and 3D AFM images of NiO thin film deposited at different substrate temperature

@ Springer



524 Page8of12

S.Visweswaran et al.

Table 3 Estimated values of

Substrate Tempera- R, nm R, nm Ry Ry Ry, R, nm
root mean square roughness ture (°C) q R,
Ry, height (R,), skewness (Ry)
and kurtosis (Ry,) 300 311.1 294.6 1.056 ~0.294 — 1447 153
350 314.3 306.6 1.025 -0.129 —1.618 468
400 316.3 307 1.030 —0.164 —1.634 107
450 301.3 292.2 1.031 -0.192 —1.547 125
50
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Fig.6 Absorbance spectrum of NiO Film
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Fig. 7 Transmittance spectra of NiO film deposited at different sub-
strate temperature

The values of the optical band gap are 2.93, 3.63, 3.72,
and 3.67 eV, respectively, for the film deposited at various
substrate temperatures and the value is comparable with
the previous report [38].
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Fig.8 The variation of (athv)2 versus Photon energy (eV) of NiO film

3.5 Photoluminescence analysis

The room-temperature photoluminescence (PL) measure-
ments were taken using Varian Cary Eclipse photolumi-
nescence analyzer. Figure 9 represents the room-temper-
ature PL spectra of NiO film at excitation wavelength of
310 nm. The PL spectra of NiO film exhibit one strong and
several broad emission peaks in UV and visible regions,
respectively. The strong UV emission at 360 nm observed
for all samples is related to the NBE emission of NiO. This
is due to the direct recombination of excitons through an
exciton—exciton scattering. This could be assigned to the
electronic transition between Ni** and O*"ions [74].

Several broad emission peaks from 400 to 600 nm are
due to deep level emission (DLE) [75]. The emission peak
in the visible region is ascribed to the near band to band
transition and defects such as oxygen vacancies, oxygen
interstitials, nickel vacancies [76]. Also the absorption
peak below 4 eV is dependent on interionic 3d® — 3d® tran-
sitions of Ni** which were reported by Adler and Feinleib
[77]. The peaks in the violet region are due to p—d charge
transfer, and the peaks around 504-537 nm are due to d—d
transition of NiO.
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Fig.9 Room-temperature PL spectra of NiO film

3.6 Raman analysis

The room-temperature Raman spectra of NiO film deposited
on the glass substrate at various substrate temperatures are
recorded through micro-Raman spectrometer SEKI, Japan.
Figure 10 presents the superposed Raman spectra of NiO
thin films, where the effect of Si/SiO, is subtracted and also
compared with the previous literature [78].

There are four dominant Raman peaks noticed for all the
film and an additional Raman peak at 1573 cm™! is observed
for the film deposited at 450 °C along with a shift of around
10 cm™!. The origin of Raman shift is due to defects such

Raman Intensity (a.u)

WM

) ) ) ) ) ) ) )

500 1000 1500 2000 2500 3000 3500 4000 4500
-1
Wavenumber (cm )

Fig. 10 Room-temperature Raman spectra of NiO film

as vacancy, substitution, interstitials, or dislocation. The
Raman peak at 474 cm™! and 1069 cm™ is due to the Ni-O
stretching mode [79]. From the Raman spectra, the peak
at 474 and 696 cm™! is assigned to first-order transverse
optical (TO) and (LO) phonon modes of NiO. The peak at
1069 cm™! is assigned to two phonon modes (2LO), as well
as two magnon excitations at 1573 cm™! [79]. The Raman
peak at 1573 cm™! corresponds to 2 M band that is associ-
ated with Ni** —0?~ —Ni?* superexchange interaction. It
indicates the particle exists in the antiferromagnetic state
at room temperature [80]. The Raman band at ~ 2430 cm™!
corresponds to 4 M scattering. Similar 2 M Raman band is
reported by N. Mironova-Ulmane et al. [81].

3.7 Electron paramagnetic resonance analysis

The EPR technique is used for identifying the material with
unpaired electron and defects. The room-temperature EPR
measurements for NiO film were recorded using EPR spec-
trometer Bruker EMX Plus operating at X-band (9.8 GHz)
frequency with magnetic field modulation of 100 kHz and are
displayed in Fig. 11. The EPR measurement is taken for the
NiO thin film deposited at substrate temperature 350 °C and
400 °C. The change in EPR intensity and the line width is
noticed from the spectrum. The observed EPR spectra arise as
the results of paramagnetic sites or intrinsic defects in the sam-
ple. The presence of more than one paramagnetic or defects
is identified from the spectra. The intensity of the EPR signal
is very high for the sample N350 compared to the N400. The
Ni?* ions have 3d® electronic configuration, whereas those
Ni** have 3d’ configuration, both species being EPR active
due to the existence of the uncoupled electrons. The unpaired
electrons suggest the paramagnetic characteristics of NiO thin

7/
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Fig. 11 Room-temperature EPR spectra of NiO film
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film. The EPR sign designates the mixed valence of Ni** and
Ni** ions. The presence of a broad line located nearly at the
lower field is a typical nature for FMR (ferro magnetic reso-
nance) [82]. As is seen, the particle size of NiO thin film is
less than 100 nm, led to the transition of antiferromagnetic to
paramagnetic state [83].

The Landé g-factor value is calculated using the equation.

where ‘h’ is the Planck’s constant, ‘v’ is microwave fre-
quency, ‘ug’ is the Bohr magneton and ‘B’ is the magnetic
field (mT).

The calculated EPR g values for sample N350 films are
4.317,2.011, and 1.946 and that of sample N400 are 4.358,
1.982, and 1.946. The g value 2.011 is associated with a cou-
pled pair of Ni>*—0 —Ni** ions and the enhanced intensity
and high g values represent the amount of Ni** ions [84—86].
So, this EPR signal arises due to the intrinsic defect such as
Ni vacancies and oxygen deficiency [87].

4 Conclusion

NiO thin films were deposited on glass substrates with differ-
ent substrate temperatures by spray pyrolysis using perfume
atomizer. The influence of substrate temperature on the struc-
tural, morphological, and topography of the films was studied
from XRD, FESEM, and AFM analysis. The cubic crystalline
NiO films with preferred orientation along (2 0 0) plane are
obtained. The good quality of the film obtained at 400 °C is
confirmed from XRD. The FESEM images exhibit nanocrys-
talline grains with uniform and smooth surface as the function
of substrate temperature and the film at 450 °C shows rice husk
shaped morphology. The AFM images shown rough surface
with pores of NiO thin film deposited at 300 °C which should
be the best suited for gas sensor applications. The oxygen-
rich nonstoichiometric NiO is confirmed from EDS results.
The mixed valence of Ni**/Ni** ions in NiO is responsible
for the coloration of NiO film. The transmittance of above
70% is achieved from UV—Vis analysis seems inspiring for
optoelectronics usages. The calculated direct band gap values
for the NiO thin film at different substrate temperatures are
2.93, 3.63, 3.72 and 3.67 eV, respectively. The PL emission
in the visible region is related to defects arising from oxygen
vacancy. The antiferromagnetic nature of NiO films is identi-
fied from Raman spectra. The presence of defect states such
as Ni vacancies and oxygen deficiency is noticed from EPR.
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