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Abstract. Here, we have reported the sensing characteristics of CuO thin films towards volatile
gases like ammonia, acetone and ethanol. The CuO films were deposited on glass substrate by
RF magnetron sputtering at 350 °C and 400 °C. The characteristics of CuO thin films grown at
both temperatures were analyzed using X-ray diffractometer (XRD), UV-Vis spectrometer,
atomic force microscope (AFM), scanning electron microscope (SEM) and Fourier transform
infrared spectrometer (FTIR). The thin films showed mesoporous morphology with average
crystallite size of 78 nm and 36 nm for films grown at 350 °C and 400 °C, respectively. As the
film grown at 400 °C showed better properties, it has been preferred for the gas sensing
analysis. Gas sensing properties of the film towards different concentration (50-250 ppm) of
ammonia, acetone and ethanol were studied in chemi-resistive mode. As expected, an increase
in resistance with concentration of gases was observed due to the p-type nature of CuO thin
films. Further, the film showed comparatively better sensitivity towards ethanol than other
gases.
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1. Introduction
Novel gas sensors development are of great concern due to its widespread applications in automobiles,
safety, environmental control, indoor air quality, food, medicine etc., [1-5]. For the past few decades,
semiconducting metal oxide (SMO) based gas sensors are extensively studied and developed. SMOs
strike as being best candidate for gas sensing materials, considering their high sensitivity along with
easy fabrication, low cost, miniaturized dimension, reliability etc.,

A wide range of SMOs like SnO2, ZnO, CuO, TiO,, WOs;, Fe,0; etc., have been reported as gas
sensing materials[6—11]. Cupric oxide (CuO) is one among the SMOs that exhibits p-type conductivity
with a narrow band gap of 1.2 eV and has widespread applications in the field of gas sensors,
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catalysis, electrochemical cells, field emission displays, etc. Considerably good electrical properties,
high absorption coefficient, catalytic reactivity, stability in air and earth abundance make it a
promising candidate for the fabrication of gas sensors[12—14]. Taking up the advantages as sensing
material, p-type SMOs are prone to well exchange of lattice oxygen with target gas. Furthermore, the
conductivity of p-type oxides are remarkably less dependent on temperature at higher ranges. Also,
CuO is a prominent catalytic material. All these benefits for the betterment of sensitivity, stability and
life time of the sensors[15-17].

CuO thin films for gas sensing can be grown using various methods like chemical vapor deposition,
thermal oxidation, solvo-thermal technique, DC or RF magnetron sputtering etc.,[8,12,18-20]. Among
these the film properties like thickness and uniformity can be effectively controlled using RF
magnetron technique. Also, it has the advantages of better tuning of grain morphology, stoichiometry
and crystallinity of the film[21,22].

In this work, we have reported the deposition of uniform and crystalline CuO thin films by RF
magnetron sputtering technique and its sensing response towards acetone, ammonia and ethanol gases.

2. Materials and Methods

CuO thin films were deposited on glass substrate of size 2x2 cm” by RF reactive magnetron sputtering
technique using metallic Cu target. Oxygen and argon were used as the reactive and sputtering gases
with gas pressure 0.02 mbar and 0.01 mbar, respectively. The substrates were fixed on a substrate
holder at a distance of 7 cm above the target. For deposition of CuO thin films sputtering was done for
20 minutes at 350 °C and 400 °C.

The properties of films were studied using X-Ray diffractometer (XRD), atomic force microscope
(AFM), scanning electron microscope (SEM), Fourier transform infra-red (FTIR) spectrometer and
UV-Vis spectrometer. For gas sensing characteristics, aluminum interdigitated electrodes were made
on the films using metal evaporation technique. The electrical characteristics of the films for gas
sensing analysis were studied using Agilent B2901A Precision Source/Measure Unit. The gas sensing
characteristics of the film was studied in chemi-resistive mode. The change in resistivity due to the
variation in concentration of free electrons through the reaction with the target gas can be monitored
for the detection and quantification of gases[23].

3. Results and Discussion

The X-ray diffraction pattern of CuO thin films grown by sputtering at substrate temperature of 350 ©
C and 400 ° C are shown in Fig. 1a and 1b respectively. The patterns confirm that the films deposited
were polycrystalline in nature with monoclinic structure and the film coated at 400 °C shows better
crystallinity. Both the films exhibited a single diffraction peak at 26 = 37.73 corresponding to (111)
orientation of CuO thin film which conveys the preferential orientation of the films along (111) plane.
The grain size of the films (D) was evaluated from the full width half maximum (FWHM) intensity of
X-ray diffraction peak of CuO using Scherrer’s relation,

_ 8 0
BcosO
where, k is shape factor generally it has been taken as 0.89 for spherical shape, B is the FWHM of the
(111) peak measured in radians. The calculated grain sizes of the films are 78 nm and 36 nm for
substrate temperatures 350 °C and 400 °C, respectively.

The UV-Vis transmission and absorption spectra of the cupric oxide thin films deposited on glass
substrates by RF magnetron sputtering is shown in Fig. 2a and 2b. Both the films showed
approximately 57% of transmittance in the visible region. Sharp fall in the optical transmittance at
shorter wavelengths resulted from the excitation of charge carriers across the optical band gap.

To determine the optical band gap, absorption coefficient (a) of the film was calculated using the
following relation,
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Abs
a(v) = 2.303(TJ (2)
where, Abs is the optical absorbance and t is the film thickness. The optical band gap of the films was
estimated by using Tauc’s equation,

OthVZC(hV—Eg>% 3)
where, hv is the energy of the incidence photon, C is a constant and Eg is the optical band gap.
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Figure 1. XRD pattern of CuO film at (a) 350 °C and (b) 400 °C.

The sample possesses a direct band gap of 2 eV for the films coated at 350 °C and 2.4 eV for the
films coated at 400 °C. The change in band width is mostly due to increase in growth temperature,
which results in improved crystallinity. Also, the deviation from bulk optical band gap may be
attributed to the Burstein-Moss effect and quantum confinement[15,24].
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Figure 2.UV-Spectrum of CuO film at (a) 350 °C and (b) 400 °C.

Surface morphology of the CuO thin films were studied by atomic force microscopy (AFM).
Figures 3a and 3b shows the three dimensional AFM morphology of CuO thin films deposited at
different temperatures. The peak to valley roughness of the CuO thin films grown at 350 °C and 400
°C are 86.96 and 44.75 nm, respectively and the average roughness of the films are found as 6.41 and
3.83 nm. It was observed that films are polycrystalline and consisted of smaller grains. The results do
exhibit apparent evolution in film grain morphologies with increasing substrate temperatures. The
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deposited CuO thin film at 400 °C exhibits much smoother surface morphology as compared to the
film grown at 350 °C.

Figures 4a and 4b shows the SEM images of the films grown at 350 °C and 400 °C, respectively.
The average particle sizes calculated from SEM images were 67 nm and 31.6 nm for the films grown
at 350 °C and 400 °C respectively. The SEM image shows the spongy porous appearance and
randomly disperses particles on the surface of the thin film. Both the films showed slight mesoporous
surface morphology which can enable them to use efficiently for gas sensor applications.
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Figure 4. SEM images of CuO film at (a) 350 ° C and (b) 400 ° C.

Figures 5a and 5b shows the room temperature Fourier transform infrared (FTIR) spectra of CuO
thin films on glass substrate deposited by sputtering. The FTIR spectrum of CuO thin films shows
three characteristic strong peaks associated with the Cu-O vibrations of monoclinic CuO. At 350 °C
the peaks are at 442, 467 and 560 cm™', whereas at 400 °C, the peaks are at 416, 442 and 558 cm™. The
strong band located at about 558 cm' in both films is due to the Cu-O stretching along (111)
direction.

From the XRD, AFM and SEM analysis it has been found that the film grown at 400 °C shows
better properties compared to the film grown at 350 °C, hence it has been selected for further sensing
studies. The sensitivity of the film towards ammonia, acetone and ethanol gases were analyzed in
chemi-resistive mode and are shown in Fig. 6.

The adsorbed oxygen on the surface of the thin film traps electrons from p-type CuO film which
thereby increases the hole concentration. When the gases ethanol, acetone and ammonia are
introduced, which interacts with adsorbed oxygen or lattice oxygen, releases electrons which in turn
decreases the hole concentration and hence reduces conductivity. This change is
resistivity/conductivity of film, with varying sensing gas concentration is obtained from the I-V
characteristics to measure the sensitivity. Sensitivity is calculated using the following relation,
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where, R, is the resistance of the film in air ambience and R, is the resistance of the film upon gas
exposure.
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Figure 5. FTIR Spectrum of CuO film at (a) 350 °C and (b) 400 °C.
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Figure 6. Sensitivity response of CuO thin film sensor towards different concentration of acetone,
ethanol and ammonia gases.

Further, it has been found that the film showed better sensitivity towards ethanol compared to
acetone and ammonia due to the enhanced catalytic activity towards ethanol. The good sensitivity of
the film can be attributed to its porous morphology and also in the case of CuO film, both adsorbed
oxygen and lattice oxygen will take part in sensing reaction.

4. Conclusion

Polycrystalline CuO thin films were deposited using RF magnetron sputtering technique at 350 °C and
400 °C growth temperatures. After detailed structural, morphological and compositional study the film
grown at 400 °C which exhibited more advantageous properties was selected for further sensing
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studies. The film showed good sensitivity towards ethanol compared to other gases. The enhanced
catalytic activity towards ethanol and porous structure makes CuO thin films preferable candidates for
the fabrication of ethanol gas sensors.
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