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Thin films (300 nm thick) of CuO of p-type conductivity were precipitated using the spray pyrolysis
method from 0.2 M of aqueous CuCl2 · 2H2O salt solution on preheated (up to 350◦C) glass and sitall
substrates. The structure and electrical and optical properties of the films are analyzed. The grain
size of CuO thin films (24 nm) was calculated using the XRD analysis. The activation energy equals
Ea = 0.27 eV, which may indicate that the conduction is due to the transition of charge carriers from
the valence band to the working acceptor level. From the spectral dependence (αhν)2 = f(hν) of CuO
thin films, the band gap width Eg = 1.46 eV was determined.
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1. Introduction

The use of a variety of materials with the neces-
sary physical, electrical, and optical characteristics
is required to create and develop modern electronic
devices. That is why scientists are intensively study-
ing new and already-known chemical compounds
that may exhibit semiconductor properties. Among
such compounds, metal oxides can be considered
the most promising [1–5].

These materials have several advantages over
the majority of other compounds in the design
of detectors, sensors, and photovoltaic devices.
These advantages include environmental safety,
non-toxicity, and chemical stability. The composi-
tion of oxides, as a rule, includes elements com-
mon in the earth’s crust; the methods of obtain-
ing the oxides are simple and require only low-
temperature processing of the material. In addi-
tion, the oxide compounds themselves have the
potential to be less expensive due to low-cost
components and efficient and low-cost production
methods [6–8].

In recent years, thin films of copper oxide (CuO)
have gained great interest due to their application
in many technological fields. This is due, firstly, to
the low cost, non-toxicity, and widespread of cop-
per in nature, and secondly, to copper’s simple de-
position. The most common and stable phases of
this semiconductor are CuO (tenorite) and Cu2O
(cuprite) [9–11].

CuO is a p-type semiconductor, which, according
to various data, has a band gap from 1.2 to 2.1 eV,
a high absorption coefficient (105 cm−1, 300 K),
good thermal conductivity (76.5 W mK−1), and
electrical resistance, which can range from 10 to
105 Ω cm depending on the method of produc-
tion [12, 13].

Copper oxides have a wide range of applications,
such as solar energy conversion, optoelectronics, so-
lar panels, gas sensors, optical switches, semicon-
ductors, and photocatalysts [14, 15]. CuO thin films
can be obtained by various methods: electrode-
position [16], chemical vapor deposition [17], sol–
gel [18], magnetron sputtering [19], spray pyroly-
sis [20], and thermal evaporation [21]. Among these
methods, spray pyrolysis is distinguished by simple
implementation, high speed of deposition of layers,
and the lack of complex technological equipment.
Provided that this method produces satisfactory
materials for photoconverters, it can significantly
reduce the cost of obtaining them.

2. Experimental details

Spray pyrolysis is one of the most common meth-
ods for the deposition of metal oxides, such as ZnO,
NiO, and CuO, with low cost and high deposition
surface [20, 22].

Thin films of CuO of p-type conductivity were
deposited by spray pyrolysis method using 0.2 M
(molar) of the aqueous solution of CuCl2 · 2H2O.
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Fig. 1. XRD patterns of CuO film deposited on
glass substrate.

The solution was sprayed in small drops onto the
preheated glass and ceramic glass substrates. The
pyrolysis temperature was TS = 350◦C. Films on
the substrate surface were formed by a pyrolytic
decomposition reaction.

The film crystal structure was investigated by
X-ray diffraction (XRD) using a DRON-3M diffrac-
tometer with Cu Kα radiation (λ = 0.1542 nm) as
the source. The scan rate of 1◦/min and a step size
of 0.1◦ were used.

Samples of films on 18× 18 mm2 glass were used
to study the optical properties. Measurements of
electrical parameters were carried out on samples of
films on ceramic glass substrates, which were formed
with specified geometric dimensions. Copper wires,
which were connected with silver paste, were used
to make electrical contacts.

The thickness of CuO films was measured using
Interferometer MII-4. Transmission spectra in the
visible region and the infrared range were studied
on the SF-2000 spectrometer and Nicolet 6700 spec-
trometer, respectively.

3. Results and discussion

The XRD pattern of the copper oxide film is
shown in Fig. 1. The sample revealed strong diffrac-
tion peaks at 35.5 and 38.7◦, which correspond to
the crystallographic reflections of (11-1) and (111)
of planes. The sample also revealed weak max-
ima at 32.5◦, 48.7◦, 53.4◦, 58.4◦, 61.5◦, 66.2◦, and
68.0◦, which are due to, respectively, (110), (20-2),
(020), (202), (11-3), (31-1), and (113) planes of
monoclinic CuO phase, which corresponds to the
JCPDS card No. 00-048-1548. No additional re-
flections of other phases or impurities were found
on the XRD pattern, which indicates a corre-
sponding purity of synthesized single-phase CuO
films.

The values of the full width at half maxi-
mum (FWHM) of the main peaks (111) and (111)
planes were also obtained from the analysis. Based

Fig. 2. Temperature dependence of resistivity
ρ = f(T ) of CuO thin films.

on FWHM, we can calculate the size of coherent
scattering regions (CSR) of the film. The CSR were
estimated for the sample using Debye–Scherrer’s
formula

D =
0.9λ

β cos(θ)
, (1)

where D, λ, θ, and β are the CSR, the X-ray wave-
length of Cu Kα1

radiation, the Bragg diffraction
angle, and the FWHM of the (002) diffraction peak,
respectively. The grain size of the calculated CSR
from the XRD analysis is 24 nm.

To achieve high efficiency of semiconductor de-
vices, efficient removal of electrical current carriers
is necessary. This function is performed by means
of metal contacts, which are brought to a thin film
or semiconductor structure. The main requirement
for them is that they must have ohmic properties,
i.e., low electrical resistance and linear volt–ampere
characteristic. These conditions are met by creating
a contact area (from the semiconductor) enriched by
the main charge carriers. The relationship between
the work function of electrons from a semiconduc-
tor and a metal is not the only factor in creating
an ohmic contact. Particular attention should be
paid to the surface phenomena of the substance,
the degree of doping of the semiconductor mate-
rial, and the possible formation of various chemical
compounds or structures at the point of contact.
To determine the electrical parameters of CuO thin
films, we used ceramic glass with specified geomet-
ric dimensions as a substrate. Copper wires, which
were connected with silver paste, were used to make
electrical contacts. To measure the temperature de-
pendence of the resistivity of thin films of copper
oxide, contacts were made on two opposite sides of
the film.

Figure 2 shows the temperature dependence of
the resistivity ρ = f(T ) of CuO thin films. Mea-
surements of temperature dependence were per-
formed in the temperature range of 290–420 K.
It can be seen in Fig. 2 that the resistivity
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Fig. 3. Arrhenius plot ln(ρ) = f(103/T ) of CuO
thin films.

Fig. 4. Spectral dependence (αhν)2 = f(hν) and
T = f(λ) (on the insert) of CuO thin films, obtained
by spray pyrolysis at TS = 350◦C.

decreases with increasing temperature. This tem-
perature dependence of resistivity shows that
copper oxide thin films have semiconductor-type
conductivity.

Figure 3 shows the Arrhenius plot ln(ρ) =
f(103/T ) of CuO thin films. The tangent of the
tilt angle tan(α) = 3.12 and the activation energy
Ea = 0.27 eV were determined. Values of the ac-
tivation energy (Ea = 0.27 eV) are smaller than
half of the CuO band gap. The calculated acti-
vation energies are smaller than the optical band
gap energy (� Eg/2), which may indicate that
the conduction is due to the transition of charge
carriers from the valence band to the working ac-
ceptor level [23]. The activation energy for CuO
thin films varies within the wide range of 0.08–
0.57 eV obtained by the spray pyrolysis method [24],
so it is very difficult to establish its nature
accurately.

The transmittance T of the studied samples of
CuO films of appropriate thickness d and refractive
index n in the absence of interference and taking

into account the relationship between n and the ex-
tinction coefficient (k) n2 � k2 at which the con-
dition αλ/(4πn) < 1 is met, is described by the
formula [25]

T =

(
1 −R

)2
exp

(
− αd

)
1 −R2 exp

(
− 2αd

) . (2)

The absorption coefficient can be calculated from
the formula

α =
1

d
ln

 (1 −R)
2

2T
+

√
(1 −R)

2

4T 2
+R2

 . (3)

The use of formula (3) to calculate α is due to
the lack of interference pattern on the spectral de-
pendence of the transmittance of CuO films, which
made it possible to dismiss interference phenomena
at the interface between the film-substrate. The re-
flection coefficient of the films in the studied region
of the spectrum varies within R ≈ 9–14%.

Data from optical studies were analyzed based on
the formula [26]

α =
B2 (hν − Eg)

n

hν
, (4)

where B is a constant, and n is a constant that
depends on the type of optical transition. For direct
transitions, n = 1

2 .
Figure 4 shows the spectral dependence of the

transmittance T (insert) and (αhν)2 = f(hν) for
CuO films. At wavelengths λ > 0.95 µm, the trans-
mittance is T = 9–14%. By extrapolating the rec-
tilinear sections to the zero value of the absorption
coefficient, the values of the band gap Eg = 1.46 eV
are obtained.

It should be noted that the optimal mode of spray
pyrolysis was used to obtain thin films of CuO. They
have a near-optimal band gap for photoconvert-
ers at relatively low manufacturing temperatures
TS = 300◦C. Similar values of Eg (1.47 eV) were
observed by the authors [27] at lower pyrolysis tem-
perature TS = 300◦C.

4. Conclusions

Thin films of CuO of p-type conductivity were
deposited by spray pyrolysis method using 0.2 M of
the aqueous solution of CuCl2 · 2H2O. Using XRD
analysis, it was determined that the CuO thin films
are single-phase with the monoclinic type of crystal
structure.

Spray pyrolysis at the temperature TS = 350◦C
using 0.2 M aqueous solution of copper dichloride
CuCl2 · 2H2O produces thin films of CuO of p-type
conductivity up to 300 nm thick with close to op-
timal for photoconverters optical value of the band
gap Eg = 1.46 eV.

From the study of electrical properties, it was
found that the resistance of CuO thin films de-
creases with increasing temperature, i.e., CuO has
semiconductor-type conductivity.
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