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Abstract
Copper oxide nano layers were prepared on glass and SiO2 amorphous substrates by chem-
ical bath deposition (CBD) technique at different deposition times as 30, 60 and 90 min 
and then post annealed at 250°C for 1 h. Their crystallography, phase transitions, element 
analysis and nanostructures were investigated by X-ray diffraction (XRD), scanning elec-
tron microscope (SEM), energy-dispersive X- ray spectroscopy (EDAX) and atomic force 
microscopy (AFM) analysis. Optical reflectance was measured in the wavelength of 350–
1100 nm by spectrophotometer instrument. We used Kramers–Kronig relations to investi-
gate the relation between deposition time and optical parameters. The XRD spectra shows 
a mixed phases of CuO and Cu2O, but the monoclinic crystalline CuO phase is dominant. 
SEM images shows large particles with big fraction of voids between them for 30  min 
deposited film while, increasing deposition time caused to smaller particle size with round 
shapes. Deposited sample at 90 min has the higher absorbance because of low fraction of 
voids and configured complete sample. By increasing deposition time, the band gap ener-
gies decreases at first and then increases.

Keywords  Copper oxide · Kramers–Kronig · Chemical bath deposition · Optical 
properties · Band gap

1  Introduction

Copper oxide-based materials have been broadly investigated owing to their potential 
applications in several fields. There are two common forms for copper oxide, cuprous 
oxide or cuprite (Cu2O) and cupric oxide or tenorite (CuO) (Rai 1988). Cupric oxide 
(CuO, tenorite) has a monoclinic structure with a narrow band gap in the range of 
1.2–1.5 eV at room temperature with lattice parameter a = 4.6837 Å, b = 3.4226 Å, 
c = 5.1288 Å and β = 99.54° (Rakashani 1986), whereas cuprous oxide (Cu2O, cuprite) 
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has a cubic (a = 4.253 Å) structure with a direct band gap of 2.0 eV (Han and Tao 2009; 
Hara et al. 1998). Both phases usually show p-type conductivity, but n-type conductiv-
ity was also reported (Ozer and Tephan 1993).

CuO and Cu2O thin layers have applications in photocatalyst (Parretta et al. 1996), 
electro chromic devices (Richardson et al. 2001), solar cells (Mittiga et al. 2006), field 
emissions (Zhu et  al. 2005), smart windows, microwave dielectric materials (Golden 
et al. 1996), high Tc superconductors (Ristov et al. 1985), supercapacitors (Selvamani 
et  al. 2020), gas sensing (Nair et  al. 1999), batteries (Fu et  al. 2007), and biosensors 
(Huang et al. 2015).

Copper oxide thin layers have been deposited using different techniques such as reac-
tive sputtering (Dolai et  al. 2017), electron beam evaporation (Baturay et  al. 2019), 
ultrasonic spray pyrolysis, oxidation of copper sheet (Madkour” 2021), spin coating 
(Baturay et  al. 2019), chemical bath deposition (Wang et  al. 2004), thermal evapora-
tion (Huang et al. 2004),electro deposition (Gou and Murphy 2003), microwave (Volanti 
et  al. 2010), pulsed laser deposition (Chen et  al. 2009) and molecular beam epitaxy 
(Kita et al. 1994).

Depending on the kind of application, all these deposition methods offer different 
advantages. Among these techniques, chemical bath deposition is one of the chemical tech-
niques and essentially suitable for the solar cell production, because it is an inexpensive, 
simple, low-temperature technique for nanostructured growth and uniform thin films with-
out high vacuum and have feasibility for large area deposition, mild reaction conditions and 
good control over deposition process (Mukherjee et al. 2020).

Ramya et al. (2015) have been used chemical bath deposition method for synthesizing 
CuO thin films on glass substrates by varying the solution PH. They have investigated the 
effect of the solution PH on structural, optical and electrical properties of films.

CBD used by Saadaldin et al. (2015) for deposition of copper oxide thin films on the 
glass substrates at room temperature for 20 s intervals. They have deliberated the effect 
of annealing on the properties of the deposited films. The film’s structure had significant 
improvement at different annealing temperature.

Cetinkaya et al. (2013) have been synthesed CuO interlayers in the CuO/p-Si schottky 
diodes by using CBD and sol–gel methods. The film that grown via CBD method was 
denser than the film grown by sol–gel method. They reported that crystallization with CBD 
method is better than sol–gel method. They have concluded that, CBD is useful and effec-
tive technique to modify the device parameters of the diode.

Xu et  al. (2013) have been deposited the CuO films with different particle shapes by 
CBD technique. Also Xu et al. (2011) studied on nanostructured CuO thin films that have 
been prepared by CBD on glass substrate at 40–80°C for 1–5 h with PH value ranging from 
8.5 to 10.

In the present work, copper oxide (CuxO) layers are deposited by CBD technique at dif-
ferent deposition time (30, 60, 90 min) and the same other deposition parameters, such as 
growth temperature, PH value and deposition runs. The structural and optical properties 
of produced thin layers were analytically investigated as a function of deposition time by 
different techniques like X-ray diffraction (XRD), scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDAX) and atomic force microscopy (AFM). Opti-
cal spectra are determined by spectrophotometry.

There are many different methods that have been used for calculating the optical con-
stants of materials but there are a few reviews about nanostructured CuxO films based 
on Kramers–Kronig analysis for study of optical properties. Kramers–Kronig analysis is 
one of the most common techniques over the whole measurement range. The reflectance 
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spectra of the deposited layers on solid surfaces, optical constants such as real and imagi-
nary part of refractive index (n and k) can be determined (Dolai et al. 2017).

2 � Experimental details

Standard 1cm × 1cm × 1 mm thick glass slides were used as substrates. All the substrates 
were cleaned by acetone, isopropanol and de-ionized (DI) water under ultra-sonic action 
bath. 25 mL of copper chloride (CuCl2) as sources of Cu2+ and NH3 as complex agent of 
the Cu2+ and 100 mL water distillated are mixed and prepared as same aqueous solution in 
several flasks. This reaction takes place during deposition:

The color of aqueous solution was black. Formed mixtures are thoroughly stirring for 
one minute in order to dissolve and solution to become homogeneous and aqueous solu-
tions were appeared. The substrates were maintained vertically in these reaction flasks for 
30, 60 and 90 min as deposition time. The deposited films were annealed in air at 250 °C 
for 1 h. Annealing is a vital way to control the phases of the deposited thin films. Both 
phases of CuxO could be created by varying the atmospheric condition (vacuum, air) and 
annealing temperature (Patwary et al. 2022).

Phase structure of the deposited CuxO layers are identified using an X-Ray Xpert MPD 
diffractometer (CuKα radiation, λ = 0.15406 nm) with step size of 0.03 and count time of 1s 
per steps. Nano structures are investigated by SEM (S-3400, Hitachi, Japan). Surface physi-
cal morphology is obtained by means of AFM (Dual Scope ™ DS, 95–200/50) instrument.

3 � Result and discussion

3.1 � Structural properties of CuxO nano layers

3.1.1 � X‑ray diffraction analysis

To study of the crystalline structure and phase identification of CuxO nano layers, the XRD 
was used with a source of CuKα with wavelength λ = 1.5406 A. The XRD patterns were 
measured between the range of 2ϴ = 20 to 70°.

Figure 1 shows the variation of XRD patterns at different deposition times.
The XRD spectra display good crystalline structure of CuO phase in the deposited sam-

ples. Some of the small peaks are related to both Cu2O and CuO phases. By increasing 
deposition time, chemical reaction of CuCl2 with H2O increases, thus the rate of CuO for-
mation increases and leads to decrease in Cu2O and Cu phase in the XRD results. The 
observed CuO (111) reflection at 2ϴ = 35.49° has the highest intensity. As can be seen, the 
samples showed a high degree of crystallinities. Additionally, the Cu2O phase has a promi-
nent peak at 2ϴ = 36.45° that observed at samples.

The XRD results show that the mixed phases of CuxO are appeared but the monoclinic 
crystalline CuO is dominant. CuO is more stable than Cu2O, and more easily prepared.

By increasing deposition time, the color of samples and their reaction solutions change 
from brown to black that can also be attributed to increasing the CuO phase.

CuCl2 + H2O = CuxO + 2HCl
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In copper oxide, copper ion vacancies (or excess oxygen ions) are the main sources 
of acceptors, that causing to p-type conductivity (Siripala and Premasiri Kumar 1989). 
Table 1 shows XRD diffraction peaks for nano layers produced in this work.

Fig. 1   XRD pattern of CuxO thin layers produced by CBD method at different deposition times, sample I) 
30, sample Π) 60 and, sample Ш) 90 min

Table 1   XRD diffraction peaks 
of CuxO layers

2ϴ (hkl) CuO Cu2O Cu Sample

29 (110) – ● – I
32.4 (1 11) ▲ – – I, II, III

35 (112) ▲ – – I, II, III
36.5 (111) – ● – I, II, III
38 (111) ▲ – – II, III
43 (200) – ● – I, II, III
43.5 (111) – – ■ I, II
46 (1 12) ▲ – – I, II, III

51 (020) ▲ – – I, II, III
53.5 (221) ▲ – – I, II, III
58 (202) ▲ – – I, II, III
61 (1 13) ▲ – – II, III

67 (220) ▲ – – I, II, III
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3.1.2 � Energy dispersive X‑ray spectroscopy

The element analyses of produced layers were investigated by EDAX that is shown in 
Fig. 2. The copper and oxygen peaks were observed in the spectrum with the small peak of 
chloride and Si.

Fig. 2   EDAX images of CuxO thin layers produced by CBD method at different deposition times, a 30, b 
60 and c 90 min
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The Cu/O ratio decreases with increasing deposition time. The deposited layer at 90 min 
has a more oxygen-rich composition. Increasing in the deposition time can be leading to 
increasing oxygen content in the layer.

3.1.3 � Scanning electron microscopy analysis

Figure 3 show scanning electron microscopy images of copper oxide thin layers produced 
by CBD method at different deposition times in this work. SEM images are completely in 
agreement with XRD diffraction and different nanostructure shapes are because of differ-
ent chemical deposition times also because of both CuO and Cu2O phase in samples. As it 
can be seen from Fig. 3a, layer seems to consist of large particles along with big fraction of 
voids between them. By increasing deposition time to 60 min, the particle size was reduced 
and the shape was changed to more rounds. It is because of convenient time for chemi-
cal reactions in aqueous solution. Both nucleation and growth process happens. Grains are 
semi amorphous that is in exact agreement with XRD results (Fig. 1b).

The layer deposited at 90 min covered by tiny and a similarly particles. This sample is 
more compact than other samples. Nucleation, growth and coalescence process happens 
and fraction of voids very decreased (Fig. 3c).

3.1.4 � Atomic force microscopy analysis

Figure  4 shows atomic force microscopy of copper oxide thin layers produced by CBD 
method at different deposition times. As it can be seen, deposition time has strong influ-
ence on the CuxO thin film morphologies.

In the 30 min deposition time, the non-uniform grains with a voids between them occur-
rence on the surface of thin film. In Fig. 4b, the morphology is changed and tiny compact 
grains are appeared on the surfaces of the film. The film has dense structure. By increas-
ing the deposition time to 90 min, the film surface is full of grains along with lower void 
between them. The film has grainy structure with separate grains on the surface.

3.2 � Optical properties

We were used to the Kramers–Kronig relations to calculate the phase angle �(E) that 
have explained in our earlier works (Kangarlou et al. 2015; Mohammadzadeh Bazarchi 

Fig. 3   Scanning electron microscopy images of CuxO thin layers produced by CBD method at different 
deposition times, a 30, b 60 and c 90 min
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et  al. 2020; Esmaili and Asgary 2021; Entezar Mehdi et  al. 2018; Nasiri Sarvi et  al. 
2020; Kangarlou and Asgary 2022), extensively.

where E indicates the photon energy, E2 is the asymptotic limitation of the free-electron 
energy, and R(E) is the reflectance. Therefore, the ϴ(E) can be calculated. After that, the 
real and imaginary parts of the refractive index were obtained.

Figure 5a, b show the transmittance and reflectance curves of CuxO layers produced 
in this work. As it can be seen in Fig. 5a, b, the increase in deposition time affects the 
transmittance spectra. With increasing deposition time, transmittance decreased. This is 
maybe due to the formation of the voids on the layer. It can be seen that transmittance 
curves begin from minimum and basically end to a maximum. The effect of voids on the 
optical properties of the deposited thin films at different deposition time, were investi-
gated by the Bruggman effective-media approximation (Cardoso et al. 2001) and its ver-
sion developed by Ghodsi et al. (2007).
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Fig. 4   AFM images of CuxO layers produced by CBD method at different deposition times, a 30, b 60 and 
c 90 min
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Rajesh Kumar et al. (2017) reported, increase in the optical transmittance of nanostruc-
tured Cu2O thin films at different substrate temperatures owing to improvement of struc-
tural homogeneity and film’s crystallanity.

Aswad et al. (2021) calculated optical constants for CuO thin films deposited by CBD 
method.

In their results, all optical constants decrease at the visible region with increasing wave-
length and increase with increasing deposition time, except for transmittance. It increases 
with increasing wavelength and decrease with increasing deposition time.

When light interacts with a material, two important values are describing the optical 
properties. They are usually characterized as a complex numbers and involve of the index 
refraction (n) and extinction coefficient (k).

Figures 6a, b display the real part of refractive index (n) and the extinction coefficient 
for produced thin films, respectively. Extinction coefficient defines how fast light disap-
pears in the medium and is correlated to absorption coefficient (α). By increasing deposi-
tion time, n values increased.

Figure 7a illustrations the real part of dielectric constant (ε1). The real part of dielectric 
constant of deposited films increases with increasing growth time. Two structural peaks are 
seen at 1.9 and 2.35 eV energies for all layers. The real parts of dielectric constants for 60 
and 90 min samples have almost the same trend.

Figure 7b shows the imaginary parts of dielectric constants for deposited thin films. In 
contract with extinction coefficient curves, the 90 min sample has the highest imaginary 
part of dielectric constant because of lower fraction of voids and higher fraction of grains.

The absorption spectrum of CuO thin films deposited in different growth time is shown 
in Fig. 8. The experimental absorption coefficient is calculated by following equation:

where c and k(E) are the velocity of light and the imaginary part of refractive index, 
respectively.

There is a clear difference between the absorption curves of the thin films especially 
for 90 min deposited sample. The absorption properties were greatly related to the film’s 

(1)� =
2E

ℏc
k(E)

Fig. 5   a Transmittance and b reflectance curves of CuxO layers produced by CBD method at different depo-
sition times



Structural and optoelectronic properties of CuxO nano layers…

1 3

Page 9 of 14  1046

surface morphology (Akimov et al. 2009). By increasing growth time, the voids form on 
the surface layer decreased that tends to lower transmittance and higher absorbance, so 
absorption coefficient increases.

Figure 9 shows calculations of the optical band gap energy (Eg) for deposited layers, 
which has been obtained by Gou and Murphy (2003):

where hν is photon energy.
As it can be seen, maximum and minimum band gaps are related to 60 and 90 min, 

respectively. Optical band gap does not linearly increase with increasing deposition 
time. By increasing deposition time, the band gap energies decrease at first and then 

(2)(�h)2 = (h − Eg)

Fig. 6   a Real part and b imaginary part of refractive index (n) CuxO layers produced by CBD method at 
different deposition times
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increase, which means valance band shifts near the Fermi level and more conducting 
films, produces. Values of band gap energies are shown in Table 2.

Saadaldin et  al. (2015) were prepared copper oxide thin films by CBD technique 
on glass substrates. Their optical studies showed that the prohibited rang is changed 
between (1.3–2.4) ev according to annealing temperature.

Sultana et al. reported the direct band gap values of CuO films which are achieved to 
be 1.87, 1.56, 2 and 2.46 eV for the samples grown at different deposition time (5, 10,15 
and 25 min, respectively) (Sultana et al. 2016).

Fig. 7   a The real and b the imaginary part of dielectric constant of CuxO layers produced by CBD method 
at different deposition times
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According to Alsultany et al. study, the band gap energy values increased from 2.10 to 
2.28 eV for Cu2O thin film at different growth temperature (Sadiq et al. 2022).

The difference in optical band gap values generally related to the difference in depo-
sition methods and process parameters maintained during the film’s growth time. Also, 

Fig. 8   Diagrams of the absorption coefficient of CuxO thin films at different deposition time

Fig. 9   Diagrams of band gap energy for CuxO thin films at different deposition time
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chemical and the physical properties of oxide films are significantly related to the struc-
tures and morphology of the deposited samples (Wang et al. 2011).

4 � Conclusions

In this study, we report on the preparation of nanostructured CuxO thin films by chemical 
bath deposition which is a low cost method. Copper oxide thin layers were characterized 
by compositional, structural, morphological and optical analyses are measured. The XRD 
measurement shows the crystalline structure for the samples with CuO dominant phase for 
copper oxide. EDAX result displays that the Cu/O ratio is decreased by increasing deposi-
tion time. Nano structures of copper oxide layers were investigated by SEM analysis. SEM 
images shows high fraction of voids between the particles for 30 min deposited film while, 
increasing deposition time caused to smaller particle size with round shapes. The optical 
properties of the produced layers were calculated based on Kramers–Kronig relations on 
reflectance curves in visible light wavelength range. Because of lower fraction of voids on 
the layers with increasing deposition time, transmittance decreased. The real part of dielec-
tric constant has increased for the deposited layers at higher deposition time. Also, increas-
ing deposition time leads to increasing absorption coefficient, which indicates a decrease 
in the volume fraction of holes in these layers. By increasing deposition time, the band gap 
energies decreases at first and then increases. The obtained results have significance for 
optoelectronic applications. Both of the CuxO (CuO and Cu2O) thin films show promis-
ing qualities and deserve equal investigation to understand which could be the future of 
solar cells. A future study could include finding which n-type semiconductors work best in 
conjunction with copper oxides in order to create the lowest possible band gap within the 
proper range for solar cell use.
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Table 2   Band gap energy values 
of CuxO layers

Deposition time (min) Band gap 
energy 
(eV)

30 2.42
60 2.25
90 2.55
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