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Abstract

The study of electrical properties of metal oxide semiconductors (MOS) is essential due to their
widespread applications in various advanced technologies, particularly in sensors, optoelectronic
devices, and energy-related systems. Metal oxide semiconductors such as CuO, ZnO, SnO2, and
other MOS exhibit unique electrical behaviors that are highly sensitive to external stimuli like
temperature, gas environment, and light, making them ideal candidates for gas sensors,
thermistors, and photodetectors. Understanding parameters like resistivity, temperature
coefficient of resistance (TCR), and activation energy provides insights into their conduction
mechanisms and allows for the optimization of their performance in specific applications. In the
present study, copper oxide (CuO) nanoparticles were synthesized using the precipitation method.
Thick films of CuO were subsequently developed on glass substrates via the screen printing
technique. The primary objective of this work was to investigate the electrical properties of CuO
thick films, which are of significant importance in the field of nanotechnology, particularly for
metal oxide-based sensor applications. The electrical behavior of the fabricated films was analyzed
using the half-bridge method. Key electrical parameters such as resistivity, temperature
coefficient of resistance, and activation energy were systematically evaluated. The thickness of
films was estimated using mass or weight difference method and thickness was found to be 67 um.
The CuO thick films exhibited a resistivity of 358593.5 Q-m, a negative TCR of -0.00188°C", and
an activation energy of 0.2086 eV, indicating their potential for temperature-sensitive electronic
applications.
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1. Introduction:

In the field of nanotechnology, the electrical properties of metal oxide semiconductors play a
pivotal role in the design and development of highly sensitive, miniaturized, and energy-efficient
devices [1, 2]. At the nanoscale, these materials exhibit enhanced surface-to-volume ratios, quantum
confinement effects, and unique charge transport mechanisms that significantly influence their electrical
behavior. Parameters such as resistivity, carrier mobility, TCR, and activation energy become critical for
optimizing performance in applications like nanosensors, nanoelectronics, and nanophotonic devices [3,
4]. The high sensitivity of metal oxide nanoparticles to slight changes in environmental conditions
makes them ideal for gas sensing and biosensing platforms [5]. Moreover, the ability to tailor electrical
properties through doping, nanostructuring, and surface modification allows for the customization of
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device functionalities at the atomic level. Thus, the study of electrical characteristics of metal oxide
semiconductors are fundamental to advancing nanotechnology and developing next-generation smart
materials and devices [5, 6].

Numerous studies have been conducted to explore their resistivity, temperature coefficient of
resistance (TCR), and activation energy, which are critical for designing efficient gas sensors,
thermoelectric materials, and transistors [7, 8]. For instance, ZnO and SnO- have demonstrated excellent
n-type conductivity and sensitivity toward reducing gases, while CuO, a p-type semiconductor, shows
promising behavior for temperature and humidity sensing applications. Researchers like Wang et al.
(2012) and Singh et al. (2017) have reported the correlation between grain size, porosity, and electrical
conduction in metal oxide thick films. These investigations highlight the importance of synthesis
techniques, microstructure, and doping in tailoring electrical performance [9, 10]. Thus, continuous
research on the electrical properties of metal oxide semiconductors is vital for developing next-
generation electronic and sensor technologies.

CuO nanoparticles can be synthesized using a variety of methods, each offering control over
particle size, morphology, crystallinity, and surface properties depending on the desired application [11].
Common methods include the precipitation method, which is simple and cost-effective, involving the
reaction of a copper salt with a base to form a precipitate that is then calcined. The sol-gel method
allows for better homogeneity and fine control over nanoparticle size by using metal alkoxides or salts in
the presence of a gelling agent, followed by drying and calcination. Hydrothermal and solvothermal
synthesis techniques involve heating an aqueous or solvent-based solution in a sealed autoclave,
promoting the formation of highly crystalline and well-defined nanostructures under high pressure and
temperature. Microwave-assisted synthesis provides rapid heating and uniform nucleation, resulting in
smaller and more uniform particles in a shorter time [12, 13]. Green synthesis methods, which utilize
plant extracts or biocompatible reducing agents, are gaining popularity due to their eco-friendly and non-
toxic approach. Additionally, electrochemical and thermal decomposition methods are also employed for
specific applications where control over purity and morphology is critical. The choice of synthesis
method largely depends on factors such as cost, scalability, and the intended functional properties of the
CuO nanoparticles [14, 15].

Screen printing is a versatile and widely used technique for fabricating thick films and patterned
layers of functional materials on various substrates. In this process, a mesh screen usually made of
polyester is used as a stencil, with specific areas blocked to define the desired pattern. A paste or ink
containing the active material such as metal oxides, conductive polymers, or nanoparticles is applied
onto the screen [16, 17]. A squeegee is then used to spread the paste across the screen, forcing it through
the open areas of the mesh and onto the underlying substrate, typically glass, ceramic, or flexible
polymer films. After printing, the coated substrate is dried and often subjected to thermal treatment such
as sintering or calcination to enhance adhesion, remove organic binders, and improve the structural and
functional properties of the film. Screen printing is particularly advantageous for its simplicity, low cost,
scalability, and ability to produce uniform, repeatable layers with controlled thickness [17, 18]. It is
commonly employed in the fabrication of sensors, solar cells, printed electronics, and thick film
components in electronic devices.

In the present research work, CuO nanoparticles were synthesized using the precipitation
method, and thick films were developed on glass substrates through the screen printing technique. The
primary aim of this study is to investigate and elaborate on the electrical properties of CuO thick films.
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2. Experimental work
All AR grade chemical were used to synthesis of CuO nanoparticles as well as for the
preparation of CuO thick films.

2.1 Synthesis of CuO nanoparticles

CuO nanoparticles were synthesized using the precipitation method, a simple, cost-effective, and
widely adopted technique for preparing metal oxide nanomaterials. In this method, an aqueous solution
of copper nitrate (Cu (NOs)2-:3H20), was used as the precursor. Sodium hydroxide (NaOH) is used as
precipitating agent. Initially, the 0.1 N solution of copper nitrate was prepared using double distilled
water. After that, prepared solution of copper nitrate were kept on magnetic stirrer then NaOH was
slowly added to the copper salt solution under constant magnetic stirring. This reaction led to the
formation of a bluish precipitate of copper hydroxide, which upon continued stirring and controlled
heating transformed into a black precipitate indicating the formation of copper oxide. The resulting
precipitate was then filtered and thoroughly washed with ethanol to remove impurities and unreacted
ions. After washing, the product was dried at moderate temperature and finally calcined at 400 °C
temperature in the muffle furnace [19, 20]. This method yields fine CuO nanoparticles with controlled
morphology and purity, suitable for further applications such as thick film fabrication and electrical
property studies.

2.2 Preparation of CuO thick films

The preparation of CuO thick films was carried out using the screen printing technique, a widely
used and efficient method for fabricating uniform and reproducible film layers on various substrates. In
this process, a paste was first prepared by mixing the synthesized CuO nanoparticles with an organic
binder such as ethyl cellulose (EC) and butyl carbitol acetate (BCA) to obtain a printable, viscous slurry
or paste. To prepare CuO thick films, a thixotropic paste was formed using a 70:30 ratio of organic to
inorganic materials, such as EC and BCA. This paste was carefully prepared by mixing CuO
nanoparticles with the EC and BCA, creating a slurry with the desired viscosity and consistency. The
organic material, EC, served as a binder that provided the necessary adhesion and flexibility, while the
BCA helped to control the paste's rheological properties [21]. The prepared paste was then uniformly
applied over a predefined mesh screen placed above a clean glass substrate. A squeegee was used to
spread the paste across the screen, allowing the material to pass through the open areas of the mesh and
deposit onto the substrate in the desired pattern. After printing, the coated substrate was dried under IR
lamp to evaporate the solvent and ensure the adhesion of the film. Finally, the dried films were annealed
at 400 °C temperature in the muffle furnace to remove the binder, enhance film density, and improve the
electrical connectivity between particles [21, 22].

3. Result and discussion

The thickness of the prepared CuO thick films was estimated using the mass or weight difference
method, which is a simple and effective technique for determining film thickness. In this method, the
weight of the glass substrate before and after the deposition of the CuO film was measured using a high-
precision balance. The mass difference, which corresponds to the amount of CuO material deposited on
the substrate, was then used to calculate the film thickness [10, 21]. By knowing the density of the CuO
material and the area of the film, the thickness was calculated using the relation between mass, density,
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and volume as shown in Eq. 1. After performing these calculations, the thickness of the CuO thick films
was found to be 67 um, indicating a relatively thick and robust film suitable for electrical and sensor
applications.

Thickness(t) = AW (Eq. 1)
p A

Where,
AW is Mass difference between the substrate before and after film deposition,p = Density of the material
(in g/cm3 or kg/m?3), A = Area of the film on the substrate

The electrical properties such as resistivity, temperature coefficient of resistance, and activation
energy were calculated using Egs. 2, 3 and 4 respectively.

p=(RXIbthQ—m (Eq. 2)

Where,
p = Resistivity of prepared film, R = resistance at normal temperature, b = breadth of film,
t = thickness of the film, | = length of the film.
TCR =1(ARJ rrc (Eq.3)
R, L AT

Where,
AR = change in resistance between temperature T1 and T2,AT = temperature difference between
Trand T2 and R, = room temperature resistance of the film.
AE = AeB¥ET gV (Eq. 4)
Where,
AE = Activation energy, T = Temperature in Kelvin and A = Arrhenius prefactor.

Figure 1 illustrates the variation of electrical resistance of CuO thick films with respect to
temperature, ranging from approximately 300 K to 620 K. The plot clearly shows a negative temperature
coefficient of resistance (NTCR) behavior, which is typical of semiconducting materials. As the
temperature increases, the resistance of the CuO thick film decreases exponentially. This trend confirms
the thermally activated conduction mechanism in CuO, where increasing thermal energy excites more
charge carriers (electrons or holes), thereby enhancing electrical conductivity and reducing resistance
[21, 22]. In the lower temperature region (300400 K), the resistance drops sharply, indicating that the
charge carrier activation is more dominant in this range. Beyond approximately 450 K, the resistance
continues to decrease but at a slower rate, eventually stabilizing between 550 K and 620 K. This
behavior suggests that most of the accessible charge carriers are already activated at higher
temperatures, and the conduction approaches a saturation region. Such thermal behavior is important in
gas sensing and electronic device applications, as it reflects the film’s potential to respond to
temperature changes and possibly external stimuli like gases. The smooth and continuous decrease in
resistance further confirms the good quality and uniformity of the CuO thick films prepared via the
screen printing technique [21, 23].
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Figure 1: Temperature versus resistance plot of CuO thick films
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Figure 2: Log Rc versus 1/T plot of CuO thick films

Figure 2 presents the plot of logarithmic resistance (Log Rc) versus the reciprocal of temperature
(2/T) for CuO thick films, which is a classical approach to analyze the thermal activation behavior of
semiconducting materials. In this graph, the x-axis represents 1/T, and the y-axis shows log Rc. The
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positive slope observed in the graph confirms that the resistance increases as the temperature decreases,
consistent with the negative temperature coefficient of resistance (NTCR) behavior typical of CuO, a p-
type semiconductor [10, 24].The linear portion of the graph allows for the calculation of the activation
energy (E.), which provides insight into the energy barrier that charge carriers must overcome for
conduction [24, 25]. In this study, the activation energy calculated from the slope was found to be
0.2086 eV, indicating that the conduction is thermally activated and consistent with intrinsic
semiconductor behavior at higher temperatures [25, 26].This plot further validates the semiconducting
nature of the CuO thick films and is crucial for evaluating their suitability in temperature-sensitive and
gas sensing applications [27].
Table-1: Electrical outcomes of pure CuO thick films

Thick Film Thickness Resistivity TCR (/°C) | Activation
(Hm) (Q-m) energy (eV)
CuO 67 358593.5 -0.00188 0.2086
Conclusions

The CuO nanoparticles were successfully synthesized using the precipitation method and
employed to fabricate thick films on glass substrates via the screen printing technique. A thixotropic
paste was prepared using a 70:30 ratio of organic (ethyl cellulose) and inorganic (butyl carbitol acetate)
binders to ensure uniform film deposition. The thickness of the films was estimated using the weight
difference method and found to be approximately 67 pm. The electrical properties of the CuO thick
films were systematically investigated using the half-bridge method. The temperature-dependent
resistance measurements revealed that the films exhibit typical semiconducting behavior with a negative
temperature coefficient of resistance (NTCR). The resistance decreased exponentially with an increase
in temperature, indicating thermally activated conduction. The log Rc versus 1/T plot confirmed this
behavior and enabled the calculation of activation energy, which was found to be 0.2086eV.
Additionally, the resistivity and temperature coefficient of resistance (TCR) were calculated as
358593.5 Q-m and -0.00188 °C1, respectively. These results validate that the CuO thick films possess
suitable electrical characteristics for potential applications in temperature sensors and gas sensing
devices within the field of nanotechnology.
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