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Abstract

Copper oxide (CuO) thin films were grown on glass substrates by low cost spray pyrolysis technique for three different molar concentrations
(0.05 M, 0.10 M and 0.15 M), at a substrate temperature of 350 1C, and subsequently annealed at 400 1C for 2 h. The effects of precursor
concentration and annealing on the structural, electrical and morphological properties of the crystallized films were investigated. X-ray
diffractograms of the films showed the formation of single phase CuO with tenorite structure. The electrical properties of the films like carrier
concentration, Hall co-efficient (RH), mobility and conductivity were studied from Hall effect measurements. The positive values of RH confirmed
the p-type conductivity of the films. Resistivity decreased drastically by two orders of magnitude for the annealed films. The microstructures
characterized by a scanning electron microscope for 0.15 M concentration of the precursor revealed that the morphology of the films was
substantially affected by annealing. The film surface revealed uniformly distributed cluster of peanut shaped grains after annealing. The response
of the as deposited and annealed CuO sensor to low concentration of ethanol (10 ppm) was compared. The annealed CuO film showed higher
sensor response than the as-deposited CuO film did. The result suggested that annealing causes significant effect on the sensing performance of
CuO to ethanol.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ethanol is the most important alcohol owing to its diverse
applications. It is widely used in food industry, brewing process
control, medical and clinical applications and bio-medical techno-
logical processes. Those working on ethanol synthesis have great
chances of being victims of respiratory and digestive track cancer.
Hence, there is a great demand for monitoring ethanol gas at trace
level. Semi-conductor metal-oxide based gas sensors are com-
monly used for environmental monitoring and industrial applica-
tions, due to their advantages such as small dimension, low cost
and convenient operation. To date, n-type metal oxides are widely
investigated, such as ZnO [1], In2O3 [2], and SnO2 [3], due to their
extensive sensing performance. Recently, increasing interest has
been taken in gas sensors based on p-type semi-conductors.
Among a variety of p-type semi-conductors, copper oxide (CuO)
has proved itself to be one of the most attractive materials for gas
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sensor applications, from the point of view of gas sensitivity as
well as chemical stability. CuO has been found to be sensitive to
HCHO, NO2, H2S and CO [4]. However, research on p-type CuO
based ethanol sensor and the effects of annealing on the sensing
properties of CuO to ethanol is not satisfactory.
There are two well-known copper oxides: Cu2

þO (cuprite)
and Cu2þO (tenorite). A meta-stable copper oxide, Cu4O3

(paramelaconite), which is an intermediate compound between
the previous two, has also been reported [5]. Cu2O has a cubic
structure with the lattice parameters of 4.27 Å, and Cu4O3 has a
tetragonal structure with the lattice parameters a¼5.837 Å and
c¼0.9932 Å. CuO crystallizes in monoclinic structure with the
lattice parameters a¼4.684 Å, b¼3.425 Å, c¼5.129 Å and
β¼99.281, in which CuO2 units are chained and Cu forms four
coplanar bonds with O [6]. CuO is unique amongst the
monoxides of 3D transition elements having a square planar
co-ordination of copper by oxygen in the monoclinic structure
[7]. A variety of deposition techniques were used for depositing
CuO films, which include electro-deposition [8], CVD [9],
plasma evaporation [10], and RF sputtering techniques [11].
ghts reserved.
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Fig. 1. XRD patterns of as deposited CuO films for three different concentra-
tions: (a) 0.05 M, (b) 0.1 M and (c) 0.15 M.

Fig. 2. XRD patterns of CuO films annealed at 400 1C for three different
concentrations: (a) 0.05 M, (b) 0.1 M and (c) 0.15 M.
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In most of the techniques, a mixture of different phases like
CuO, Cu2O, and Cu were obtained generally at room tempera-
ture. This is a major drawback of all these methods for utilizing
CuO films as a semiconductor. Spray pyrolysis technique has
been extensively used nowadays in depositing nano-structured
metal oxide films. The CuO films prepared using this technique
are well compacted and the surface to volume ratio of the drops
is large, which may make thin film useful for device applica-
tions [12]. The film surface is uniform and stoichiometry of the
film is easy to control in this technique. In the present study, the
CuO films were deposited by spray pyrolysis on glass substrate
kept at a temperature of 350 1C for three different molar
concentrations, and subsequently annealed at 400 1C. As a part
of the comprehensive work on preparation of highly crystalline,
single phase CuO films with good electrical properties, for
application in the detection of low concentration of ethanol at
low temperature, we have developed a novel spray pyrolysis
deposition route to CuO with a specially designed spray nozzle.
In order to get reproducible film and facilitate the ethanol
sensing properties, the growth parameters like substrate tem-
perature, thickness, solution flow rate and concentration of the
solution were optimized during deposition.

2. Experimental details

All reagents were purchased from Alfa Aesar and were used
as received without further purification. The CuO films were
prepared by spray pyrolysis method. The glass substrates were
first cleaned by dipping it in hot chromic acid, in order to
remove the impurities. Then, they were cleaned ultrasonically in
successive baths of deionized water, soap solution and acetone.
The solution was prepared by dissolving copper chloride
(CuCl2 � 2H2O) in de-ionized water. The resulting solution was
mixed for 20 min using a magnetic stirrer and then filtered. The
final solution, with concentration of 0.05 M, was dark blue and
clear, without any suspension of particles. The solution was
sprayed onto glass substrates kept at a temperature of 350 1C for
60 min, and the solution flow rate was controlled by a flow
meter and kept at 5 ml min−1. Compressed purified air was used
as the carrier gas (0.4 kg/cm2). The substrates were heated by a
tube furnace, and the substrate temperature was measured using
a thermocouple. The distance between the nozzle and the
substrate was maintained at 30 cm. A similar procedure was
followed to obtain copper oxide films for two more concentra-
tions (0.1 M and 0.15 M). The as deposited films of three molar
concentrations were annealed in a muffle furnace at 400 1C for
about 2 h. The thickness of the films was measured using a
Mitutoyo (SJ 301) surface profilometer. The crystalline structure
of the copper oxide films was studied by X Pert Pro X-ray
diffractometer (XRD), with CuKα radiation. The Ecopia HMS-
3000 version 3.51.3 Hall effect measurement system was used
to measure the Hall-coefficient, charge carrier concentration,
mobility, resistivity and conductivity of the films. The surface
morphologies of the films were examined by SEM (Philips XL
30 SFEG) and AFM (Nano Surf Easy Scan 2). The CuO films
optimized with deposition conditions were used to fabricate the
gas sensor with two thick silver pads on two sides of the film to
take out electrical contacts. A schematic of the gas sensing setup
used for ethanol sensing is discussed in detail by the authors
elsewhere [13]. Ethanol was injected into the container and
gasified by heating. Air in the atmosphere was used as the
diluting gas, which afforded 10 ppm tested vapor.

3. Results and discussion

3.1. Variation in structure of CuO films with annealing

Figs. 1 and 2 show the glancing angle XRD patterns of copper
oxide films deposited at 350 1C for three different molar
concentrations, and subsequently annealed at 400 1C for 2 h.
XRD pattern of as deposited film for 0.05 M concentration
revealed the formation of single phase CuO with tenorite
structure. The peaks at 2θ angle 35.581 and 38.721, with dhkl
2.52 Å and 2.32 Å, correspond to diffraction planes (002) and
(111), respectively of CuO (JCPDS 05-6661 for CuO).
In comparison to this, Balamurugan and Mehta [14] reported a



Table 1
Crystallite size, dislocation density, strain and number of crystallites of the as deposited and annealed CuO film (400 1C).

Stage Diffraction angle (deg) dhkl (Å) Crystallite size (nm) Microstrain� 10−3 No. of crystallites� 1017

As deposited 38.60 2.3304 15 1.83 1.164
38.69 2.3253 12 2.28 1.262
38.72 2.3236 12 2.24 1.936

Annealed 38.68 2.3254 10 2.71 1.875
38.67 2.3261 17 1.62 2.389
38.67 2.3261 17 1.62 0.033

Table 2
Hall effect studies of the as deposited and annealed CuO film (400 1C).

Stage Concentration Thickness (mm) Hall co-efficient RH(� 102 cm3/1C) Resistivity ρ (Ω cm) Conductivity s (Ω−1 cm−1)

As deposited 0.05 0.20 4.13 0.3111 3.21
0.10 1.22 81.91 0.2871 3.48
0.15 1.67 318.30 4.0420 0.24

Annealed 0.05 0.20 1.69 0.0579 17.25
0.10 1.22 9.51 0.0680 14.69
0.15 1.67 34.25 0.0519 19.24
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mixture of Cu2O and CuO phase by an activated reactive
evaporation technique. Nair et al. [15] could only achieve a
deposition of Cu phase along with a minority Cu2O phase at
room temperature by the chemical deposition technique. It is
important to note that in the present method of spray pyrolysis
technique with specially designed spray nozzle, copper oxide thin
films with a predominant CuO phase were grown successfully at
350 1C. As the concentration was increased, the intensity of the
peaks increased due to the increase in thickness of the film during
the formation of CuO, which is consistent with the results
reported by Morales et al. [16], Senthil Kumar et al. [17] and
Cho et al. [18] for CuO films prepared by spray pyrolysis
technique. At 0.15 M concentration eight XRD peaks at
2θ¼35.581, 38.691, 49.081, 51.951, 58.191, 61.651, 66.041 and
67.951 appeared, owing to the diffraction of the (002), (111),
(−202), (020), (202), (−113), (−311) and (113) planes, repec-
tively, of CuO. The (002) and (111) diffraction peaks of CuO was
intensified in the process of increasing the concentration. Further,
the presence of multiple peaks of the CuO phase at 0.15 M
concentration revealed the polycrystalline nature of the films. All
the peaks in the XRD pattern could be assigned with monoclinic
structure of CuO. Fig. 2 reveals that the films sintered at 400 1C
for 2 h increased the crystalline quality of CuO, as indicated by
the enhancement in the intensity of the most prominent (002) and
(111) peaks of CuO. Thus, it is clear that the annealing treatment
provided the atoms with enough thermal energy to properly
arrange into the final crystalline product. It was reported earlier
that the CuO phase may transform into Cu2O phase after
annealing [19]. However, in the present work the single phase
CuO was retained even after annealing to 400 1C. The crystallite
size (D) were calculated using Scherrer's formula [20]

D¼ ð0:94λÞ=ðβcos θÞ ð1Þ

The average crystallite size was found to be ∼13 nm for the as
deposited CuO film, and it increased to ∼17 nm after annealing at
400 1C. The increase in D value after annealing might be due to
decrease in grain boundaries, and hence the amount of defects in
the films. The thermal energy produced by annealing led to
enhancement of mobility of active species by filling the micro-
voids or defects in the structure and formation of more packed and
large crystalline films. Park et al. [21] reported the effect of
annealing on the crystallite size of CuO film prepared by rf
sputtering. The dislocation density (δ), strain (ε) and the number of
crystallites (N) are calculated using the relation

δ¼ ð1=D2Þ ð2Þ
ε¼ ðλ=D sin θÞ−ðβ=tan θÞ ð3Þ

N ¼ ðt=D3Þ ð4Þ
where λ is the wavelength of the incident X-ray (λ¼1.5418 Å),
θ is the Bragg angle, β is the full width at half-maximum (FWHM)
in radians, D is the average crystallite size and t is the thickness of
the film. Table 1 reports the crystallite size, dislocation density,
strain and number of crystallites for as deposited CuO films, and
films annealed at 400 1C. The dislocation density in our case was
found to be less for the annealed CuO films. It was observed that
the lattice spacing of the preferential orientation of the films slightly
changed with annealing, which may be attributed to the decrease in
strain in the CuO films. From these results, it was confirmed that
the fundamental effect of increase in crystallite size is related to
decrease in strain. The decrease in strain indicates the decrease in
lattice imperfections and formation of high quality films.

3.2. Variation in electrical properties of CuO with annealing

The electrical properties were estimated from the Hall
measurements in Vander Pauw configuration for the as
deposited and annealed CuO films. To carry out the Hall
measurements, copper oxide films with 2.5� 1 cm2 area were
used. Contacts were made using gold coated clips on the



Fig. 4. Variation in mobility and charge concentration of annealed CuO films
for different Cu precursor concentrations.
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surface of the film by spring action, and the distance between
the two points was 0.5 cm. Measurements were carried out
under a magnetic field of 1070 G. The different electrical
parameters are summarized in Table 2. The variation in
mobility and carrier concentration with the Cu precursor
concentration for as deposited and annealed CuO films is
shown in Figs. 3 and 4, respectively. The positive sign of the
Hall co-efficient (RH) revealed that the deposited CuO film is
p-type in nature. It was observed that resistivity (ρ) of the film
varies with concentration of the precursor,which may be
attributed to the variation in the stoichiometric changes
induced by copper ion vacancies and neutral defects in the
film [22]. Drobny and Pulfrey [23] observed an initial
increase in resistivity in films which is a mixture of CuO
and Cu2O and then obtained CuO films with low resistivity
which they associated with non-stoichiometry [23]. Shokr
et al. [24] reported that the relatively low resistivity observed
for the SnO2 film is attributed to the deviation from
stoichiometry due to oxygen vacancies, which act as electron
donors and increase the free carrier concentration. Resistivity
(ρ) decreased drastically by two orders of magnitude for the
annealed films. Nair et al. [15] reported that the electrical
resistance of CuO films deposited by chemical deposition
decreased by an order of magnitude after annealing. The
larger crystallite size after annealing reduces grain boundary
scattering, increasing the mobility and carrier concentration
of the films. The increase in mobility may also be due to the
improvement in crystallinity of the films with annealing.
Wang and Gong [25] observed a significant increase in the
conductivity of copper oxide films after annealing in air. This
may be another experimental proof of the p-type conduction
caused by excess oxygen. Maximum carrier concentration
of 1.96� 1018 was obtained for the sample prepared with
0.15 M concentration, which is one order of magnitude
higher than that reported by Figueiredo et al. [26].

3.3. Variation in morphology of CuO with annealing

Surface morphology studies of the CuO films were carried out
using SEM. Fig. 5(a) and (b) shows the SEM images of as
Fig. 3. Variation in mobility and charge concentration of as deposited CuO
films for different Cu precursor concentrations.
deposited and annealed CuO films optimized for 0.15 M con-
centrations, respectively. The surface of the as deposited films is
very smooth and well packed with quasi-spherical grains and
peanut shaped particles. The growth of CuO in a spray pyrolysis
process goes from a heterogeneous phase of precipitating in the
solution. Heterogeneous growth yields a dense, conformal buffer
layer, but the homogeneous growth deposits a layer with adherent
CuO precipitates [27]. After annealing at 400 1C for 2 h, it was
observed that the grain size increased and surface showed
uniformly distributed cluster of grains. This is due to the fact
that annealing increases the crystalline quality of the films.
Moreover, the adsorbed species might progressively acquire a
higher surface mobility, providing a more favorable path for the
formation of the observed anisotropic structure which possess
large grains, as seen in Fig. 5(b). This is also evident from the
atomic force microscope (AFM) images of the CuO films shown
in Fig. 6(a) and (b) (scan area, 10 mm� 10 mm), which revealed
that some of the small grains had merged to form large grains
after annealing (Fig. 6(b)). The surface becomes rough as the
crystal grains cluster together with annealing. For the as deposited
films, the root mean square roughness (RMS) was 19 nm. Upon
annealing to 400 1C, the RMS roughness increased to 43 nm. The
increase of RMS roughness of CuO films with annealing leads to
significant effect on its sensing performance.
3.4. Variation in response time and sensitivity of CuO film
sensor

After having optimized the film for precursor concentration
and annealing, the response of annealed CuO film for 0.15 M
concentration was investigated for its performance toward
ethanol. Fig. 7(a) and (b) shows the dynamic resistance of the
as deposited and annealed CuO sensor (0.15 M concentration)
with time, for 10 ppm of ethanol. Upon exposure to ethanol
vapor, the resistance of the sensor decreased upto 200 s, as seen
from Fig. 7(a). The reason for decrease in the resistance may be
due to the oxidation of the ethanol vapors upon coming in
contact with the oxide semi-conducting surface, which liberates



Fig. 5. SEM images of (a) as deposited and (b) annealed CuO film (400 1C), for 0.15 M Cu precursor concentration (inset: magnified image).

Fig. 6. AFM images of (a) as deposited and (b) annealed CuO film (400 1C) in a scan area of 10 mm� 10 mm, for 0.15 M Cu precursor concentration.
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free electrons and H2O. The atmospheric oxygen chemisorbs on
the surface of the oxide semi-conductor as O2− or O−, removing
an electron from the conduction band of the semi-conductor.
Ethanol vapors react with the chemisorbed oxygen and reinject
the carrier thereby reducing the resistance of the material. This
interaction of oxygen ions on the surface of CuO with ethanol
molecules can be described by the following reactions [28]:

O2 (ads)þe-↔2O−
(ads) (5)

C2H5OH(ads)þ3O2-2CO2(g)þ3H2O(g)þ3e− (6)

The free electrons liberated move into the conduction band of
CuO resulting in a decrease in the resistance of CuO film. The
response time (the time taken by the sensor to reach to 90%
of its final value) of the CuO sensor was found to be 200 s
(Fig. 7(a)). After 200 s the resistance started increasing as the
gaseous species on the surface desorbed. However, it took
longer time for the sensor response to reach its original value, as
the ethanol vapors do not easily desorb. Because of the water
liberation, the surface got saturated after sometime, which
required cyclic heating and flushing the chamber with hot air.
The resistance of the as deposited CuO film was 0.48 MΩ,
while for the annealed film it is only 0.39 MΩ, after exposure
to ethanol. It was also observed that the sensor shows much
lower resistance for annealed films (Fig. 6(b)), and the response
time of the ethanol was 180 s, indicating that as the grain
size increased with annealing, the CuO sensor shows higher
response. The behavior of CuO based sensor to ethanol is based
on changes in electrical resistance induced by adsorption or
desorption of the gas on its surface [29]. The sensitivity of CuO
sensor has been calculated using the expression [30]

S¼ ðRgas−Rair=RairÞ ð7Þ
where Rair was the sample resistance in dry air, and Rgas was the
resistance in the presence of test gas. The CuO films were tested
under very low concentration of ethanol as compared to what is
reported in the literature up to now i.e. 10 ppm of ethanol, in
order to determine the sensitivity. Fig. 8(a) and (b) shows the
variation in sensor response of CuO sensor with time for
10 ppm of ethanol. The sensitivity obtained for as deposited
and annealed films was 23% and 37%, respectively. These
values are high for CuO films compared to the ones reported by



Fig. 8. Variation in sensitivity with time for (a) as deposited and (b) annealed
CuO sensor prepared at 0.15 M concentration, toward 10 ppm of ethanol.

Fig. 7. The response of (a) as deposited and (b) annealed CuO sensor prepared at
0.15 M concentration, upon exposure to 10 ppm of ethanol gas at room temperature.
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Parmar and Rajanna [31], for example, who found only 29%
sensitivity for 2500 ppm of ethanol at high temperature. The
sensitivity of CuO based sensor to specific gases is dependent
on the grain size of the film. The grain size of CuO in gas
sensors ranges from a few nm to several tens of nm in mean
diameter, so that the sensing body includes pores between the
grains. The transport of gas through these pores takes place by
Knudsen diffusion equation [32], Dk¼4r/3(2RT/πM)1/2, where r
is the pore radius, M the molecular weight of the gas, R the gas
constant and T the temperature. It follows that Dk is proportional
to r, which would depend on the grain size of oxide used. Thus,
the annealed CuO sensor which possesses well-defined micro-
structure with uniform grain size, revealed large gas response
compared to as deposited CuO. It is suggested that this tendency
mainly reflects an increasing order of the mesopore size or
Knudsen diffusion co-efficient (Dk) involved among the films.
4. Conclusion

Nanocrystalline copper oxide thin films were prepared by
spray pyrolysis technique. The preparation process with enhanced
pyrolysis spray disposal resulted in the formation of phase pure
CuO films, with good crystal quality. Post-deposition annealing
of the films was found to result in a predominant CuO phase in
the films. The average crystallite size was found to vary from ∼13
to 17 nm with annealing. The Hall effect studies revealed a
significant increase in conductivity, mobility and carrier concen-
tration of CuO films after annealing. The surface morphology
studies revealed that the grain size increased after annealing, and
the surface showed uniformly distributed cluster of grains which
is confirmed from the increase in roughness of the films with
annealing. The gas sensing performance of the as deposited and
annealed CuO films to 10 ppm of ethanol at room temperature
was investigated. The annealed film revealed higher response as
the grain size of CuO increased, suggesting the contribution by an
increase in mesopore size. This study will be useful for the
optimization of deposition parameters, such as concentration of
the precursor and annealing, and the response time of CuO sensor
for enhanced ethanol sensitivity.
Acknowledgments

This work was financially supported by the University
Grants Commission (Major Research Project-File no. 40-441/
2011), which is gratefully acknowledged.
References

[1] Oleg Lupan, Guangyu Chai, Lee chow, Novel hydrogen sensor based on
single ZnO nanorods, Microelectronic Engineering 85 (2008) 2220–2225.

[2] K.G. Gopchandran, B. Joesph, J.T. Abraham, P. Koshy, V.K. Vaidyan,
The preparation of transparent electrically conducting indium oxide films
by reactive vacuum evaporation, Vacuum 48 (1997) 547–550.

[3] Y.J. Chen, L. Nie, X.Y. Xue, Y.G. Wang, T.H. Wang, Linear ethanol
sensing of SnO2 nanorods with extremely high sensitivity, Applied
Physics Letters 88 (2006) 083105.

[4] J.H. Yu, G.M. Choi, Selective CO gas detection of CuO and ZnO doped
SnO2 sensor, Sensors and Actuators B 75 (2001) 56–61.

[5] A. Richthofen, R. Domnick, R. Cremer, Fresenius, Preparation of cuprite
(Cu2O), paramelaconite (Cu32þCu21þO4) and tenorite (CuO) with magne-
tron sputtering ion plating, Journal of Analytical Chemistry 358 (1997)
312–317.

[6] Y. Ohya, S. Ito, T. Ban, Y. Takahashi, Preparation of CuO thin films and
their electrical conductivity, Key Engineering Materials 181 (2000)
113–116.

[7] U.D. Lanke, M. Vedawyas, Ion beam processing of oriented CuO films
deposited on (100) YSZ by laser abltion, Nuclear Instruments and
Methods in Physics Research B: Beam Interactions with Materials and
Atoms 155 (1999) 97–101.

[8] X. Mathew, N.R. Mathews, P.J. Sebastian, Temperature dependence of
the optical transitions in electrodeposited Cu2O thin films, Solar Energy
Materials and Solar Cells 70 (2001) 277–286.

[9] L. Armelao, D. Barecca, M. Bertapelle, G. Bottaro, C. Sada, E. Tondello,
A sol–gel approach to nanophasic copper oxide thin films, Thin Solid
Films 442 (2003) 48–52.

[10] K. Santra, C.K. Sarker, M.K. Mukherjee, B. Ghosh, Copper oxide thin
films grown by plasma evaporation method, Thin Solid Films 213 (1992)
226–229.



D. Gopalakrishna et al. / Ceramics International 39 (2013) 7685–7691 7691
[11] S. Ghosh, D.K. Avasthi, P. Shah, V. Ganesan, A. Gupta, D. Sarangi,
R. Bhattacharya, W. Assmann, Deposition of thin films of different oxides of
copper by RF reactive sputtering and their characterization, Vacuum 57
(2000) 377–385.

[12] P. Patil, Versatiltiy of chemical spray pyrolysis technique, Materials
Chemistry and Physics 59 (1999) 185–198.

[13] K. Vijayalakshmi, C. Ravidhas, V. Vasanthi Pillay, D. Gopalakrishna,
Influence of deposition parameters and heat treatment on the NO2 sensing
properties of nanostructured indium tin oxide thin film, Thin Solid Films
519 (2011) 3378–3382.

[14] B. Balamurugan, B.R. Mehta, Optical and structural properties of
nanocrystalline copper oxide thin films prepared by activated reactive
evaporation, Thin Solid Films 396 (2001) 90–96.

[15] M.T.S Nair, Laura Guerrero, L. Olga, P.K. Arenas, Nair, Chemically
deposited copper oxide thin films: structural, optical and electrical
characteristics, Applied Surface Science 150 (1999) 143–151.

[16] J. Morales, L. Sanchez, F. Martin, J.R. Ramos-Barrado, M. Sanchez, Use
of low-temperature nanostructured CuO thin films deposited by spray-
pyrolysis in lithium cells, Thin Solid Films 474 (2005) 133–140.

[17] A. Senthil Kumar, K. Perumal, P. Thirunavukkarasu, Structural and
optical properties of chemically sprayed CuO thin films, Optoelectronics
and Advanced Materials 4 (2010) 831–833.

[18] M.Y. Cho, M.S. Kim, K.G. Yim, D.Y. Lee, J.S. Kim, J.Y. Leem, Effects
of precursor concentrations and thermal annealing on ZnO nanorods
grown by hydrothermal method, Journal of Nanoscience and Nanotech-
nology 8 (2011) 7479–7482.

[19] Yang Zhang, Xiuli He, Jianping Li, Huigang Zhang, Xiaoguang Gao, Gas
sensing properties of hollow and hierarchical copper oxide microspheres,
Sensors and Actuators B 128 (2007) 293–298.

[20] R. Mamazza Jr., D.L. Morel, C.S. Ferekides, Transparent conducting
oxide thin films of Cd2SnO4 prepared by RF magnetron co-sputtering of
the constituent binary oxides, Thin Solid Films 484 (2005) 26–33.

[21] J.Y. Park, T.H. Kwon, S.W. Koh, Y.C. Kang, Annealing temperature
dependence on the physicochemical properties of copper oxide, Bulletin
of the Korean Chemical Society 32 (2011) 1331–1335.
[22] A.A. Ogwu, T.H. Darma, E. Bouquerel, Electrical resistivity of copper
oxide thin films prepared by reactive magnetron sputtering, Journal of
Achievements in Materials and Manufacturing Engineering 24 (2007)
172–177.

[23] V.F. Drobny, D.L. Pulfrey, Properties of reactively-sputtered copper
oxide thin films, Thin Solid Films 61 (1979) 89–98.

[24] E.Kh. Shokr, M.M. Wakkad, H.A. Abd El-Ghanny, H.M. Ali, Sb-doping
effects on optical and electrical parameters of SnO2 films, Journal of
Physics and Chemistry of Solids 61 (2000) 75–85.

[25] Y. Wang, H. Gong, High conductivity p-type transparent copper
aluminum oxide film prepared by plasma-enhanced MOCVD, Advanced
Materials CVD 6 (2000) 285–288.

[26] V. Figueiredo, E. Elangovan, G. Goncalves, P. Barquinha, L. Preira,
N. Franco, E. Alves, R. Martins, E. Fortunato, Effect of post-annealing on
the properties of copper oxide thin films obtained from the oxidation of
evaporated metallic copper, Applied Surface Science 254 (2008) 3949–3954.

[27] N. Baosheng Sang Shafarman, W.N. Birkmire, Investigation of chemical-
both-deposited ZnS buffer layers for Cu(InGa)Se2 thin film solar cells, in:
Conference Record of the Twenty-ninth IEEE, 2002, pp. 632–635.

[28] S. Kar, B.N. Pal, S. Chaudhuri, D. Chakravorty, One-Dimensinoal
ZnO Nanostructure Arrays, Synthesis and characterization, Journal of
Physical Chemistry C 110 (2006) 4605–4611.

[29] N. Barsan, C. Simion, T. Heine, S. Pokhrel, U. Weimar, Modeling of
sensing and transduction for p-type semiconducting metal oxide based
gas sensors, Journal of Electroceramics 25 (2010) 11–19.

[30] N.S. Ramgir, S. Kailasa Ganapathi, M. Kaur, N. Datta, K.P. Muthe,
D.K. Aswal, S.K. Gupta, J.V. Yakhmi, Sub-ppm, H2S sensing at room
temperature using CuO thin films, Sensors and Actuators B 151 (2010)
90–96.

[31] Mitesh Parmar, K. Rajanna, Copper (II) oxide thin film for methanol and
ethanol sensing, International Journal on Smart Sensing and Intelligent
Systems 4 (2011) 711.

[32] P.A. Terry, M. Anderson, I. Tejedor, Catalytic dehydrogenation of cyclohex-
ane using coated silica oxide ceramic membranes, Journal of Porous Materials
6 (1998) 267–274.


	Effect of annealing on the properties of nanostructured CuO thin films for enhanced ethanol sensitivity
	Introduction
	Experimental details
	Results and discussion
	Variation in structure of CuO films with annealing
	Variation in electrical properties of CuO with annealing
	Variation in morphology of CuO with annealing
	Variation in response time and sensitivity of CuO film sensor

	Conclusion
	Acknowledgments
	References




