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 In this study, Cobalt (Co) doped Copper Oxide (CuO) films at different concentrations were 
deposited on glass substrates, using the Chemical Bath Deposition (CBD) method. The films 
were characterized by Field Emission Scanning Electron Microscopy (FESEM), X-Ray 
Diffraction (XRD), Ultra Violet-Visible Spectroscopy (UV-Vis.) and two-point contact method. 
The FESEM images showed that nanoplates formed increased in size and voids on the films 
surface decreased with increasing Co concentration. The XRD patterns revealed an increase in 
crystallite size with increasing (from 14.40 to 18.60 nm) Co concentration and no secondary 
phase was formed.  The Energy-dispersive X-ray spectroscopy (EDS) spectra showed the 
presence of Co in the film composition with increasing concentration. The results of UV-Vis. 
spectroscopy showed that band gap values could be changed with Co doping and thus the CuO 
band gap could be adjusted with the Co doping. The temperature-dependent current-voltage 
measurement results obtained with the two-point contact method showed that activation 
energy levels increased (from 0.134 to 0.232 eV) with increasing Co concentration. It was also 
observed that the conductivity increased with increasing temperature. 
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1. Introduction  
 

The decreasing fossil-based fuel reserves in the face 
of increasing energy demand has increased the interest 
in researching renewable alternative energy sources. 
Among the renewable energy sources, the most efficient 
and renewable energy source is solar energy [1]. Various 
materials have been developed to generate electricity 
from solar energy. Among them, nano-structured 
materials are widely used in this field due to their unique 
and interesting properties. These properties (such as 
electronic, magnetic, optical and structural properties) 
are characteristic of the nano-structured materials used 
and can be improved [2]. The surface properties of these 
structures affect their physical and chemical properties. 
For example, the photoconductivity properties of these 
structures vary depending on the surface area/volume 
ratio of the nanostructured material used and/or the 
porous structures on the surface. For this reason, these 
structures have been classified in the literature with 
various definitions such as nano-particles, nano-plates, 
nano-tubes, nano-rods, nano-flowers, and nano-spheres 

[3]. Nano-structured materials with such different 
morphologies can be produced by doping various 
elements. Nanostructured materials are of great interest 
to researchers because they exhibit interesting 
properties in different applications as a result of the 
doping of transition metal oxides. 

Among them, copper oxide (CuO) is an important 
transition metal oxide that exhibits p-type electrical 
conductivity and has a limited band gap and is a 
semiconductor with monoclinic crystal structure 
(Eg=1.2–1.8 eV) [4-6]. CuO is a nanotechnological 
material with gas sensors, biosensors, chemical sensors, 
solar cell absorber, high temperature (Tc) 
superconductors, lithium-ion batteries and catalysts 
applications [7]. In order for this material to be used in 
such a variety of fields, it must be produced in a cost-
effective and environmentally friendly manner. Various 
deposition methods have been developed to fabricate for 
doped and undoped CuO nanostructures for instances; 
electrochemical deposition [8,9], physical vapor 
deposition [10,11], sol gel immersion [12,13] and sol-gel 
pin coating [14,15] deposition, radio frequency 
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sputtering deposition [16,17] and chemical bath 
deposition [17,18]. The chemical bath deposition method 
(CBD) offers many advantages for the production of thin 
films, including simplicity, proportional control of 
elements, cost-effectiveness, and deposition feasibility 
on large-area substrates. Many studies are being 
conducted to improve the performance of 
nanostructured materials such as CuO. In the literature, 
there are many studies conducted with the doping of 
different transition metals (such as Mn, Co and Fe) to 
improve the characteristics of semiconductors [19-21]. 

 Transition metals (TMs) have high density, good 
conductivity and high melting-boiling temperatures [22-
25]. Among these, Cobalt is preferred in studies due to its 
good effects on magnetic, hardness and electrical 
resistance [26,27]. CuO is an exciting semiconducting 
material with interesting structural and optical 
properties. 

The effects of TMs-doping to the morphological, 
structural, and optical properties of the CuO films was 
reported in the literature. 

In addition, The TMs- doped CuO thin films have 
attracted the attention of researchers for its applications 
in spintronic and ferromagnetism interactions [28,29]. 

According to the literature records we obtained as a 
result of our research, the effect of Co doping on the 
optical, structural, morphological and electrical 
properties of CuO films has not been studied yet by using 
the chemical bath deposition method. 

In this study, it was aimed to determine the effect of 
Co doping concentration on the morphology, crystal 
structure, optical and electrical properties of CuO nano-
structured films obtained by using chemical bath 
deposition method. Also, with this study, it is aimed to 
develop environmentally friendly materials and cost-
effective methods for applications such as gas sensors, 
solar cells, catalysts, high temperature superconductors 
by improving the electrical and optical properties of CuO 
under the doping effect of cobalt ions. 

 

2. Method 
 

Doped and undoped CuO thin films were deposited 
using the CBD method on cleaned substrates following 
the established procedure [30]. Copper (II) Acetate 
Monohydrate (Cu(CH3COO)2.H2O) (≥98%) (0.1 M) and 
Cobalt(II) Chloride Hexahydrate (CoCl2.6H2O) (≥98%) 
metal salts was used as starting solutions for Cu and Co, 
respectively. All chemicals used in the experiment were 
supplied by Merck KGaA. The films were deposited on 
standard microscope slides (7.5 cm * 2.5 cm). Chemical 
cleaning of the substrates has been completed by 
reference to previous studies as previous established 
procedure [20]. 

Copper (II) Acetate Monohydrate 
(Cu(CH3COO)2.H2O) (≥98%) (0.1 M) was mixed with 
distilled water (double distilled water) as solvent in a 
100 mL beaker to store pure CuO thin films. The solution 
was stirred to the obtain homogeneous solution at room 
temperature during 10 min. 

Aqueous ammonia was added to the starting solution 
to adjust the pH (~10) of the solution. After the 
previously cleaned substrates were immersed in the bath 

solution, the temperature of the solution was adjusted to 
~90 ºC.  

(Cu(OH)2)compound, which is formed by adding too 
much ammonia, turns into CuO with increasing 
temperature and starts to be stored on the substrate). 
After 20 minutes, the substrates removed from the 
solution were washed with double distilled water and 
left to dry at room conditions. This process was applied 
in the same way for the films to be deposited with cobalt 
added to the starting solution (atomic percent ratio (at. 
%) as 1, 3 and 5). Doped and undoped CuO thin films 
obtained after deposition were heat treated for 1 hour in 
an ash furnace (MKF106, Miprolab) at 573 K. According 
to the contribution ratio in the article, the samples are 
labelled as S0: undoped, S1: 1 at. %, S3: 3at. % and S5: 
5at. % respectively. 

Crystallographic structures of the films were 
investigated by X-Ray Diffraction (Rigaku Smartlab, X-
Ray Diffractometer, Tokyo, Japan, X-ray diffraction 
device,) and Cu Kα radiation in 0.01° steps (λ = 1, 54059 
Å). The atomic ratios of the elements were determined 
using energy dispersion spectroscopy (EDS) (FEI EDS 
nova nano, NYSE, USA). The morphological and 
topological properties of the films were determined 
using Field emission scanning electron microscopy 
(FESEM, ZEISS EVO-LS10, NTS, Munich, Germany) The 
electrical properties of the samples were determined 
using a home-made Labview program-controlled voltage 
source computer interface with a precision multimeter 
(GW Instek, New Taipei, Taiwan) and a programmable 
power supply (GW Instek, New Taipei, Taiwan) using the 
two-point probe method with a temperature range of 
300-500 K. Optical absorption spectra of pure and Co-
doped CuO films were obtained using UV-Vis.  
Spectrophotometer (PerkinElmer) in the wavelength 
range of 200-1100 nm. 
 

3. Results  
 

The diffraction patterns of Co-doped and undoped 
CuO films as a result of X-ray diffraction 
spectrophotometer measurement are given in Figure 1. 
All the diffraction peaks match the monoclinic CuO 
(ICCD: 801916) phase, and no foreign peaks and/or a 
secondary phase were observed. It had been observed 
that these results are compatible with the literature. This 
can be interpreted as proof that Co doping penetrates 
into the CuO crystal lattice [30-32]. 

In Figure 1, it was seen that all films have the 
preferential orientation (1̅11) and (111). Apart from 
these, (110), (2̅02), (020), (202), (1̅13), (022), (113), 
(311) and (004) peaks were also detected. In addition, it 
was observed that the (1̅11) and (111) peak positions did 
not undergo a large shift in the peak positions with the 
contribution of Co. Table 1 clearly shows that the 
microstrain is directly proportional to the dislocation 
density and inversely proportional to the crystal size. 

Dislocations are irregularities in a crystal that occur 
due to lattice mismatch from one part of the crystal to the 
other. These irregularities cause defects and strains in 
the crystal structure. Table 1 showed that the strains and 
strains in the crystal structure of the produced films were 
smaller compared to the undoped films. Also, D the 



Turkish Journal of Engineering – 2024, 8(1), 107-115 

 

  109  

 

crystal size; ε, micro strain; ρ, defect density and d, 
distance between planes are calculated and given in 
Table 1. The positions of the peaks did not show a 
significant shift as the Co contribution had no or 
negligible effect on the strains in the lattice. Also, no extra 
peaks representing any copper-cobalt phase were 
detected, ultimately proving that this method can 
reliably produce samples in a single phase. In addition, 
since the ionic radii of Co+2 (0.74 Å) and Cu+2 (0.73 Å) are 
very close to each other, Co+2 can easily settle in the 
spaces left by the Cu+2 ion [30]. 

 

 
Figure 1. Diffraction patterns of Co-doped and undoped 

CuO films (S0: undoped, S (1-5): Co-doped CuO films). 
 

The mean crystallite size (D) was calculated from the 
full width (β) of the half-maximum of a peak using the 
Scherrer formula, using Equation 1. 
 

D=
K λ

βcos θ 
 (1) 

 
Here λ; is the wavelength of X-ray radiation, K; (fixed 

with a value of 0.94 not greater than 1) correction factor, 
θ; is the Bragg diffraction angle and β; is the width of the 
half-maximum of a vertex is the angular value of the 
vertices at full width [20]. 

Defective place density, which gives the number of 
defects in the structure, can be calculated with the 
following Equation 2 [20]. 
 

δ =
1

D2
 (2) 

 
A low value of the defect location density indicates the 

presence of crystallized wells. The micro strain (ε) of the 
films can be calculated using Equation 3 [20]. 
 

ε =
βcos θ 

4
 (3) 

 
Here; β is the full width half maximum and θ is the 

diffraction angle. The micro strain is caused by the ion 
diameter between the guest (Co, doping) element and the 
host (Cu, doped) element. However, since the ionic 
diameters of these two elements are very close to each 
other, it is thought that there is no significant change. 

The crystallite size values listed in Table 2 increased 
from 14.40 nm to 18.60 nm with increasing Co doping. 
According to Table 1, the increase in cobalt concentration 
increases the crystallite dimensions. It is seen that the 
increase in the crystallite size causes a decrease in the 
band gap. It was found that the increase in cobalt 
concentration caused the formation of other phase peaks 
of monoclinic CuO. This increase in peak density can be 
attributed to the increase in the crystallinity of the films.

 
Table 1. Some structural parameters obtained and calculated from the films (D, crystal size; ε, micro strain; ρ, defect 

density; d, interplane spacing). 

Samples 
(111) (111) (020) 

D (nm) ε (10-4) ρ (1015 cm-2) 
2Ɵ (º) d (Å) 2Ɵ (º) d (Å) 2Ɵ (º) d (Å) 

S0 35,672 2,510 38,810 2,318 53,670 1,707 14,40 29,19 4,91 
S1 35,735 2,511 39,000 2,308 53,770 1,704 16,00 23,28 4,22 
S3 35,676 2,514 38,920 2,312 54,050 1,695 17,20 23,25 4,19 
S5 35,669 2,515 38,875 2,315 53,870 1,700 18,60 23,09 4,14 

 
Table 2. Variation of CuO:Co films on atomic doping ratio percentages, crystallite sizes and optical band gaps. 

Samples Atomic contribution ratio (%) Crystallite Size (nm) Forbidden energy gap (eV) 
S0 0 14,40 1,64 
S1 1 16,00 1,55 
S3 3 17,20 1,52 
S5 5 18,60 1,44 

 
FESEM surface morphology images of Co-doped and 

undoped CuO films are given in Figure 2 and EDS 
spectrum is given in Figure 3. As can be seen in Figure 2, 
it was observed that the surface properties of CuO films 
changed significantly as a function of Co concentration. It 
was observed that the Co concentration had a significant 
effect on the shape and size of the nanostructures. It was 
found that the undoped CuO film has a regular and 
homogeneous distribution of micron-sized plates, on the 

other hand, these plates increase in size (from ~200nm 
to ~800nm) with the increase of Co concentration, and 
agglomerated heaps are formed on the film surface. In 
addition, it was observed that the gaps between the 
nano-sized plates decreased with the increase in the 
amount of Co. 

Here, it has been reported by researchers in the 
literature that the increase in grain size may have a 
positive contribution to the conductivity mechanism as it 
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will create less obstacle for the charge carriers [30,31].  
Figure 3 shows the chemical composition analysis result 
using the EDS spectrum of Co-doped and undoped CuO 
films. In the EDS spectrum, it was observed that there are 
peaks of Cu, Co and O elements. In Figure 3, it is clearly 

seen that the Co element enters the CuO matrix with the 
increase in the doping ratio. It can be interpreted by 
considering the obtained structural measurement (XRD) 
results that Co doping has a significant effect on the 
characteristic properties of CuO films. 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (k) 

   
(l) (m) (n) 

Figure 2. (a) 10kX, (b) 50kX and (c) 100kX, S0 coded samples; (d) 10kX , (e) 50kX and (f) 100kX belong to the S1 coded 
samples; FE-SEM surface morphology images of (g) 10kX, (h) 50kX and (k) 100kX and (l)10KX, S3 coded samples, (m) 

50kX and (n) 100kX, S5 coded samples. 
 

The optical properties of the films were calculated 
using the absorption spectra collected by UV-Vis. 
spectrophotometer. Tauc plots of the allowed band gap 
of the films as a function of Co contribution are given in 
Figure 4. Equation 4 was used to obtain the band gap 
values. 
 

ahv = C(hv − Eg)m (4) 

 
where C is a constant, a is the optical absorption 

coefficient and m =1/2 for direct allowed transition 
semiconductors. The point where the linear part of the 
Tauc plots shown in Figure 4 intersects the hv axis gives 
the band gap values of the films [33-35]. 

The calculated band gap of the forbidden energy of 
the films for S0-S5 at atomic concentrations of Co 
element, respectively; S0: 1.64, S1: 1.55, S3: 1.52, and S5: 
1.44 eV. The results are consistent with the literature 
[20]. Moreover, the change in band gap values versus Co 
doping is shown in Figure 4. It is seen that the Eg values 

of the films decrease with increasing Co concentration. 
This narrowing in the allowed band gap according to the 
additive concentration can be interpreted as a result of 
the band gap and crystallite size being inversely 
proportional to each other (Table 2). Similar behavior, 
Bayansal et al. [20] reported with the relationship they 
obtained as a result of cobalt doping. Bayansal et al. [20] 
reported this as the result of an effect that can be seen in 
nanoparticles due to the quantum confinement effect. 
Consequently, a change in particle and/or crystallite size 
directly affects the optical properties. As a result, Co 
doping has shown that it can be used to regulate the Eg of 
CuO films. 

In order to find the electrical activation energies of 
the impurity levels, the conductivity-temperature 
characteristics of the samples were investigated in the 
300-500 K temperature range by using the software 
prepared using LabVIEW graphical programming 
language and programmable precision multimeter (GW 
Instek 8261A) and voltage source (GW Instek 4303S) 
equipment. Conductive spring contact tips to be used in 
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two contact methods are used in FEIN brand and 
scientific circuit conductivity test (ICT) processes. These 
are gold-plated contact tips with a diameter of 0.6mm, 
low contact resistance, and stable measurement between 
-45° and +200°C. Contact tips can be made to contact the 
surface of the films directly or by taking an Ohmic 
contact. Here, ohmic contacts are formed on the surface 
of the films with silver conductive paste in order to 
increase the conductivity on the contact surface. 
Contributions from the contacts have been calibrated 

and eliminated to be minimized by software. According 
to the solid state theory of semiconductors, the 
temperature dependence of the dark electrical resistance 
of a semiconductor with one or more impurity levels is 
given by Equation 5 [39]. 
 

 R(T) = R0e
Eg

2kT + ∑(i=1)
n R0,i

′ e
∆Ei
kT  (5) 

 

 
Figure 3. Energy dispersion X-ray spectroscopy (EDS) spectra of (a) S0, (b) S1, (c) S3 and (d) S5 coded samples. 

 

 
Figure 4. Direct-allowed bandgap energy values of Co-doped and undoped CuO thin films. 



Turkish Journal of Engineering – 2024, 8(1), 107-115 

 

  112  

 

Here, the constants R0 and R(0,i)) define the 

temperature-dependent forbidden band gap energy, Eg 

the impurity level ionization energy, k the Boltzmann 
constant, and T the absolute temperature in Kelvin. In the 
temperature range region of 300-390 K, the overall 
electrical conductivity of a semiconductor is suppressed 
by the charge carriers produced by the ionization of 
impurity levels, and therefore the second term in 
Equation 5 dominates in this temperature range. With 
the increase towards high temperatures, the variation of 
the resistance of the semiconductor with temperature 
changes through band-to-band electronic transitions. 
Under these conditions, charge carriers acquire sufficient 
thermal energy to switch between bands [36]. According 
to the information above, they can be considered as 
independent values in the temperature ranges 
corresponding to the two terms appearing in Equation 5. 
Therefore, a series of linear trends appear, showing the 
band gap of the forbidden energy and a range of impurity 
levels (band gap states) in that gap. The slope of these 
linear regions formed, the electrical conductivity for a 
semiconductor such as CuO, is governed by the ionization 
of charge carriers at impurity levels in the investigated 
temperature range [37]. 

Therefore, the second term in Equation 5 is more 
dominant in R-T dependence. Upon increasing the 
temperature in the outer conductivity region, a decrease 
in electrical resistance (corresponding to a lower 
temperature range) is expressed by Equation 6 [36]. 
 

T = ∑(i=1)
n 𝑅(0,i)

′  exp (
∆Ei

k R(T)
) (6) 

 
Only one linear region was detected in Co-doped and 

undoped CuO thin films, and an impurity level could be 
calculated for each sample. Using Equation 7, it can be 
written as [36];  
 

∆E = k
d(lnR(T))

d (
1
T

)
 (7) 

 
Figure 5a shows the changes in the current depending 

on the temperature in the films (S0, S1, S3, and S5). By 
calculating the ionization energy values of the pollution 
(impurity) level against the Co additive concentration, 
S0: 0.134; S1: 0.165; S3: 0.17 and S5: 0.232 eV. Also, the 
change in activation energy values versus cobalt additive 
concentration is given in Figure 5b. The activation energy 
level represents the energy difference between the 
acceptor level and the valence band in the inner drawing 
shown in the graph in Figure 5b. Thus, the amount of 
energy required for the charge carriers located in these 
intermediate levels (pollution/impurity) between the 
valence and conductivity energy levels to pass into the 
conduction band and contribute to the electrical 
conductivity can be calculated using the temperature-
dependent current voltage measurement technique. 
Thermally activated band conductivity is defined by 
Equation 6. Activation energy for thermally activated 
band conductivity; The majority depends on the charge 
carrier concentration and the impurity energy levels. The 
change in charge carrier concentration changes the 
Fermi energy level in the Eg energy range, resulting in an 
increase or decrease in the activation energy [38]. When 
the calculated forbidden energy band gap (Eg) values of 
the samples are examined, it is observed that the Eg 
values decrease (Figure 4) and the activation energy 
level values (Figure 5b) increase with the increase in the 
amount of doping. As Nguyen et al. reported in their 
study, this contradicts their interpretation of Donor-type 
load bearers. Because the CuO semiconductor used in our 
study has p-type electrical conductivity. For this reason, 
it can be interpreted that the increase in carrier 
concentration will decrease the Fermi energy level in the 
Eg energy range and this may cause an increase in the 
activation energy. Thus, it can be said that the results are 
compatible with the literature. 

 

 
(a) (b) 

Figure 5. Variations of (a) current with temperature and (b) impurity levels with Co concentration. 
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According to the results obtained are compatible with 
the experimental results of XRD and FESEM analyzes 
(Figure 1 and Figure 2) because, according to these 
results, it is seen with the results of both methods that 
the crystallite and grain sizes increase with increasing Co 
concentration. As the crystallite size increases, the grain 
sizes increase, the contact surface areas between the 
grains increase, and therefore the gaps at the grain 
boundaries decrease. As a result, the scattering of 
carriers at grain boundaries is reduced [39]. As a result 
of this decrease, the number of load carriers participating 
in the transmission increases. Similar results were 
reported by Patil et al. [40]. The calculated activation 
energies are much smaller than the optical band gap 
energy (<<Eg/2), which can be interpreted as the 
transmission of charge carriers from the valence band to 
the acceptor level [38]. 
 
 

4. Discussion 
 

According to the results obtained valuable 
information given as below; 

 

❖ According to X-ray diffraction spectrum data, it was 
determined that CuO and CuO:Co films have 
monoclinic crystal structure. It was determined that 
Co atoms penetrated CuO well and the preferential 
orientation of (1̅11) and (111) did not change with 
the increase in Co doping concentration. The increase 
in cobalt concentration increases the crystallite size. 
It is seen that the increase in crystallite size causes an 
increase in the activation energy values depending on 
the thermal conductivity together with the band gap. 
The crystallite size of undoped CuO (14.40 nm) 
increased with doping and the highest crystal size 
was calculated as 18.60 nm for the film with the 
highest Co concentration (S5). 

❖ According to the FESEM images, a structure 
consisting of dense void-free nano-sized plates was 
seen. It was observed that the surface morphologies 
of the films changed depending on the Co 
concentration. It was observed that the gaps between 
the nano-sized plates decreased with the increase in 
the amount of Co. It has been observed that the 
average dimensions of these structures vary between 
200-800 nm. It has been interpreted that Cu and Co 
elements have different atomic radii (Co: 167 pm; Cu: 
157 pm) and electronegativity (Co: 1.88; Cu: 1.90) 
and the free surface energy and thermodynamic 
equilibrium states have an effect on the growth of CuO 
crystals. It was observed that the peaks of Cu, Co and 
O elements were observed in the EDS spectrum, and 
the change in the spectrum with Co concentration was 
clearly seen. 

❖ Examining the optical behavior, it was determined 
that Co-doping was dominant on Eg of CuO films. This 
situation is directly related to the surface 
morphologies of the films produced. Because a 
change in particle/crystallite size directly affects the 
optical properties. The calculated band gap of the 
films was calculated as S0: 1.64, S1: 1.55, S3: 1.52 and 

S5: 1.44 eV for S0-S5, respectively, according to the 
atomic concentrations of Co element. 

❖ It has been determined that Co doping, which has a 
significant effect on its electrical properties, increases 
the activation energy values. Activation energy 
values, S0: 0.14; S1: 0.16; S3: 0.17 and S5: 0.23 eV. It 
was found that as a result of the formation of larger 
nano-sized plates with the increase of the additive 
amount, the gaps between these nanostructures 
decreased. Since these gaps act as scattering centers 
for charge carriers, the increase in conductivity value 
is directly related to the surface morphology.  

 

5. Conclusion  
 

In this study, CuO films doped with CuO and atomic 
additive ratio (1.0; 3.0; 5.0%at.) were deposited on glass 
substrates by using chemical bath deposition technique. 
The effects of Co concentration in CuO host on structural, 
morphological, optical and electrical properties were 
investigated in detail.  

Thus, according to all data obtained from XRD, 
FESEM and Optical band measurement results, it was 
observed that each of the structural, morphological and 
optical parameters had significant effects on the 
electrical behavior of Cobalt doped CuO thin films. The 
research results show that some physical parameters of 
the CuO can be easily controller via doping Cobalt.  
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