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INTRODUCTION

In recent past, a great deal of attention has been focused
by the researchers across the world for reliable gas sensors due
to their various applications such as industrial control systems,
house-hold safety and security, fuel emission and environmental
pollution monitoring [1-3]. The metal oxide based semicon-
ductor gas sensors have grabbed huge attention by the resea-
rchers across the world due to their cost-effective, portability,
quick response and long term durability [4-7]. The gas sensing
properties are closely connected with the morphological, surface
properties and chemical composition of the metal oxides.
Among all metal oxides, NiO is a wide bandgap semiconductor
with the most prominent cubic structure [8]. It has a wide range
of applications, including electrochromic display devices, solar
cells, smart windows, optoelectronic devices, cathode material
for battery applications, solid oxide fuel cells, antiferromag-
netic material and active material in chemical gas sensors
[9,10], heterojunction solar cells [11] and active layer materials
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Herein, a highly sensitive, selective and stable ethanol sensor based on nanostructured Cu doped NiO thin films is reported. Pure and Cu |
doped NiO thin films were prepared using spray pyrolysis technique with different copper concentrations. The XRD, Raman, SEM, XPS |
and TEM were used to investigate the structural, morphological and compositional properties of deposited films. The XRD studies
confirmed that deposited films exhibit cubic structure with polycrystalline nature. Raman spectroscopy of the deposited NiO based thin |
film reveals as single-phonon first-order longitudinal-optical LO mode and double-phonon second-order longitudinal-optical mode 2LO. |
Scanning electron microscopy (SEM) has demonstrated a significant variation in the morphology of the coated films. X-ray photoelectron |
spectroscopy (XPS) results revealed that successful doping of copper in NiO matrix, whereas TEM investigations revealed a nanometric |
crystal size in Cu doped NiO. Gas sensing performance of the deposited thin films was measured using static distribution technique |
towards 50 ppm ethanol gas at room temperature. Cu doped NiO thin film (4 wt.% ) has shown improved sensing features towards 50 ppm
of ethanol with good selective, sensitive and stable features with quick response and recovery characteristics. I
|

for gas sensors [12] due to low cost raw materials and excellent
chemical and thermal stability.

Jang et al. [13] with RF magnetron sputtering synthesized
lithium doped NiO films with concentration variation from
0 to 16 wt.% on glass substrates. The outcome of this study
demonstrated that the electrical resistivity was increased due
to the crystal imperfections on the surface of thin film. How-
ever, some lithium ions isolated on the film surface and bulges.
Lou et al. [14] reported the preparation and characterization
of Al doped boron substituted nickel oxide thin films using
sol-gel technique. The results demonstrated that Al doping
might hamper the formation of crystalline thin films, which
have shown good electrochromic and electrochemical charact-
eristics, in comparison with pure NiO thin film samples. Studies
on Fe doped nickel oxide films deposited using spray pyrolysis
Technique has been investigated by Godbole et al. [15]. They
reported that with an increase in the thickness of the film, the
density of states at the Fermi-energy level enhances. The trans-
mittance of the films was found to enhance with the deposition
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temperature. The impact of Cu doping on nickel oxide films
deposited with electrochemical deposition method was repo-
rted by Zhao et al. [16]. The authors studied that the decrease
in transmittance of the films upon doping of Cu in nickel oxide
thin films with excellent electrochromic behaviour. It is also
observed that chemical composition, surface morphology,
uniformity, conductivity and absorbance could depend on
the nature of doping element and process [17]. Energy band
gap can be varied drastically with the doping of monovalent
impurities such as lithium, indium, sodium and copper. Also
the electrical resistivity of NiO films may be reduced with
doping. Hence, Cu doped NiO thin films play a vital role in
gas sensor applications [18].

Ethanol (C,HsOH) is widely utilized as a solvent in many
industries such as chemical, food, alcoholic beverages and
biomedical industries. It is also a hypnotic solvent with toxic
in nature, colourless and inflammable [19]. High exposure or
utilization of ethanol, especially by smokers leads to lung
cancer, liver deterioration and breast cancer among the women.
Industrial employers where ethanol can release frequently may
increase the possibility of affecting the respiratory system and
digestive track cancer. Hence, an ethanol sensor which is opera-
ting under ambient conditions will be very essential for public
transportation systems [20]. In this study, a low-cost NiO-based
chemiresistive ethanol sensor is developed which can detect
low levels of analyte gas at ambient temperature.

EXPERIMENTAL

The required materials for the synthesis of thin films were
nickel(II) acetate tetrahydrate [Ni(CH;COO),-4H,0] analytical
grade (Sigma-Aldrich, India) and copper(Il) acetate hydrate
(Cu(CH;C0O0),-H,0] analytical grade (Sigma Aldrich, India)
salts were utilized with a purity larger than > 99%. The solvent
employed throughout the experiment was double-deionized
water. The glass slides (Blue Star, India) having dimensions
of 7.5 cm x 2.5 cm x 0.135 cm were used as substrates.

Synthesis and characterizations of pure and Cu doped
NiO thin films: Nickel(I) acetate tetrahydrate was added to
20 mL double deionized water and stirred for 30 min. Citric acid
has been added drop wise to the above salt solution to make it
transparent and clear. Copper(I) acetate hydrate was added
to 20 mL of double deionized water separately and stirred for
30 min. Then, it was mixed with the nickel acetate solution
dropwise subsequently stirred for few minutes. Obtained solution
was loaded to spray dispenser of fully automated spray pyrolysis
system (Holmarc, India) connected with a computer and sprayed
for 12 min on preheated clean glass slides.

The prepared film’s thickness was determined using weight
difference method with a sensitive microbalance. The depo-
sition parameters are shown in Table-1. The structural properties
of the prepared films were investigated with the X-ray diffrac-
tion technique with Bruker D8 advance system utilizing Cuk,
as energy source. Morphological analysis was done with FESEM-
FEI NoVaNanoSEM 450 instrument. Structural distinctions
of deposited samples were studied using Ar laser source having
wavelength of 488 nm switched to Labram-HR800 Raman
spectrometer with the Raman backscattering geometry under

TABLE-1
DEPOSITION PARAMETERS
Parameters Specification

Precursor Nickel(II) acetate tetrahydrate

and copper(Il) acetate hydrate
Solvent Deionized water
Concentration of the precursor 0.1 M
Doping concentration 2,4, 6 wt.% of copper
Substrate Glass
Deposition temperature 400 °C
Nozzle to substrate distance 20 cm
Deposition time 12 min
Carrier gas Air
Carrier gas pressure 1 bar
Flow rate 1 mL/min

ambient conditions. Transmission electron microscope (model
TECNAI 20G2) working at 200 kV voltage was used to study
nanostructured nature and grain distribution. Homemade gas-
sensing system in static mode which was interfaced to a
computerized Keithley electrometer (6517B, USA) was used
for gas sensing measurements.

RESULTS AND DISCUSSION

XRD: The XRD patterns of pure and copper doped nickel
oxide thin films with different doping concentration are shown
in Fig. 1. Four diffraction reflections located at Bragg’s angles
of 37.2°,43.2°, 62.8° and 75.3° were observed. According to
JCPDS data card No. 78-0423, all these peaks of NiO films
are related with the cubic structure without any impurity phase.
Shift towards higher angles in diffraction peaks observed with
doping due to mismatch of Cu ions (0.82 A)and Niions (0.78 A)
radius. Compared to pure NiO more broad peaks are observed
for Cu doped NiO films [21,22]. The crystallite size (D) was
determined for (200) plane using the Scherrer’s formula [23].
The Cu-Cu ion interactions may be the reason for increased
crystallite size for doped samples [24].
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Fig. 1. XRD pattern of pure and Cu doped NiO thin film
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where A, B and 6 denotes X-ray wavelength, FWHM and
Bragg’s angle, respectively.

The obtained XRD data has been used to calculate the
structural properties including the interplanar distance (d),
lattice constant (a), volume of unit cell (V), crystallite dimension
(D), strain (€), dislocation density (8) and count of crystallites
per unit area (N). Interplanar distance (d) can be calculated using
Bragg’s formula [25,26]. The obtained structural parameters
are tabulated in Table-2.

1
Dislocation density (8) =
YO= sl sizey @
Strain (g) = Beos® (3)
4
Crystallites occupied per unit area (M) = Thickness ,Of the ﬁ} m
(Crystallite size)
. A
Inter planar spacing (d) =—— 5)
2sin 0
Lattice constant (a) =dxvh* + k> +1° (6)
Volume of unit cell = a’ (7)

SEM studies: Fig. 2 clearly shows the effect of doping
on the morphological studies. Pure nickel oxide thin films have
shown flake like morphology whereas NiO thin films of 2 wt.%
Cu doped randomly oriented morphology was observed. NiO
thin films of 4 wt.% Cu doped, spherical shaped particles with
uniform size were distributed on the surface. It can be inferred
that this sample can be suitable for the gas sensing applications.

Fig. 2. SEM images of (a) pure (b) 2 wt.% (c) 4 wt.% d) 6 wt.% doped Cu:
NiO thin films

Raman studies: Raman spectrum of pure and doped films
synthesized with various Cu doping concentrations is depicted
in Fig. 3. Two important major peaks are appeared in pure
NiO thin films at 550 and 1090 cm™ which are related as single-
phonon first-order longitudinal-optical LO mode and double-
phonon second-order longitudinal-optical mode 2LO respectively,
which confirms the NiO formation [27] for Cu doped NiO films,
a shift of peak position in one-phonon first-order longitudinal-
optical LO mode was observed and can be associated with the
structural defects and vacancies created during the deposition
process in the nanostructured material. A small shift in the
2L.O mode was observed, which can be due to an enhancement
in the crystallite size.
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Fig. 3. Raman spectra of pure and Cu doped NiO thin film

XPS measurements: The chemical composition on the
surface and valance electronic states of the NiO thin film with
4 wt.% Cu doped were measured with XPS technique. A full
scan of NiO thin film with 4 wt.% Cu doped is shown in Fig. 4.
Without any foreign elements present, an XPS scan confirmed
the presence of nickel, copper and oxygen, indicating that grown
film had the proper composition during the spray process. The
peaks at binding energies of 854 eV (Ni 2ps,,) and 873 eV (Ni
2p1) assigned to Ni** suggest the presence of NiO. The Cu2p
signals, which correspond to Cu2ps,, and Cu2p,,», were observed
in the spectrum at positions 932.5 and 952.6 eV. Two spectral
lines have been obtained from the XPS O 1s spectrum, one of
which relates to the metal oxide lattice site and the other peak
being connected to adsorbed oxygen. While O1s assigned peak
was observed at 529.6 eV and Cu 2p at 933.07 eV. These values
shown to be consistent with previous investigations [28,29].

TABLE-2
STRUCTURAL PARAMETERS OF PURE AND Cu DOPED NiO THIN FILM
. Dislocation Number of . Lattice Volume of
Sample siczreyi]t;‘;l;tfn den§ity x 10" Strain cr}./stallites per Thzlcliln)ess :3;2?1?(123 constant unit cell x
(lines/m?) unit area x 10" A) 10% (m?)
Pure NiO 4.20 5.64 0.008300 21.21 376 2.102 4.204 7.43161
2 wt.% Cu doped NiO 4.31 5.37 0.008170 9.83 183 2.098 4.196 7.38790
4 wt.% Cu doped NiO 6.77 2.18 0.005206 1.39 64 2.084 4.167 7.24045
6 wt.% Cu doped NiO 8.69 1.32 0.004055 1.27 96 2.088 4.176 7.28391
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Fig. 4. (a) XPS full scan of 4 wt.% Cu doped NiO thin film. High-resolution spectra of (b) Ni 2p, (c) Cu 2p and (d) Ols

TEM studies: Fig. 5 shows HRTEM images of NiO thin
film of 4 wt.% copper with crystallinity in the nanostructured
range which is consistent with the XRD pattern. Fig. 6 depicts
SAED pattern with the set of diffraction rings confirms the
polycrystalline nature of deposited film.

Gas sensing properties: Response is an important para-
meter of a chemiresistive based gas sensor. In reducing/oxidizing
gas environment, a chemiresistive sensor, changes its electrical
resistance. The response of chemiresistive sensor might be
studied considering the changes in resistance under test gas
environment. Sensor element response mainly depends on the
working temperature, surface roughness, films’ thickness,
deposition method of the thin film, surface to volume ratio,
porosity, space between the grains, adsorption by oxygen mole-
cules at the film surface and elements present in the material
[29-33]. The sensing layer response was determined using eqn.
10 [34]:

R
Response of the sensor layer = R_a (10)
g
where R, and R, denote sensor layer resistance under dry air ——— MWmm

and reducing gas environment, respectively. Fig. 5. TEM image of 4 wt.% Cu doped NiO thin film
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Fig. 6. SAED pattern of 4 wt.% Cu doped NiO thin film

As one of the most challenges of the semiconductor gas
sensors is selectivity. The proposed sensors have been investi-
gated in the presence of various vapours namely benzene, acetone,
methanol, isopropanol, 2-methoxy ethanol, n-butanol and
ethanol of 50 ppm, respectively using liquid distribution tech-
nique. At room temperature, the trend shows that the gas response
towards 50 ppm of ethanol is more selective than other gases
(Fig. 7). As a result, ethanol is being studied further.

15
m Pure NiO
B 2 wt.% Cu doped NiO
B 6 wt.% Cu doped NiO
127 |mmm 4 wt.% Cu doped NiO
< ]
Ef) 9
2
=
% 6
o
]
3a

Acetone Methanol

Isopro- Benzene n-Butanol 2-Methaxy Ethanol
panol ethanol

Fig. 7. Selectivity of Cu doped NiO thin film

Stability and repeatability are most important parameters
for gas sensors. Figs. 8 and 9 show the stability and repeata-
bility of 4 wt.% Cu doped NiO thin films towards 50 ppm ethanol
at ambient temperature. Repeatability was checked for continu-
ous four cycles whereas stability was checked over a period
of 30 days which shown a negligible variation.

Fig. 10 depicts a 50 ppm ethanol transient response at room
temperature. According to the study’s findings, 4 wt.% Cu
doped NiO thin film exhibits traditional p-type behaviour
showing low resistance under dry air and the sensor’s resistance
rises under reducing gas (ethanol). Sensor element has a response
time of 28 s and recovery time of 21 s.
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Fig. 8. Stability of 4 wt.% Cu doped NiO thin film towards ethanol
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Fig. 9. Repeatability of 4wt.% Cu doped NiO thin film towards ethanol
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Fig. 10. Transient response curve of 4 wt.% Cu doped NiO thin film towards
ethanol

Comparative studies: Table-3 summarizes an overview
of the ethanol-sensing features of different several metal oxides
found in the literature as well as the current investigation. The
data clearly shows that the proposed Cu-doped NiO thin films
towards the detection of ethanol gas exhibit quick response at
low temparature as compared to the majority of the reported
Sensors.
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TABLE-3
COMPARISON OF THE ETHANOL-SENSING
CHARACTERISTICS OF VARIOUS METAL
OXIDES WITH CURRENT WORK

Gas sensing Conc. Temp. Response/ Ref
material (ppm) (°C) Recovery time :
NiO 5 350 80 s/2 min [35]
NiO 5 350 167 s/99 s [36]
NiO/SnO, 1000 250 15 /100 s [37]
Fe-ZnO 100 320 395/29 s [38]
Zn0-In,0; 50 240 355/46's [39]
Ag@Sn0O, 200 27 34 5/68 s [40]
Ag@TiO, 5 27 52 5/63 s [41]
Ga-NiO 50 250 8s/13 s [42]
AI-NiO 100 228 73 s/76 s [43]
Sc/Li-NiO 100 200 86 /31 s [44]
Fe-NiO 50 240 7s/8s [45]
Mg-NiO 100 325 13s/19s [46]
Cu-NiO 50 27 28 s/21 s Present work
Conclusion

Pure and Cu doped NiO films deposited by chemical spray
pyrolysis method by varying doping concentration on
preheated glass substrates. XRD investigations disclosed that
synthesized films have exhibited polycrystalline behaviour
with the cubic structure. Crystallite size is calculated with
Scherrer equation and it is enhanced with doping concentration.
Pure nickel oxide thin films have shown flake like morphology
whereas thin films of 2 wt.% of Cu doped randomly oriented
morphology was observed. 4 wt.% of Cu doped NiO film
shown spherical shaped particles with uniform grain size were
distributed on the surface which is shown high response against
50 ppm of ethanol under ambient conditions. This
improvement in sensing characteristic is owing to sensor
element properties like micro-structural, topographical features
with high surface to volume ratio. Among all the films, the 4
wt.% Cu doped NiO sensor has a quick detection rate with
high stability and repeatability can be transferred to fabricate
an ethanol sensor for real time applications.
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