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Abstract

The work in hand presents the elaboration of CuO thin films using a home-made spray pyrolysis technique at room atmosphere. 

The films were synthesized on preheated glass substrate at 450 °C. The source solution molarity was varied from 0.025 to 0.1 mol/L. 

The films were characterized by employing X-Ray Diffraction technique, UV-Vis-NIR spectrophotometry, Scanning Electron Microscope 

imagery, Energy Dispersive Spectroscopy, and four-points probe techniques. The X-ray diffraction analysis confirmed that all films are 

polycrystalline with a preferred orientation along the plane (−111) of the monoclinic crystal structure phase of tenorite (CuO). The SEM 

images showed a homogeneous and smooth surface. Crystallinity and grain size were improved. The rise of solution concentration 

induced a reduction of transmittance and reflectance in the visible region. The energy gap, the absorption coefficient, the extinction 

coefficient, refractive index, dielectric constant (ԑr and ԑi) and loss energy were estimated from transmittance and reflectance data. 

The gap energy decreases from 2.72 to 2.56 eV. The film deposited for 0.025 mol/L exhibits the highest real part of the dielectric 

constant (ԑr ~ 17). The film resistivity which is in order of 102 Ω cm decreases with the increase of molar concentration. The estimated 

dielectric constant indicated that the resulting CuO thin films could be used as dielectric layers for optoelectronic devices working in 

Vis-NIR region of radiation. Furthermore, the relatively high band gap, high absorption coefficient and high conductivity of the film 

obtained at 0.075 mol/L, make them good candidates as absorption layers in solar cells applications.
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1 Introduction
In recent years, researchers are focusing their attention on 
metal oxide semiconductors for numerous material sci-
ence applications, including optoelectronic, photovoltaic, 
and magnetic systems  [1]. Copper oxide thin films have 
sparked a great deal of interest among transition metal 
oxides due to their p-type semiconducting  [2]. The  two 
most frequent stable forms of copper oxides are teno-
rite (CuO) and cuprite (Cu2O) which have a monoclinic 
and cubic crystal structure respectively. Both of them are 
p-type semiconductor due to the Cu2+ vacancies in the 
structure [3]. However, CuO, which is a low-cost material, 
abundant in nature, non-toxic, and with a good chemical 
stability, exhibits a high solar absorbance, a narrow band 

gap (1.21–1.9  eV)  [3], and a low thermal emittance  [4]. 
It is also known by its good electrical and optical prop-
erties such as dielectric constant and refractive index of 
18.1 and 1.4 respectively [5], and an absorption coefficient 
as high as 105 cm−1  [3]. Owing to its advantages, copper 
oxide has attracted attention for different technological 
areas such as gas sensors [6], photo-catalysis [7], lithium 
batteries  [8], solar cells  [9], supercapacitors  [10], opto-
electronic devices [11] etc. Several chemical and physical 
manufacturing methods for CuO thin films are reported in 
the literature such as chemical bath deposition  [12], sol-
gel [13], SILAR [4], pulsed laser deposition [14], sputter-
ing [5], spray pyrolysis [6, 15] and electro-deposition [16]. 
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Spray pyrolysis can produce good quality CuO thin films, 
besides its simplicity and less material consumption.

Based on the previous studies [6, 17–19], the investiga-
tion of optoelectronic properties especially the dielectric 
function of Tenorite is too few. Herein, in this paper, cop-
per oxide thin layers were synthesized on glass substrate 
by spray pyrolysis technique (SPT). CuO thin films struc-
tural, morphological, and optical properties were investi-
gated with varying the source solution molar concentration. 
A special focus on the refractive index (n), extinction coef-
ficient (k), real part ( ԑr ) and imaginary part ( ԑi ) of dielectric 
constants is given and the obtained results are discussed.

2 Experimental details
2.1 Materials and CuO thin films deposition
Tenorite copper oxide (CuO) thin films were depos-
ited by a home-made spray pyrolysis experimen-
tal setup  [20] at 450  °C. Glass microscope slides 
(25  mm  ×  19  mm  ×  12  mm) were used as a substrate 
cleaned previously by immersion in acetone (from VWR 
CHEMICALS prolabo with purity 99.5%), ethanol (from 
VWR CHEMICALS prolabo with purity of 96.3%) and 
distilled water for 10 min before drying. The source solu-
tions with different concentrations (0.025, 0.05, 0.075, 
and 0.1  mol/L) were prepared by dissolving appropriate 
masses of copper chloride dehydrate precursor (CuCl2-
2H2O) (from BIOCHEM Chemopharma with purity of 
97%) each in 50  mL of distilled water and stirred mag-
netically to obtain a homogeneous blue solution. Then, the 
aqueous solutions were sprayed by compressor air gas in 
fine droplets from atomizer perpendicularly onto the pre-
heated substrate. The deposition time, nozzle –substrate 
distance, pressure and flow rate were kept constant during 
deposition at 3 min, 30 cm, 1 bar and 5 mL/min respec-
tively. At the end of deposition, the substrates were left on 
the hot plate to cool slowly to room temperature to avoid 
their fracture and damage due to heat shock.

2.2 Characterization techniques
The crystalline properties of CuO thin layer were character-
ized by XRD technique using Rigaku-Type MiniFlex600 
diffractometer with Cu Kα radiation (λ = 1.5418 Å) oper-
ated at 40 kV and 30 mA. A JASCO V-770 spectrophotom-
eter was used to record the thin film optical transmittance 
and reflectance in the wavelength range of 380–1500 nm. 
Chemical composition and surface morphology of the 
obtained films were determined by two associated devices 
Energy Dispersive Spectroscopy (EDS) and TESCAN 

VEGA3 SEM. Finally, the electrical data (resistivity) was 
obtained by means of a KEITHLEY 2400 SourceMeter 
four-point probe measurements.

3 Results and discussion
3.1 Thickness growth and films formation
When the droplets of aqueous solution were felt on the 
hot substrate surface, CuO was formed thermally by ther-
mal decomposition of hydrated copper chloride and water. 
The sprayed copper chloride atomized solution thermally 
reacted on the hot sample surface according to Eq. (1):

CuCl H O CuO HCl
2 2

2� � � � � � �s g .	 (1)

Uniform, black color and adherent (hardly peeled with 
scotch tape test) thin films were obtained. Films thick-
nesses (d) were measured by weight deference method 
using the following formula [21]:

d m
gA

= 	 (2)

where m is the mass of film obtained using a 10−4 g sensi-
tive balance, g is the density of deposited film, and A is its 
surface area.

For comparison purpose, the thickness of the sample 
deposited at 0.05 mol/L was measured using SEM cross 
section; the obtained value (160  nm) was very close to 
that obtained was the weight deference method (174 nm) 
used for all samples with an estimation error of 8%. Fig. 1 
shows the variation of thickness with the increase of molar 
concentration. The thickness of the film increased simply 
due to the increased amount of the deposited material by 
increasing molar concentration. The thickness may be 

Fig. 1 Thickness variation of CuO thin films as a function of molar 
concentration



Ben Messaoud et al.
Period. Polytech. Chem. Eng., 68(1), pp. 93–105, 2024 |95

governed by Cu-containing species. It is difficult to con-
trol the insertion of O2− into the film during the growth 
process using the spray pyrolysis technique.

3.2 Structural properties
The XRD patterns of CuO thin films produced at different 
molar concentrations are assembled and shown in Fig. 2. 
It can be seen that all samples have polycrystalline struc-
ture. The diffraction of X-rays shows peaks at 2θ = 35.6°, 
38.8°, and 53.5° corresponding to (−111), (111), (020) reticu-
lar planes respectively. Low intensity reflection peaks (110) 
and (220) appearing at 32.57° and 68.13° were identified. 
The deposited thin films have tenorite (CuO) phase and 
monoclinic structure with the space group C2/c accord-
ing to JCPDS (No. 00-041-0254). In contrast to our results, 
Moumen et al. [22] found that the films obtained at a molar 
concentration of 0.035 mol/L were amorphous. Moreover, 
according to the literature, pure tenorite (CuO) phase has 
been obtained by Al Ghamdi et  al.  [17] and Akaltun  [4]. 
No diffraction peaks indicate other phases of copper oxides 
Cu2O and/or Cu3O4 were found in any of the thin films. 

The films have the same intense peak according to the plan 
(−111) which was the preferred orientation. It indicated that 
there are more particles aligned in this plane. Similar result 
was found by Hettal et al. [23]. Roy and Bhuiyan [24] who 
obtained sprayed thin films with preferential (111) planes 
using cupric acetate as solution source. In the same context, 
Prakash et al. [18] got two major peaks, (−111) and (111) at 
the same molarity values respectively. It's clear from Fig. 2 
the concentration 0.025 mol/L has poor crystallinity, and 
by increasing molar concentration, the intensity of the peak 
(−111) increases. This probably due to the enhancement in 
grain growth following the arrival of droplets with more 
concentrated reactive material, consequently improving 
the films crystallinity.

The average crystallite size is estimated by Debye–
Sherrer formula [25]:

D �
0 9.

cos

�
� �

	 (3)

where D is the crystallite size (nm), λ the X-ray wavelength 
(1.5418 Å), θ the Bragg diffraction angle (in radian). The β 
is the full-width-at-half-maximum (FWHM). The strain ԑ 
and the dislocation density δ values are calculated using 
by Eq. (4) and Eq. (5) [25]:

� �
�

�
cos

4
	 (4)

and 

� �
1

2D
.	 (5)

By applying Eq.  (6), and Eq.  (7) on XRD data of the 
peaks we found the lattice constants (a, b and c), for the 
monoclinic phase structure, which obey the expressions:

2d nhkl hklsin� �� 	 (6)

and 
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where dhkl and (hkl) are the inter-planer distance and Miller 
indices. The values of Bragg angle (2θ), inter-planar dis-
tance ( dhkl ), crystallite size, strain, and the dislocation 
and lattice parameters are listed in Table 1. The reported 
lattice constant values are close to the related standard 
JCPDS card values (a0 = 4.685, b0 = 3.423, c0 = 5.132 Å, 
α = γ = 90° and β = 99.52° is the angle between a and c lat-
tice vectors), and no changes are observed, which suggests 

Fig. 2 XRD patterns of copper oxide CuO depending on precursor 
concentrations
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the absence of any other phases like Cu2O or Cu4O3 . It was 
also observed that the calculated values of the inter-pla-
nar distance (dhkl = 2.524 Å) were found to be lower than 
the standard value and the predominant peak moves to the 
right to the standard peak position (2θ = 35.539°) which 
indicates that the crystallites undergo a compressive stress.

Fig.  3 represents the crystallite size and strain varia-
tions as a function of precursor solutions concentration. 
The crystallite size increases from 35 to 56 nm with the 
increase of molar concentration from 0.025 to 0.1  mol/L 
due to coalescence of grains. Similar results are reported by 
Dhas et al. [19]. Abdelmounaïm et al. [6] observed that the 
crystallite size of copper oxide films increased from 0.05 
to 0.2 mol/L. Smaller values of 4 to 6 nm were obtained 
by spray pyrolysis for substrate temperature of 350 °C [26]. 
Whereas the strain values were reduced from 9.81 × 10−4 
to 6.13  ×  10−4 depending on precursor molarities. As the 
solution concentration increases, more Cu and O atoms in 
the surface substrate are precipitated and they experience 
more interactions which contributes to an enlargement of 
the crystallites and leads to bigger grains and subsequently 

the enhancement of film's crystallinity [27]. Furthermore, 
the lattice defects along the grain boundaries are reduced 
due to the increase of crystallites size, which may lead to 
decreasing strain and dislocation densities [28], as seen in 
Table 1. The minimum values of δ and strain ԑ are found to 
be 3.1 × 1010 line/cm2 and 6.13 × 10−4 respectively at solu-
tion molarity of 0.1 mol/L. These observations indicate the 
good crystallinity in the films of CuO.

3.3 Optical properties
3.3.1 Transmittance, reflectance, absorption coefficient, 
optical energy band gap and Urbach energy
The optical transmittance (T) and reflectance (R) of our 
sprayed copper oxide (tenorite) thin films were measured 
using UV-VIS-NIR Spectrometer in the wavelength range 
from 380 to 1500 nm. These spectra were used to extract 
optical parameters and quality of CuO thin films. Fig. 4 (a) 
represents the transmittance data for CuO thin films by the 
effect of molar concentration of spray solution. The films 
were found to be highly absorbing in the visible region and 
transparent in near-infrared region with an average trans-
mittance range of 70 to 80%. Also, all samples behaved 
as opaque material below 500  nm. Indeed, the transmit-
tance decreases in visible range when the precursor solu-
tion increases to 0.075 mol/L due to the absorption of light 
as a result to the excitation of electrons from the valence 
band to the conduction band of CuO which is a p-type 
semiconductor. These spectra are similar to those of cop-
per oxide films deposited using spray pyrolysis as reported 
in [12, 26, 29]. Furthermore, the absorption edge is shifted 
toward the longer wavelength side (redshift). This result 
demonstrates a reduction in the energy band gap of films. 
Consequently, the reduction in the film transparency can 
be attributed to the rise of the density of atoms which leads 

Table 1 Structural and lattice parameters of CuO thin layer as function of molar concentration

Molar concentration  
(mol/L)

2θ  
(°) hkl dhkl  

(Å)
D  

(nm)
ԑ  

(10−4)
δ  

(1010 1/cm2)
Lattice constant  

(Å)

0.025 35.683 (−111) 2.516 35.319 9.811 8.016
a = 4.675  
b = 3.413  
c = 5.253

0.05 35.596 (−111) 2.521 40.416 8.583 6.122
a = 4.680  
b = 3.421  
c = 5.126

0.075 35.643 (−111) 2.518 40.917 8.478 5.973
a = 4.681  
b = 3.425  
c = 5.013

0.1 35.651 (−111) 2.518 56.581 6.131 3.124
a = 4.689  
b = 3.420  
c = 5.1517

Fig. 3 Crystallite size and strain variations with molar concentration
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to the optical scattering phenomenon at the grain bound-
aries  [30,  31] and the grain growth of CuO films  [32]. 
Another reason for the decline in transmission is the higher 
film absorption associated with larger film thickness [31], 
which is easily evident from the appearance of the black 
color. Nevertheless, the increase of T for sample 0.1 mol/L 

due to the film porosity which in turn reduces light scatter-
ing [33] and allowing additional light to pass through. This 
observation is confirmed by the morphological results. 

The optical reflectance spectra of CuO thin films, which 
provide information about scattered light from the surface 
of films upon molar concentrations, is shown in Fig. 4 (b). 
It can be noted from the graphs that the reflectivity of 
the thin films at all molarities have the same pathway. It 
decreases below 400  nm, then increases with increasing 
wavelengths in visible range (500–800  nm) and then it 
decreases in the NIR range. The average reflectance is less 
than 40% for wavelengths in the 380 to 1500 nm domain. 
This agrees very well with Mugwang'a  et  al.  [34] who 
observed low values of reflectance below 45% for copper 
oxide thin films. On the other hand, as a precursor solu-
tion increases, the reflection of film decreases due to the 
rise of film thickness  [35]. Hussein and Al-Mayalee  [36] 
and Singh and Kaur [37] have obtained the same behavior. 
Furthermore, our films exhibit low reflectance in the visi-
ble spectrum. This shows high absorbance when compared 
to the transmittance spectrum which makes copper oxide 
a good absorber material for solar cells applications [34]. 
The optical parameters such as absorption coefficient, band 
gap, extinction coefficient, refractive index and dielectric 
constant are determined from optical transmittance and 
reflectance spectra. The value of absorption coefficient of 
thin film is calculated using by Eq. (8) [38]:

� �
�1 1

d
R
T

ln 	 (8)

where α is the absorption coefficient, d the film thickness, 
T the transmittance, and R the reflectance. Fig. 5 (a) shows 
the variations of the absorption coefficient of the studied 
films. All the films have absorption coefficient α supe-
rior to 105 cm−1 in the visible range, which agrees with the 

Fig. 4 (a) Optical transmittance and (b) reflectance spectra of copper oxide 
thin films as function of wavelengths with different molar concentrations

Fig. 5 (a) Optical absorption coefficient and (b) Tauc plots spectra for CuO thin film deposited with different molarities
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reported results in the literature  [9]. For the NIR region 
of the light spectrum, it is clear that α is almost vanish-
ing to zero. It is always suggested to use a high optical 
absorption coefficient in thin-film solar cell applications as 
an absorber layer. It is also noted that the absorption coef-
ficient increases with increasing copper concentrations, 
especially at 0.075  mol/L then decreases at 0.1  mol/L. 
The reduction in α with the wavelength indicates that the 
layer became more transparent which agrees with trans-
mittance results.

In order to determine the energy band gap of films, the 
material has direct band gap, we plot (αhν)² versus (hν), by 
using the Tauc formula [39]:

� � �h B h Eg� � � �� �2 	 (9)

where hν is the incident photon energy and B is a constant. 
The Eg is obtained by extrapolation of the plot of (αhν)2 as 
a function of hν, as shown in Fig. 5 (b). The Urbach energy 
( Eu ) (band tail width), is the disorder in film. It is calcu-
lated from the inverse of the slope of log(α) versus (hν) 
according to Eq. (10) [39]:

� �
�

� 0e
h
Eu 	 (10)

where α0 is a constant. The obtained band gap energy and 
band tail width values at different molar concentrations 
are summarized in Table 2. It is noted that on increasing 
the precursor solution concentration up to 0.075  mol/L, 
the band gap was reduced from 2.72 to 2.56  eV, then 
it was risen to 2.64  eV at molarity 0.1  mol/L. Similar 
behavior of the narrowing in band gap energy upon the 
increased molarity solution was reported on metal oxide 
by Attouche et al. [40] and Barir et al. [41]. The drop in Eg 
is consistent with the absorption edge to red shift described 
above in Fig. 4 (a). It can be also explained by the increase 
in band tail width as shown in Table 2, which may have 
resulted from the appearance of structural defects in the 
film due to its preparation conditions; this could lead to the 
allowed states close to the conduction band in the forbid-
den region. These allowed states may merge with the con-
duction band with the increasing solution concentration, 

resulting in a reduction in the band gap [25]. Besides, the 
rise of Cu concentration (shift of stoichiometry in favor of 
copper) contributes to the creation of donor states within 
the energy gap close to the conductive band, hence the 
Fermi level is shifted toward the conduction band. On the 
other hand, the improvement in crystalline quality of the 
films as the growth of bigger crystallites which is con-
firmed by XRD may be another reason for decreasing band 
gap energy [13]. In contrast, the widening effect on the band 
gap can be related to the decrease in band tail width, since 
Eu values change inversely with band gap energy as shown 
in Table  2. Lower disorder incomes in less defect states 
present in the films. These Eg values are higher than those 
given in the references  [13, 19, 20]. Bhowmik et al.  [42], 
and Prakash et  al.  [18] found that for copper oxide films 
produced by sol-gel and spray pyrolysis technique Eg var-
ied between 1.47 and 1.27 eV, and 1.5 and 2.03 eV versus 
precursor concentration respectively. Similar observations 
were found for films sprayed at 350 °C from copper acetate 
monohydrate solutions of different high molarities (0.1–
0.2 mol/L) which reported the reducing of band gap from 
2.55 to 2.5 eV [9]. Other researchers reported large band 
gap compared to the bulk oxide [23].

3.3.2 Extinction coefficient and refractive index
It should be noted that understanding the optical dielec-
tric constant and thin-film refractive index is crucial for 
creating any special optical device. The refractive index 
is closely related to the concepts of polarization ability of 
atoms when they are subject to an electric field inside the 
materials [43]. The mathematical equation of the complex 
refractive index (n*) of thin films is given by Eq. (11):

n n ik� � � .	 (11)

The imaginary part (the extinction coefficient k) indi-
cates the amount of light scattering and absorption in the 
medium per unit volume, and the real part (the refractive 
index, n) gives information about the refraction of light. 
The following equations are used to calculate the extinc-
tion coefficient and refractive index respectively [43]

Table 2 Optical parameters and resistivity of CuO thin layers versus precursor solutions

Molar concentration  
(mol/L)

Eg  
(ev)

Eu  
(ev) k n ԑr ԑi

Rsheet  
(Ω)

ρ  
(Ω cm)

0.025 2.72 0.29 0.123 3.428 11.77 0.847 3.17 × 107 4.10 × 102

0.05 2.60 0.35 0.352 2.361 5.45 1.663 1.54 × 107 2.68 × 102

0.075 2.56 0.63 0.452 2.144 4.47 1.894 6.59 × 106 1.27 × 102

0.1 2.64 0.44 0.367 2.276 5.05 1.672 4.73 × 106 1.07 × 102

Rsheet : sheet resistance
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k � ��
�4

	 (12)

n R
R

R
R
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�
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�
1

1

4

1
2

2 .	 (13)

The variation of k and n versus wavelength at various 
molarities are plotted in Fig.  6  (a) and  (b). We note that 
the extinction coefficient decreases with an increase in 
the wavelength. The loss due to scattering and absorbance 
decreases with an increase in wavelength [44]. The k value 
was found to range between 0.94 and 1.78 for visible wave-
length domain (λ < 800 nm), whereas it was close to zero 
in the near infrared region (λ > 800 nm), which indicated 
the transparency of the films  [45]. The same behavior 
was observed for semiconducting Fe2O3  [45] thin films. 
Otherwise, the extinction coefficient tends to increase 
when precursor concentration increased. The low value 
of k suggests that the thin film has good surface smooth-
ness. On the other hand, Fig. 6  (b) shows an increase in 
the refractive index for wavelengths lower than 900 nm; 
known as the abnormal dispersion, then it decreases con-
tinuously for longer wavelengths which represents the 
normal dispersion behavior. The n(λ) reaches higher val-
ues in the range 8 to 4.14 for the sample prepared using 
0.025  mol/L molar concentration. Such high refractive 
index films are appropriate for anti-reflection coatings. 
As  the source solution molarity increases, the refractive 
index reduces from 3.8 to 2.38 due to increase of thick-
ness. The curve change seems to have the same behavior 
as the reflection spectrum. Similar observation was found 
by Roy and Bhuiyan  [24] where n value decreases from 
2.82 to 2.52 for 0.05 to 0.1 mol/L. This decrease could also 
be a result of the increase in particle size [42]. The effects 

due to the crystallite size which is in the order of 35 nm and 
the possibility of the presence of voids which increases the 
scattering of light through the thin film. With the increase 
of grains agglomeration, a decrease in refractive index, 
and this is confirmed by the previous results. The evolu-
tion of n and k with increasing of solutions molarity at 
λ = 750 nm (taken as reference for comparison) in Table 2. 
Prakash et al. [18], Chala et al. [38] found that the refrac-
tive index n rises as the molarity increased for CuO and 
ZnO thin films. Our n value was higher than those found 
by Prakash et al. [18] which ranged between 2.83 and 2.9.

3.3.3 Optical dielectric constant
The study of material's dielectric properties is important 
for various electronic device technologies since it is cor-
related to their ability to obstruct electron transit when 
polarized by an external electric field [46]. The complex 
dielectric constant is given by Eq. (14):

� � �� � �r ii .	 (14)

Generally, the real and imaginary parts of dielectric 
constants are evaluated from the values of k and n using 
Eq. (15) and Eq. (16) [43]:

� r n k� �2 2 	 (15)

� i nk� 2 .	 (16)

Fig. 7 (a) and (b) illustrate the real and imaginary parts 
of optical dielectric constant of CuO films as a func-
tion of molar concentration. The real part represents the 
stored energy, and the imaginary part represents the loss 
in the material [47]. From Fig. 7 (a) and (b), we note that 
ԑr and ԑi values varied from 1 to 17 and from 0.03 to 3.5 

Fig. 6 (a) Extinction coefficient (k) and (b) refractive index (n) of CuO thin film versus precursor solution concentration
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as a function of wavelength respectively. The real part is 
higher than the imaginary part which indicates a weak 
energy loss of light within the film  [48]. This effect can 
be explained by a larger crystallites size, which results in 
fewer grain boundaries, which reduces optical losses [48]. 
This proves the good quality of the film growth, and thus 
enhancing their optical properties making these layers 
suitable for optoelectronic applications [49]. Furthermore, 
ԑr value decreases along with the rise of ԑi as the molar-
ity of solution increases until 0.075 mol/L, then increases 
again at 0.1 mol/L, respectively.

Both real and imaginary part of complex dielectric 
constant exhibit similar behavior of n and k because of 
the close relationship between them as demonstrated 
in Eq.  (15) and Eq.  (16). The maximum value of ԑr was 
obtained using a lower concentration of the source solu-
tion (0.025  mol/L). The values of ԑr and ԑi for various 
molar concentration at λ = 750 nm are tabulated in Table 2. 
Earlier, it was reported that the dilute precursor solution 
improves the dielectric response of thin films due to the 
crystallite size modification, lower porosity and change in 
preferred orientation [50].

In a dissipative system, the factor tanδ is related to the 
rate of power loss [43]. Dielectric loss tangent is given in 
the following formula:

tan�
�
�

� i

r

.	 (17)

The relation between tanδ and the wavelength for the 
films is seen in Fig.  8. As we can see, tanδ rises as the 
wavelength increases.

3.4 Morphological properties
The surface morphology of the sprayed CuO films were 
analyzed by scanning electron microscopy (SEM) at 
10.000× magnification. SEM images of these films coated 
at different molar concentrations of copper source solu-
tion are shown in Fig. 9. We note that all the films are well 
covered, smooth and uniform deposited on the glass sub-
strates without any cracks. Also, they are well adhered to 
the substrate. It can be clearly seen from Fig.  9 that for 
low molar concentration, there is a difference in the dis-
tribution, the shape of grains and their sizes demonstrat-
ing the presence of several crystallographic orientations 
according basically to the planes (111) and (−111) con-
firmed by XRD analysis as seen in the related previous 
section. As the concentration of the solution increases, the 
distribution and the size of grain become more homog-
enous and uniform. This observation indicated that the 

Fig. 8 Dielectric loss tangent of CuO thin films

Fig. 7 (a) The real ( εr ) and (b) imaginary ( εi ) parts of the dielectric constant of the CuO thin film versus precursor solution concentration
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grains grow according to the same orientation (−111). It's 
also noteworthy that the crystallite size increases when the 
molarity of solution varies from 0.025 to 0.1 mol/L. It can 
be seen also from Fig. 9 (d) that the surface of the depos-
ited film at 0.1  mol/L is compact and rough. Further, it 

had large grain size compared with the other molarities. 
This result indicates that the higher concentration of solute 
particles leads to more agglomeration of crystalline grains 
hence, improving the crystallinity of material. Fig.  10 
shows the EDS spectra of the prepared films at 0.1 mol/L. 

Fig. 9 SEM micrographs of copper oxide thin films that were prepared at (a) 0.025 mol/L, (b) 0.05 mol/L, (c) 0.075 mol/L and (d) 0.1 mol/L

Fig. 10 EDS spectrum of CuO film deposited from 0.1 mol/L concentration
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It confirms the presence of elemental composition Cu and 
O in the deposited film in addition to Si which comes from 
the glass substrate. The atomic fraction of Cu and O are 
38.99% and 61.01% respectively.

3.5 Electrical properties
Electrical properties were analyzed by the four-point 
probe measurement system at room temperature to deter-
mine the film resistivity using the formula below:

� �� �dR d V
Isheet

ln 2
	 (18)

where Rsheet is the sheet resistance, ρ is the resistivity, d is 
the film thickness, I is the applied current and V is the 
resulting voltage. 

The resistivity of thin films versus molar concentra-
tion represented in Fig. 11. It is clear that, as the precur-
sor concentration rises from 0.025 to 0.1 mol/L; the resis-
tivity of copper oxide thin films drops from 4.10 × 102 to 
1.07 × 102 (Ω cm). It is known that CuO has p-type conduc-
tivity due to presence of cation vacancy and is related to 
the positive carrier density (holes). This decrease of ρ can 
be explained by the elevation of free carrier concentration 
(holes) as the film thickness increases [51]. The increase of 
hole concentration is due either to the rise of the vacancy 
concentration of cations or to the increase in interstitial 
oxygen. Both cases enhance the shift of film stoichiometry 
from its normal value. On the other hand, the high conduc-
tivity can be ascribed to the films' increased crystallinity. 
The increase of crystallite size with increase in the precur-
sor molarity leads to a reduction of the trapping states at 

grain boundaries, and hence, the carrier mobility rises [40] 
as a consequence the conductivity increases. Otherwise, 
the resistivity and real part of dielectric constant have the 
same behavior, both are reducing as represent in Table 2.

4 Conclusion
Polycrystalline copper oxide CuO thin films were grown 
on glass substrates at 450 °C using a simple spray pyrol-
ysis apparatus. The effect of the different solution con-
centrations ranging between 0.025 and 0.1 mol/L on the 
surface morphology, structural, optics, and electric prop-
erties have been studied. Scanning electron microscopy 
(SEM) shows that all films are well covered, have good 
homogeneity and adherence to the substrate and no cracks 
could be detected. The EDX analysis confirms the pres-
ence of copper and oxygen elements. The structural anal-
ysis revealed the polycrystalline nature of CuO films with 
monoclinic structures. The mean grain size increases 
from ~35 to ~56 nm as the molarity rises from 0.025 to 
0.1  mol/L. Subsequently, the transmission and reflec-
tion spectrum decreased in the visible range whereas the 
absorption coefficient increases (α  ≥  105  1/cm) owing to 
the reduction of band gap from 2.72 to 2.56 eV with the 
rise of source solution molarity. The extinction coefficient 
k and the refractive index n were found in the range 0.9–
1.76 and 2.38–3.8 respectively. The films prepared for low 
concentration have the best real part of dielectric constant 
value ~17. In contrast, low value of the imaginary part of 
constant permittivity and loss energy were found as the 
molarity is reduced from 0.1 to 0.025  mol/L. The  resis-
tivity decreased down to its minimum value of 107 Ω cm 
for 0.1 mol/L source concentration. In one hand, the films 
obtained at 0.075  mol/L are good candidate as absorp-
tion layer in solar cells applications since they have good 
electrical conductivity, and high absorption coefficient 
in the UV-VIS-IR range, and in the other hand, the sam-
ples obtained at 0.025 mol/L have good dielectric constant 
which makes them suitable for optoelectronic applications 
such as NIR-VIS detection.
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