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Abstract:
CuO thin films were spray-deposited onto a glass substrate and the deposition temperature was
varied from 450 to 550° C with 25° C steps. The 450° C deposition temperature was found to be
the optimum condition for crystal growth. However, the FESEM images revealed that the grain
size increases with raising the deposition temperature. To investigate the optical properties, the
transmittance and reflectance data of the resulting films were recorded, and their optical constants,
including absorption coefficient, band gap, Urbach energy, refractive index, extinction coefficient,
and real and imaginary parts of the dielectric constant were calculated. All the prepared CuO
thin films exhibited band gap values around 2.00 eV, which slightly declined with increasing the
substrate temperature. The general trend of real and imaginary parts of the dielectric constant
was increment and decrement, respectively, with increasing the substrate temperature. The spray-
deposited CuO thin films were also excited at 486 nm, and the resulting photoluminescence (PL)
spectra were recorded at room temperature. Three main and three shoulder peak emissions were
detected in the recorded PL of all CuO thin films. The lowest peak intensity was related to the
CuO thin film deposited at 500° C.
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1. Introduction

Cupric oxide (CuO) is an intrinsically weak p-type semicon-
ductor with a monoclinic structure [1]. Depending on the
method and production parameters, a relatively wide range
of optical band gaps (1.3− 2.1 eV) has been reported in
the literature [2]. However, characteristics such as thermal
stability, nontoxicity, low production cost, and having a
band gap close to the optimum band gap for the invisible
light absorption make CuO an interesting choice for many
technological applications [3]. Thus, CuO has been used
in numerous electronic and optoelectronic devices such as
solar cells [4], diodes [5], photoelectrochemical cells [6],
thin-film transistors [7], gas sensors [8], photocatalysts [9],
and cross-point memories [10].
The most commonly used form of the CuO nanostructure is
its thin film that can be deposited via almost all conventional

methods, including sputtering [11], electrodeposition [12],
thermal oxidation [13], SILAR [14], sol-gel [15], and spray
pyrolysis [16]. Among the aforementioned methods, spray
pyrolysis is a solution-based and non-vacuum technique that
provides cost-effectiveness and facility [17]. There are nu-
merous studies examining the influence of spray-deposition
parameters (substrate temperature [18], solution properties
[19, 20], nozzle-substrate distance [21], and solution flow
rate [22]) on the properties of the resulting film. Based on
these studies, a relatively wide range of characteristics can
be obtained for CuO thin films by adjusting the deposition
parameters.
Considering the potential use of CuO thin films in optoelec-
tronic devices, it is essential to study the optical properties
of CuO thin films. However, to the best of our knowledge,
there are few studies thoroughly investigating the optical
properties of CuO thin films. Most relevant studies have
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Table 1. Measured thickness, calculated texture coefficient, and structural parameters for the spray-deposited CuO thin
films at different substrate temperatures.

Substrate Thickness Texture Crystallite Lattice ParameterTemperature Coefficient Size
T t (002) (111) (002) (111) a (Å) b (Å) c (Å) β (°) V (Å3)

(° C) (nm) (nm) (nm)
450 265 0.449 0.516 16 11 4.648 3.401 5.070 99.361 79.087
475 275 0.824 0.900 13 11 4.570 3.401 5.043 99.218 77.370
500 310 0.930 1.022 12 11 4.647 3.389 5.066 99.392 78.711
525 245 0.784 0.734 12 10 4.650 3.400 5.075 99.849 79.053
550 230 0.842 0.823 11 10 4.585 3.389 5.049 99.135 77.471

only reported experimental transmittance, reflectance, and
estimation of the optical band gap. Yahia et al. [23], for in-
stance, employed the spin coating sol-gel technique to grow
a CuO film with nanorod morphology and calculate its opti-
cal constants. Furthermore, few studies have reported the
photoluminescence (PL) characteristics of CuO thin films.
Xu et al. [24] used the sol-gel method to deposit CuO thin
films on a glass substrate. They studied the influence of
film thickness on band gap variation and PL emission of
the prepared films. Gobbiner et al. [25] also explored the
influence of thickness on the PL characteristics of CuO thin
films. Nevertheless, they prepared CuO thin films via mag-
netron sputtering. Varghese et al. [26], also studied the PL
emission of sol-gel prepared CuO thin film. The main aim
of their study was to investigate the effect of CuO on the
photoluminescence quenching and photocatalytic activity
of ZnO multilayered thin films. They prepared and studied
PL spectra of just one CuO thin film. Most recently, Modhi
et al. [27], compared the PL spectra of CuO and CuO-CeO2
nanocomposite thin films prepared via spray deposition.
Accordingly, in the present study, the spray pyrolysis tech-
nique was adopted to deposit CuO thin films at different
substrate temperatures. The optical constants, including
absorption coefficient, band gap, Urbach energy, refractive
index, extinction coefficient, and real and imaginary parts of

the dielectric constant were computed using experimental
transmittance and reflectance data. The resulting CuO thin
films were also excited by a 485 nm wavelength and the
recorded PL spectra were investigated.

2. Experimental details

2.1 Thin film deposition
To deposit CuO thin films, first, soda-lime glass was ul-
trasonicated in hydrochloric acid, acetone, and deionized
water, respectively, and dried with filtered air. Then, the
precursor solution was prepared by adding 0.256 gr cop-
per chloride dihydrate (CuCl2.2H2O) to 30 mL deionized
and stirring for 30 min. The resulting solution was spray-
deposited via a homemade spray apparatus with a custom
glass gun (0.2 mm nozzle diameter) and the spray condi-
tion of 0.9 bar carrier gas (compressed filter air), 292 cm
nozzle-substrate distance, 2 mL/min solution flow rate and
substrate temperature of 450−550° C with 25° C steps.

2.2 Instrumentation and characterization
To investigate the structural properties, the X-ray diffrac-
tion (XRD) pattern of the spray-deposited CuO thin films
was recorded by X’Pert PRO PANalytical diffractometer
with Cu-Kα radiation and 0.026 scan steps. Moreover, a

Figure 1. XRD pattern of the spray-deposited CuO thin films at different substrate temperatures.
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Figure 2. Surface and cross-section FESEM image of the spray-deposited CuO thin films at a) 450 °C, b) 500 °C, c) f 550
°C.

MIRA3TESCAN-XMU field-emission scanning electron
microscope (FESEM) was utilized to study the surface
morphology, measure the thickness, and record the energy-
dispersive X-ray spectroscopy (EDX) of the prepared CuO
thin films at different substrate temperatures. To study the
optical properties, the transmittance and reflectance spec-
tra of the resulting CuO thin films were monitored by a
Perkin-Elmer Lambda 25 spectrophotometer. Finally, a
Perkin-Elmer Ls55 fluorescence spectrometer was utilized
to study the PL spectra of the spray-deposited CuO thin
films.

3. Results and discussion

3.1 Structural properties
The recorded XRD pattern of the CuO thin films spray-
deposited at different substrate temperatures is presented
in Fig. 1 along with CuO JCPDS card No. 045-0937.
The patterns depict two prominent peaks around 36° and
39° corresponding to (002) and (111) planes, indicative
of the CuO monoclinic crystal structure (JCPDS card No.
045-0937) [28]. Besides, there are peaks with rather small
intensities which are also well-matched with the JCPDS
card. The small intensity in the aforementioned peaks might
be due to the low level of crystallinity in CuO, as well as the
fairly low thickness of the prepared CuO thin films (Table
1).
To study the intensity variation, the texture coefficient (TC)
was calculated for the prominent peaks via the following
equation:

TC(hkl) =
I(hkl)/I0(hkl)

1
N ∑N I(hkl)/I0(hkl)

(1)

where I is the measured intensity of the (hkl) plane, I0 is the
standard intensity of the (hkl) plane from the JCPDS file,
and N is the number of diffraction peaks [29]. The results
along with the other structural parameters are presented in
Table 1. As can be seen, up to 500° C, the TC for both
(002) and (111) planes increase with substrate temperature
and decreases with further substrate temperature rise. The

variation in the texture coefficient might be partially related
to the thickness of the CuO thin films.
As presented in Table 1, the thickness variation follows
the same trend with increasing the substrate temperature.
Moreover, there is no significant difference between the
values of TC for both dominant planes in each prepared
CuO thin film. Up to 500° C, TC (111) is slightly larger
than TC (002), and after that, the TC (002) slightly exceeds
TC (111).
The lattice constant (a ̸= b ̸= c, α = γ = 90° ̸= β ) and unit
cell volume (V ) of the monoclinic CuO crystal structure
were calculated by the following equations:

1
d2 =

1
sin2

β

(
h2

a2 +
k2 sin2

β

b2 +
l2

c2 − 2hl cosβ

ac

)
(2)

V = abcsinβ (3)

where (hkl) are the Miller indices and d is the interplanar
distance [30, 31].
For further structural examination, the crystallite size of
the prepared CuO thin films was estimated using Scherrer’s
equation for the mentioned two prominent peaks [32, 33].
As presented in Table 1, the crystallite size slightly de-
creases with increasing the substrate temperature. It seems
that the substrate temperature of 450° C provided the opti-
mum condition for CuO crystallite growth. Note that the
FWHM is the result of both crystallite size and strain in the
crystal structure, and Scherrer’s equation does not consider
the contribution of strain in the FWHM. Using more sophis-
ticated methods such as the Williamson-Hall method, one
can estimate both the crystallite size and strain simultane-
ously; however, the accuracy of these methods depends on
the number of peaks in the XRD patterns [34, 35]. In this
study, due to the fairly low thickness of the deposited CuO
thin films (Table 1) as well as the low level of crystallinity
of CuO, the number of distinctive peaks which can be used
in the Williamson-Hall method is not sufficient.

3.2 Morphological properties
The systematic variation of the surface morphology of the
CuO thin films spray-deposited at 450, 500, and 550° C,
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Figure 3. EDX spectrum of the CuO thin film spray-deposited at 500 °C.

along with the cross-section micrographs of the mentioned
films, are represented in Fig. 2.
The surface morphology of the prepared films exhibits reg-
ular grains with distinguishable boundaries. Compared to
the other thin films, the grains on the surface of the spray-
deposited thin films at 450° C are denser with a wider grain
size distribution. As the substrate temperature rises, the
grain size dramatically increases, to the extent that the grain
sizes at 550° C are several times larger than the ones for
450° C. A variation in the morphology of CuO thin films
can be observed in the cross-section images of the spray-
deposited CuO thin films. The compactness and homogene-
ity of the film grown at 450° C are also noticeable in the
cross-section image. Based on the cross-section image of
the CuO thin films resulting from the 550° C substrate tem-
perature, the grain size in some cases is even larger than
the film thickness. According to the cross-section images,
all the prepared CuO films are fairly thin (< 310 nm). The
thickness first slightly increases with temperature from 265
nm for 450° C to 310 nm for 500° C , and decreases to 230

nm for 550° C. It seems that the substrate temperature of
500° C, along with the other spray parameters, provides the
optimum condition for CuO thin film growth. The decrease
with the temperature rise beyond 500° C might be due to
spray solution evaporation through the deposition chamber
and splashing from the substrate surface.
Moreover, the recorded EDX analysis of the CuO thin film
spray-deposited at 500° C (Fig. 3) detected Cu, O, and
glass elements (Si, O, and Ca). The fairly low thickness of
the CuO thin film can be a compelling explanation for the
abundance of O and the existence of Si and Ca.

3.3 Optical properties
The recorded experimental transmittance and specular re-
flectance data for the prepared CuO thin films, in the wave-
length region of 300 to 1100 nm, are represented in Fig.
4. As expected, the transmittance pattern is well-matched
with the proper absorber layer characteristics. Accordingly,
there is a considerable absorption in the visible region
(400−750 nm) for the CuO thin films, which gradually de-

Figure 4. Optical transmittance spectra of the resulting CuO thin films grown at different substrate temperatures; inset
shows optical reflectance spectra of the prepared CuO thin films.
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Figure 5. a) Plots of (αhν)2 vs. hν for the optical band gap estimation; b) plots of Lnα as a function of photon energy for
Urbach energy estimation.

creases in the infrared region (750−1100 nm) [36]. There
is no significant difference in the transmittance of the CuO
thin films deposited at 450, 475, and 500° C. However, it
slightly increases for the films deposited at 525 and 550° C.

3.3.1 Band gap and Urbach energy
To estimate the band gap of the spray-deposited CuO thin
films at different substrate temperatures, the absorption coef-
ficient (α) was first calculated using the measured thickness
(t), recorded transmittance (T ), reflectance (R), and the
following formula [37]:

α =
1
t

ln
[
(1−R2)

2T
+

√
(1−R)4

4T 2 +R2

]
(4)

Subsequently, the direct band gap of the resulting CuO
films was estimated by plotting (αhν)2 vs. hν , known as
Tauc plot, and extrapolating the linear part of the plot to
(αhν)2 = 0 (Fig 5a) [38]. The results are also presented in
Table 2. There is a slight reduction in the resulting band
gaps with the substrate temperature. According to the quan-
tum confinement effect, as the crystallite size decreases, a
band gap increase can be expected [39, 40]. As discussed
earlier, the crystallite size of the prepared CuO thin films
slightly declines with the substrate temperature, which is
consistent with the band gap variation. Note that depending
on the deposition technique and parameters, a wide range

of band gap energies (1.3−2.1 eV) has been reported for
CuO thin films. The estimated band gap values in this study
(∼ 2.00 eV) demonstrate good agreement with the reported
values for the spray-deposited CuO thin films in the litera-
ture [41–43].
Following the lattice disorder in the poor crystalline materi-
als which is the case for the CuO structure, the density of
electron states develops tails into the band gap and causes
band gap reduction [44]. The mention tail is called Urbach
energy (EU ), shown by the following equation:

α = α0 exp
(

hν

Eu

)
(5)

where α0 is a constant. Accordingly, the Urbach energy can
be estimated by plotting ln(α) vs. hν and the calculated
inverse slope of the ln(α) near the band gap (Fig. 5b) [45].
The results are listed in Table 2. There is a slight reduction
in the value of EU with substrate temperature, which is
consistent with the band gap variation. Furthermore, the
structural defects and disorders in the prepared thin films
decline with increasing the substrate temperature.

3.3.2 Reflective index and extinction coefficient
To gain detailed insight into the interaction between a mate-
rial and incident light, it is necessary to compute and study
the variation of refractive index and extinction coefficient.

Figure 6. Variation of a refractive index and b extinction coefficient of the spray-deposited CuO thin films.
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Table 2. Estimated band gap and Urbach energy of the prepared CuO thin films.

Substrate Band gap Urbach Energy
Temperature

T (° C) Eg (eV) EU (eV)
450 1.98 1.11
475 1.99 1.09
500 2.08 1.04
525 2.09 0.93
550 2.02 0.93

The aforementioned parameters are dimensionless numbers
generally associated with refraction and absorption of light
in a material, respectively [46].
The extinction coefficient (k) is basically proportionate to
the absorption coefficient (α) and can, therefore, be calcu-
lated for any wavelength (λ ) using the following equation
[47]:

k =
αλ

4π
(6)

Besides, the refractive index (n) of the resulting CuO thin
films was calculated using experimental reflectance data
(R), extinction coefficient (k), and the following equation
[48]:

n =
(1+R)
(1−R)

+

√
4R

(1−R)2 − k2 (7)

The results of the refractive index and extinction coefficient
for the spray-deposited CuO thin films are represented in
Fig. 6. As the deposition temperature increases, the re-
fractive index rises, but the extinction coefficient slightly
decreases. Furthermore, for all the resulting CuO thin films,
the extinction coefficient is reduced at a higher wavelength
(lower energy).

3.3.3 Dielectric constants
The complex dielectric constant consisting of real (ε1) and
imaginary (ε2) components can be computed using the cal-
culated refractive index (n), extinction coefficient (k), and

the following expressions [49]:

ε1 = n2 − k2 (8)

ε2 = 2nk (9)

The photon energy dependence of ε1 and ε2 was calculated
and depicted in Fig. 7a and b, respectively. The real (ε1) and
imaginary (ε2) parts of the dielectric constant are known to
represent dispersion (storage) and dissipation (loss) of en-
ergy while light propagates through a material, respectively
[50]. Apart from the CuO thin film deposited at 450° C,
for the other CuO thin films, the real part of the dielectric
constant, ε1, exhibits a constant increase with raising the
wavelength, with a shoulder peak around 800 nm. Moreover,
the substrate temperature dependence of the ε1 is found to
be proportional; thus, the largest value of the ε1 belongs to
the CuO thin films spray-deposited at 550° C. On the con-
trary, for all the prepared CuO films, ε2 decreases with the
substrate temperature elevation, and the general variation
with the wavelength is decreasing.
The dissipation factor or tan δ refers to the loss-rate of en-
ergy of light in material and can be calculated by dividing
ε2 by ε1 [51]:

tanδ =
ε2

ε1
(10)

Fig. 8 depicts the resulting dissipation factor for the pre-
pared CuO thin films at different substrate temperatures.
The dissipation factor decreases with increasing the wave-
length. Furthermore, increasing the deposition temperature

Figure 7. Variation of a) real and b) imaginary parts of the dielectric constant of the CuO thin films prepared at different
substrate temperatures.
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Figure 8. Variation of dissipation factor with wavelength for the prepared CuO thin films.

decreases the dissipation factor. The smaller the dissipation
factor is, the more storage energy occurs; thus, a higher
deposition temperature is in favor of energy storage in the
spray-deposited CuO thin films.

3.3.4 Photoluminescence properties
PL is a common analysis to investigate the electronic state
of a material, in which the excited target material absorbs a
photon and excites an electron to higher states. The recorded
radiation resulting from the excited electron returning to
a lower energy state provides beneficial information about
the electronic structure of the material [52]. The room-
temperature PL spectra of the spray-deposited CuO thin
films excited at 486 nm were recorded in the wavelength

range of 200 to 800 nm (Fig. 9).
As a result of the 486 nm excitation wavelength, all the
prepared CuO thin films showed almost the same vivid PL
peaks around 505 nm (2.46 eV), 547 nm (2.27 eV), 630 nm
(1.97 eV), and three shoulder peaks around 520 nm (2.38
eV), 590 nm (2.10 eV), and 650 nm (1.91 eV). Since the
effective mass of the electron and hole shows considerable
variations in CuO, it is hard to find the precise source of
the recorded PL emissions in the spectra [53]. The 630 nm
emission is fairly close to the estimated band gap of the
prepared film, suggesting that the 630 nm emission might
correspond to the near-band-edge emission. Both the 505
nm and 520 nm are fairly close to the energies reported to

Figure 9. PL spectra of the CuO thin films spray-deposited at a) 450 °C, b) 475 °C, c) 500 °C, d) 525 °C, e) 550 °C and
excitation wavelength of 485 nm.
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be the results of singly ionized oxygen vacancies [25, 53].
The 547 nm and 590 nm are assigned to the excitonic transi-
tions from sublevels of the conduction band to the valence
band [25]. It is reported that the presence of the other oxi-
dation state of copper is responsible for PL peak emissions
between 635 to 670 nm [54, 55]. Therefore, the 650 nm
emission might be due to the presence of the other phase
of copper oxide. Based on Fig. 9, the intensity of the 650
nm peak first decreases with the deposition temperature ele-
vation up to 500° C, and then rises at the higher deposition
temperatures. At 500° C, the peak intensities related to the
ionized oxygen vacancies are at a minimum, implying the
CuO thin film growth with fewer defects. As mentioned
earlier, the substrate temperature of 500° C seems to pro-
vide the best condition for the growth of the CuO thin film,
which can be a good explanation for the lower intensity of
the recorded PL peaks.

4. Conclusion
CuO thin films, with a thickness range of 230 to 310 nm,
were grown at different substrate temperatures, and the
structural, morphological, optical, and PL characteristics
were investigated. Scherrer’s equation was utilized to
calculate the crystallite size of the preferred orientations.
Based on the results, the largest crystallite size belonged to
the film deposited at 450° C and gradually declined with
increasing the substrate temperature. Accordingly, the 450°
C seems to be the optimum condition for crystallite growth.
Nevertheless, based on the FESEM images of the prepared
films, the grain size increased with substrate temperature
to the extent that it was comparable with the thickness
of the CuO thin film deposited at 550° C. The estimated
(∼ 2.00 eV) band gap was quite close to the optimum
band gap value of a desirable absorber layer. The recorded
transmittance and reflectance were utilized to compute
the optical constant of the prepared CuO thin films. The
results revealed that as the substrate temperature rises, the
extinction coefficient slightly decreases while the refractive
index increases. The real (ε1) and imaginary (ε2) parts of
the dielectric constant exhibited increments and decrements,
respectively. The recorded PL spectra resulting from the
485 nm excitation wavelength exhibited three main and
three shoulder peaks. The intensity variation of the PL
peaks indicated that the CuO thin film grown at the 500° C
substrate temperature has less ionized oxygen vacancies
and impurities induced by the presence of other phases
of copper oxide. Generally, the results provide accurate
information about the physical and optical properties of the
spray-deposited CuO thin film, demonstrating the adequacy
of CuO thin films as an absorber layer in optoelectronic
devices.
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