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Abstract: Copper oxide thin layers were prepared by sol-gel dip-coating technique. The effect of thickness on 
morphology, structure, optical and electrical properties was investigated in this study. Copper chloride dihydrate 
dissolved in methanol was used as precursor material. The scanning electron microscopy results showed more 
continuity in formation of the clusters and nuclei with the increase in the number of the dips. X-ray diffraction 
studies showed that all the films were polycrystalline cupric oxide CuO phase with monoclinic structure and grain 
size in the range of 30.72 - 26.58 nm. The obtained films had clear black in appearance, which was confirmed by 
the optical transmittance spectra. The optical band gap energies of the deposited films varied from 3.80 to 3.70 eV. 
The electrical conductivity of the films decreased from 1.90ₓ10-2 to 7.39ₓ10-3 (Ω.cm)-1. 
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1. INTRODUCTION 

Metal oxides are in the midst of the most 
fascinating classes of solids with a variety of 
structures, properties, and applications [1]. The 
copper oxide; among these oxides, exists in two 
stable phases namely CuO and Cu2O with 
different properties [2]. An intermediate 
compound between the previous two, a 
metastable copper oxide, (Cu4O3) has been also 
re-ported [3]. The most stable one at room 
temperature is cupric oxide CuO with monoclinic 
crystal structure is an important p-type 
semiconductor with an optical band gap ranging 
from 1.2 to 1.6 eV and a high absorption 
coefficient [4]. Cupric oxide thin films has 
demon-strated a potential use in many 
applications, such as catalysis [5], combustion 
enhancement [6], corrosion protection [7], water 
splitting [8], lithium batteries [9], gas sensors [10] 
and absorber layer in solar cells [11].  
Copper oxide was synthesized using various 
physical, electrochemical and chemical 
deposition techniques including sputtering [12], 
electro-deposition [13], spray pyrolysis [14] and 
sol-gel dip-coating [8, 15]. Although copper 
oxide thin films deposited with different soft 
chemistry techniques such as spray pyrolysis 
show good properties for most of the cited 

applications, the dip coating method is one of the 
low-cost and easy processing methods. It has 
attractive advantages including a nonhazardous 
and well suitable for deposition at low 
temperatures [16]. It is reported that it produces 
homogeneous film structure with for large area, 
good crystallinity, fairly good stoichiome-try and 
thickness, and phase purity at ambient depositions 
conditions [7-8, 16-18]. 
Copper oxide is mainly a p type semiconductor 
[19]. It has suitable properties for specific 
applica-tions such as p-n junction diodes [20], 
solar cells [21], gas sensors [22], and electrode 
materi-als for lithium batteries [23]. 
It is well known that the deposition techniques 
alter the structure and morphology the produced 
thin films and hence changing their physical 
properties.  
In this study, copper oxide thin films were 
deposited on glass substrate by sol gel dip-coating 
technique. The number of dip times (number of 
dips) of the films were varied from one to five in 
order to control the thickness and the quality of 
the films. The influence of the thickness of the 
films on the main optoelectronic properties when 
varying number of the dips is studied and cor-
related to the morphological, structural 
properties. 
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2. EXPERIMENTAL PROCEDURES 

Copper chloride dihydrate (CuCl2, 2H2O) as a 
precursor is dissolved in methanol (CH3OH) with 
a concentration of 1.5 mol/l before putting the 
solution in stirrer for about 15 minutes. The final 
solution was heated at 45 (°C). The obtained 
solution was dark green without any suspension 
of particles. The glass substrates were cleaned 
using ethanol for 10 minutes followed by acetone 
then rinsed using deionised water and dried with 
an electrical drier. 
The Copper chloride dihydrate (CuCl2, 2H2O) 
reacts with methanol during the sol-gel pro-cess 
and gives copper oxide as shown by the chemical 
equation [24]: 

(CuCl2, 2H2O) + CH3OH → CuO + CH3Cl + HCl 
+ 2H2O 
Hydrogen chloride evolves out and the remain 
solution (ܪܥଷ݈ܥ ൅  .is dried in the furnace	ଶܱሻܪ2
The glass substrates were dipped into the solution 
for 5 minutes with a withdrawal speed equal to 
1330 (µm/s), this process is repeated from one to 
five times to achieve various thicknesses. The 
obtained films were dried in infrared drier for 5 
minutes at 100 (°C) immediately, after the drying 
process the thin films were annealed in furnace 
for 60 minutes at 500 (°C) with heating rate of 
16.7 (°C/min) to further increase the crystallinity 
of the films. The films are left to rest in the 
furnace till reaching the ambient temperature in 
order to avoid film's cracking. 
The thickness of copper oxide films was 
measured using the approximate gravimetric 
method where the weight measurement of the 
substrate before and after deposition by using an 
accurate balance. Supposing a constant and 
uniform density of the film's material; the surface 
substrate and the density values give access to the 
thickness using the following equation is [26]: 

݀ ൌ ௠

ሺ௚∗஺ሻ
                             (1) 

Where g, m, and A are the film material density, 
its mass, and the substrate area, respectively. 
TESCAN VEGA3Scanning Electronic 
Microscopy (SEM) was used for analyzing 
surface morphology. The X-ray diffraction 
patterns were carried out using Rigaku-Type 
MiniFlex 600 with Cu Kα radiation (λ= 1.5418 Å) 
to identify the structure information. The grain 
sizes are calculated using the Scherer formula 
from the relevant XRD peaks of the spectrum [27]: 

D ൌ ଴.ଽఒ

ఉ ୡ୭ୱ஘
                             (2) 

where D is the average size of grains in the film, 
 is the full ߚ	,is the X-ray wavelength (1.5418 Å) ߣ
width at half maximum (FWHM) of the peak in 
radians and ߠ is Bragg’s angle. 
The investigation of the optical properties in the 
wavelength range 300- 1500 nm is achieved using 
a JASCO V-770 spectrophotometer. In order to 
determine the optical band gap energies Eg of 
cupric oxide of the thin dips Tauc’s formula is 
used [24]: 
h߭ߙ ൌ ሺh߭ܣ െ  ௚ሻ௡                    (3)ܧ

where A is a constant, Eg the semiconductor band 
gap and n is a number equal to 0.5 for the direct 
gap and 2 for indirect gap compounds. The band 
energies are then obtained by extrapolating the 
linear portion of (ߙh߭ሻ 2 versus h߭  plots to the 
energy axis at ሺߙh߭ሻଶ ൌ 0 . The band tail states 
absorption due to the localized states called 
Urbach tails; which extend into the band edge, is 
calculated from the following equation [30]: 

α ൌ α଴e
౞ಝ
ు౫                            (4) 

Where ߙ	0: is the pre-exponential factor, hν the 
photon energy and Eu is the band tail width or 
disorder energy. The determination of the 
electrical conductivity is conducted using the 
four-point probe measurement technique with a 
KEITHLEY 2400 as a source meter. 
The electrical properties of the cupric oxide thin 
films were characterized by the four-point probe 
method to determine the resistivity using the 
following formula [30]: 

ߩ ൌ ݀ሺ ஠୚

	୪୬ሺଶሻ୍
ሻ                          (5) 

Where ρ: is the resistivity, d is the film thickness, 
the measured V is the voltage and I is the current. 

3. RESULTS AND DISCUSSION 

3.1. Physical properties 
The surface morphology of the copper oxide thin 
films was investigated by using SEM and the 
photographs are shown in Fig1. The 
magnification is taken about 5.00 kx for all the 
films.  
It is clear that the growth of copper oxide thin 
films is affected by the layer’s number. The first 
sample of 1 layer shows a covered surface with 
some cracks contrarily to the rest of the samples 
where they are completely covered. 
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Fig. 1. SEM images for the deposited CuO dips; (a) 1 layer, (b) 2 dips, (c) 3 dips, (d) 4 dips and (e) 5 dips.

Isolated grains are also formed and change in 
form and density when the number of dips 
changes. These agglomerates increase in number 
and decrease in size with the increase of the 
thickness till the film become ho-mogenous and 
an amelioration (decrease) of the film roughness 
is gained with the number of deposited dips is 
evident. For the sample of containing 5 dips, the 
film photograph was taken near to the substrate 
edge and show that the film becomes denser 
forming a continu-ous network where the surface 
are free of cracks. The number of dips affects the 
film by adding more matter accompanied by an 
increase in its thickness.  
In table 1, the thickness values of the deposited 
films with the growing num-ber of dips are listed. 
It can be seen that these values indicate clearly 
that the thickness increases with the number of the 
dips from the hundreds of nanometer to the 
micrometer range. A similar effect was reported 
for TiO2 thin films [25], tin oxide [26], and for 
silica thin films [7]. This fact endorses the 
improvement of the morphology seen in the SEM 
mi-crographs. 

Table 1. The thickness values of copper oxide CuO 
thin films. 

 

3.2. Structural properties 

The XRD diffractograms of different films are 
recorded and shown in Figure 2 and it is 
compared with JCPDS n° 01-074-1021 for the 
thickness of 471.04 because it shows three peaks 
near to 31.80°, 35.60° and 38.75° which are 
matched to (110), (-111) and (111) reflec-tions of 
cupric oxide (CuO) respectively. The preferential 
orientation is the (110) for the film with one layer 
while for the samples with two to five dips the 
peak of 31.80° disap-pears completely. Compared 
with JCPDS card n° 01-080-1268, we found that 
the preferen-tial orientation becomes the (-111) 

Sample Thickness (nm) 
1 dip 471.04 
2 dips 556.64 
3 dips 764.61 
4 dips 834.01 
5 dips 1219.36 
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for all these samples. All the peaks of the samples 
reveal that the deposited films are composed of 
single phase CuO with monoclinic crystal struc-
ture belonging to C2/2 space group and no other 
related peaks refer to Cu2O and Cu4O3 phases are 
seen. The change in the crystallographic orientation 
from (-111) to (111) is probably due to the change 
in stress within the films as the number of the dips 
increase, as we will see in the next paragraph. 

The intensity of the peaks is significantly 
increasing from the sample of 1 to 2 dips and after 
that it decreases for the case of 3 dips sample 
(764.61 nm), then it increases due to the 
improvement of the crystallinity of the films 
which is in good agreement with the mor-phology 
of surfaces becoming denser due to the 
coalescence and the gathering of the ag-
glomerates. 

 
Fig. 2. X-ray diffraction patterns for the CuO thin films as afunction of thenumber dips. 

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0

100

200

300
0

100

200

300
0

100

200

300
0

100

200

300
0

100

200

300

(1
11

)
(-

11
1)

(1
10

)

2 theta (°) 

1 dip

2 dips

3 dips

4 dips 

In
te

n
si

ty
 (

a.
 u

.)

5 dips (111)
(-111)

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.2

58
2 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 c
em

st
.iu

st
.a

c.
ir

 o
n 

20
26

-0
6-

05
 ]

 

                               4 / 8

http://dx.doi.org/10.22068/ijmse.2582
https://cemst.iust.ac.ir/ijmse/article-1-2582-en.html


Iranian Journal of Materials Science and Engineering, Vol. 19, Number 1, March 2022 

5  

The calculated values of grain size are listed in 
Table 2. As we can see, the average crystal-lites 
size deceases from 30.72 nm to 26.58 nm with the 
increase of the thickness which is probably due to 
the increased growth velocity and/or the viscosity 
of the solution precursor as suggested by C. 
Euvananont et al. [27]. The obtained values of 
grains sizeare in good agreement with those 
reported by other research [28, 29]. 
The micro-strain results from the geometric 
mismatch at inter-phase boundaries (misfit), and 
between crystalline lattices of films and substrate 
affects the film structure and hence its properties. 
The micro-strain (Ɛ) values of CuO films are 
calculated from the values of the full width at 
half-maximum (FWHM) in radians of the two 
peaks (-111) and (111) by using the following 
formula [21]: 

ߝ ൌ
ఉ ୡ୭ୱ஘

ସ
                            (6) 

The calculated values of the micro-strain are 
listed in Table 2. It can be seen that they varied 
inversely with grain size and the intensity of the 
XRD peaks. The change in film thickness as the 
number of dips rises affects the grain size; which 
is accompanied by a change in the grain 
boundaries. As a result, the micro-strain changes 
within the grains in the film. 

3.3. Optical properties 

The optical transmittance spectra of CuO thin 
films were recorded as a function of the 
wavelength in Ultra Violet-Visible and Near Infra 
Red regions (300-1500). The relevant da-ta are 
illustrated in Fig3. The transparency of the films 
increases with the increase of the thickness from 
28(%) for 1 layer until it reaches 47(%) for 3 dips 
in the UV-Vis region, then it decreases. It is 

remarkable that between 300 and 350 nm, a 
strong absorption occurs due to the transition of 
electrons from the valence band to the conduction 
band. 

 
Fig. 3. The optical transmittance spectra of the 
obtained films of CuO elaborated with various 

thicknesses. 

The band gap and Urach tail energies of our films 
are obtained using equations 3, and 4 respectively. 
The band gap value increases from 3.80 to 3.88 
eV with the increase of number of the dips from 
1 to 3 and, then decreases to reach 3.70 eV for 5 
dips. The evolution of the band gap energy is 
attributed; in one hand, to the change in the film 
crystallinty, and; by the band tails states (or 
Urbach energy E00) on the other hand. In fact, the 
two phases (-111) and (111) coexist and compete; 
and the average grain size decreases till 4 dips 
then it in-creases slightly.  
The variation of the band gap is inversely 
correlated to the (111) phase grain size, and to the 
Urbach tail energy thus diminishing the energy 
distance between the valence and conduction 
bands.  

Table 2. Some structural properties of the deposited copper oxide thin films. 
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Sample Phase 2θ(°) Plane D (nm) Dmoy (nm) Strain *10-4 Strainmoy* 10-4 

1 dip CuO 

31.7789 (110) 56.60 56.60 6.1223 6.1223 

35.6318 
38.7390 

(-111) 
(111) 

33.42 
28.01 

30.72 
0.1038 
0.1239 

0.1139 

2 dips CuO 
35.6085 
38.7928 

(-111) 
(111) 

39.88 
18.89 

29.34 
8.6989 
0.1837 

4.4413 

3 dips CuO 
35.6266 
38.8034 

(-111) 
(111) 

37.43 
17.71 

27.57 
9.2683 
0.1959 

4.7321 

4 dips CuO 
35.6260 
38.7500 

(-111) 
(111) 

32.84 
20.32 

26.58 
0.1056 
0.1707 

0.1382 

5 dips CuO 
35.5455 
38.8000 

(-111) 
(111) 

31.98 
23.52 

27.75 
0.1085 
0.1475 

0.1280 
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The calculated band gap energies are higher than 
those re-ported in reference [15] where the band 
gaps are in the range 1.9 - 2.10 eV depending on 
the Cu2O or CuO film crystal type composition. 
The band gaps increase in our case can be 
attributed to quantum confinement effect [25, 26] 
due to the nanometric grains size, which it is 
apparent from the blue shift of the absorption 
edge, compared to the bulk oxide. A blue shift is 
observed in the CuO films obtained with high 
concentration solution (1.5 mol/l) which gives 
more copper to the film. These films were 
annealed for sufficient duration of time with a 
heating rate of 16.7°C/min which increases the 
rearrangement of the films network. 
And it changes with the band gap energy 
inversely and its values are between 320 to 730 
meV. These tail bands result essentially from 
disorder and traps in the regions be-tween grains 
and create states in the original perfect crystal 
structure and hence narrows the energetic 
distance between valence and conduction bands 
therefore resulting in lower-ing the band gap. This 
is in good agreement with the above analysis of 
the films structure. 

 
Fig. 4. Band gap energies and Urbach energies of 
CuO thin films asa function of thenumber of dips. 

3.4. Electrical properties 

The electrical resistivity is calculated using 
equation (5) and is illustrated in figure 5.It can be 
seen that the resistivity increases with increasing 
in the thickness and its values are in the range of 
tens to hundreds of (Ω.cm) as showed in figure 5. 
Similar behaviour with the change in the 
electrical resistivity has been reported by Hashim 
et al. [33]. This parameter is strongly related to 
the film’s structure because of the decrease in the 
grain size which gives an increase of the grain 

boundaries and the density of charge carriers traps 
which reduces the mobility of charges and hence 
leading to higher resistivity. 

 
Fig. 5. The electrical resistivity of the deposited films 

of CuO as function of number of the dips. 

4. CONCLUSIONS 

Sol-gel dip coating method was used successfully 
to develop polycrystalline cupric oxide thin films 
deposited onto glass substrate. The number of the 
dips as an effective parameter on the physical 
properties was fully studied. The preferential 
growth orientation (-111) of monoclinic structure 
belongs to 2C/2 group space and the grain size 
decreased from 30.72 to 26.58 nm with the 
increase in the film thickness. The FWHM of the 
obtained films increased from 0.17° to 0.25° with 
the  increase in the film thickness from 471.04 to 
1219.36 (nm). Increasing the layer’s number led 
to a decreased stress which was related to the 
improvement in film’s crystallinity. The recorded 
UV-Vis spectra showed that the CuO thin dips are 
relatively transparent in UV-Vis region and 
transparent (around 65 %) in the NIR range.  The 
band gap energies are higher than in the bulk 
material which may be due to the quantum 
confinement effect. The resistivity of the films 
increased from 52.52 to 135.40 Ω.cm with the 
increase in the film thickness. The results 
concludes that the obtained CuO films may be 
considered as potential candidates for 
photovoltaic applications and optoelectronic 
devices. 
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