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H IGH LIGH TS
 The chemical bath deposited method was
used because its simple, easy, and
inexpensive.
 A rod-like nano-structure of Copper Oxide
was prepared.
 The effect of annealing temperature (400
and 500) was studied.
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ABSTRACT
In this paper, we reported that the annealing at temperatures of 400 and 500 oC
in the air for 2 hours led to the formation of rod-like structures of cupric oxide
thin films prepared by the chemical bath deposition technique. The structure and
the optical properties of the prepared thin films were studied to investigate the
role of annealing on the films. The morphology of the as-deposited CuO films is
almost structureless. However, the films are converted to rod-like shapes nanostructures after annealing, as confirmed by scanning electron microscopy. The xray analysis showed that the thin films of copper oxide nano-structures have a
monoclinic crystallinity preferred in the (110), (002), and (111) directions, and
the crystallinity increases after annealing. Furthermore, the bandgap values after
annealing are reduced from 2.1 to 1.61 and 1.63 eV as determined by optical
analysis utilizing UV–VIS spectroscopy.
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1. Introduction
Nowadays, Nano-science and Nanotechnology are the most common terms because of their versatile applications in many
fields of knowledge [1]. The most important fact is that as the bulk materials are decreased to nanoscale dimensions, their
properties, which are a function of surface-area-to-volume ratio, change due to quantum confinement effects [2].
Nanostructured transition metal oxides have been studied for their interesting properties and versatile applications. CuO is an
important semiconductor with positive conductivity (p-type) and a relatively narrow energy bandgap (1.4–1.7 eV). It has many
applications in sensors, batteries, superconductors, optics, photocatalysts, and field emission devices [3]. Copper oxide is also
an important candidate for photovoltaic applications [4]. It is well-known that the physical and chemical properties of the CuO
are significantly dependent on its microstructures and morphology [5]. As a result, numerous studies have been conducted in
recent years to develop novel CuO nano-structures with controlled morphologies and novel physical and chemical properties.
Numerous CuO nanostructures including nanowires [6], nanosheets [7], nanotubes [8], nanorods [9] and nanoneedle [10] have
been synthesized using various methods such as electro-deposition [11] hydrothermal treatment [12], thermal evaporation [13],
thermal oxidation [14], quick-precipitation [15], solution synthesis [16] and high-temperature combustion [17] …etc.
The chemical bath deposition method (CBD) is currently gaining much interest for many reasons. First of all, the starting
chemicals used in CBD are widely available and inexpensive. Furthermore, the possibility of preparing pinhole -free and
uniform thin films with large areas. Another positive feature is that the deposition temperature is relatively low (90 °C) [18].
Few articles have been published on the growth of rod-like shapes of copper oxide. In particular, Oh, et al. studied the effect of
growth time on the CuO nanorods using the CBD method [4]. In the work of Ha et al., Ni-doped CuO nanorods were grown on
a CuO film using different nickel amounts via the modified CBD method [19]. The effect of the concentration of copper
precursor has also been evaluated [20]. Liu et al. reported the growth of CuO nanorods by a seed-mediated hydrothermal
method and studied the effect of the growth temperature (75, 80, and 85 C) [21]. The CBD method was chosen for the
synthesis of CuO nanorods , and the role of annealing temperature is investigated in this study.
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2. Experimental details
All the chemicals used in the experiments, copper(II) chloride dehydrate (CuCl 2 .2H2 O), hydrochloric acid (HCl), and
ammonia (NH3 ), were analytical grade, purchased Sigma–Aldrich. De-ionized (DI) water was used as a solvent throughout the
experiment. Figure 1 displays a simple setup for synthesizing CuO thin films on glass slides using the single-step CBD
technique. The glass slides are first washed in a dilute hydrochloric acid solution (HCl, 1:5), followed by frequent distille d
water rinses, ethanol alcohol rinses, and drying with special cleaning papers. The preparation method is as follows: 1.70 g of
copper (II) chloride (CuCl2 .2H2 O) is dissolved in 100 ml of de-ionized water to obtain a concentration of 0.1 M. A magnetic
stirrer is utilized to mix the solution thoroughly for 1 hour. The resulting solution has a clear blue color at room temperature.
Then we change the solution pH to 10 by adding ammonia (NH 3 ) with 25-30% concentration. The solution starts to boil at
around 90°C, and at this point, the substrates should be dipped into it. The time required for boiling is about 7 minutes (i.e., the
temperature increases from room temperature to 90°C is about 7 min .). The substrates are removed from the bath after boiling
for 2.5 minutes and rinsed in distilled water. Three series of samples were prepared in this work to explore the impact of heat
treatments on the films. The first was kept at room temperature (as -deposited film). The second and the third samples were
exposed to an annealing process at 400°C and 500°C for 2 hours, respectively.

Figure 1: Schematic of a chemical bath method [22]

3. The growth mechanism
The story of the growth mechanism is as follows: Cu(OH)2 precipitates from copper ions in an aqueous solution when the
ionic product (IP) of the solution is greater than the solubility product (SP). The degree of supersaturation (S), known as t he
ratio of IP to SP, is widely accepted as an important parameter for assessing the precipitation process in an aqueous solution.
The deposition does not occur if S is less than 1; if S is greater than 1 but less than the critical value of Sc, heterogeneo us
deposition occurs on the container and substrate walls, as the S value is insufficient to induce nuclei in a bulk solution. On the
other hand, if S is greater than Sc, homogeneous sedimentation occurs [23]. According to this theory, the S value for copper
ions must be set in the range of 1 to Sc to achieve heterogeneous nucleation on the substrate.CuCl2 .2H2 O was used as an ion
source, and NH3 was used as a reagent in this study. As shown in the equation, Cu +2 ions were obtained by dissolving 1.705 g
CuCl2 . 2H2 O in double-distilled water (1). The pH of the solution was about 3.80 before the precipitation reaction began. The
following are some chemical reactions that could occur:

CuCl2.2H2O → Cu+2 (aq) + 2Cl-(aq)

(1)

NH3 + H2O ↔ NH4+ (aq) + OH- (aq)

(2)

Cu+2 (aq) + 2OH- (aq) → Cu(OH)2

(3)

Cu(OH)2 → CuO + H2O

(4)

Ammonia plays an important role in creating the desired CuO nano-structures in the proposed reaction scheme. By adding
ammonia, which introduces ammonium ions and OH, the pH of the solution is increased to 10.0 (equation (2)). Since this stage
regulates the supply of OH ions, which decides the degree of supersaturation S, it is a crucial stage of the chemical reaction.
Even in a high OH concentration solution, the Cu(OH)2 precipitate cannot dissolve and form soluble complex ions like
Cu(OH)4 -2 . As a result, we assume that nanoscale CuO crystal cores formed during the dehydration of Cu(OH) 2 precipitate and
developed on the substrates and container walls over time. This decomposition is caused by subsequent heating of the solution
(equation (4)). It was determined that the grown film is entirely made up of CuO molecules based on the X-ray patterns of the
synthesized and annealed films.
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4. Results and Discussion
4.1 Structural properties
Figure 2 demonstrates X-ray patterns of CuO samples before and after annealin g at 400°C and 500°C. The patterns are
well fitted to CuO monoclinic crystal phase with peaks at 35.55° and 38.67°, corresponding to (002) and (111) planes. The
analyzed diffraction peaks were confirmed with the values available in the JCPDS card No. 45-0937. It can be seen that the
annealing temperature influences the XRD pattern of copper oxide films , i.e., the intensity of the noticed peaks (thus
crystallinity of the thin films) increases with the annealing temperature. No conspicuous pinnacle shift rela ted to Cu 2 O phase or
recognizable impurities were identified with an increment in the annealing temperature. It can be deduced from the XRD
patterns that annealing improves the crystallinity and the purity of the CuO formation process [24].

Figure 2: Three x-ray patterns for CuO
Figure 3: prepared by CBD technique, and two of them annealed at two different temperatures

The crystallite size”(

Dave ) is calculated using Scherrer's relation, and the dislocation density”(δ) was obtained using Eq.

(2) below [25], and the results are shown in Table 1.

𝐷𝑎𝑣𝑒 =
𝛿=

𝐾𝜆

(5)

𝛽𝑐𝑜𝑠𝜃
1

(6)

2
𝐷𝑎𝑣𝑒

where K is a constant and  =1.5406 Å is the Kα wavelength of the x-ray,  is the Bragg diffraction angle,  (in
radians ) is the full width at half maximu m.
Table 1 displays the results as a function of annealing temperature. The improvemen t in size is primarily due to increased
crystallinity and reduced defect density in CuO films [15-17].
Table 1: Summarized results of CuO thin films prepared by CBD technique and annealed at two different temperatures
T(°C)

(hkl)

2θ(degree)

As-deposited

(002)
(111)

35.62
38.60

400°C

(110)
(002)
(111)
(020)
(110)
(002)
(111)
(020)
(113)

32.52
35.58
38.72
58.57
32.47
35.54
38.69
58.55
68.2

500°C

Aspect
Ratio(nm)

438:92

360:121

δ (nm) -2

RMS(nm)

Eg (eV)

5.5 × 10−4
2.2× 10−3

2.83

2.2

1.2× 10−3
1.2× 10−3
2.1× 10−3
3.0 × 10−4
1.2× 10−3
1.7× 10−3
5.4 × 10−3
7.8 × 10−3
5.6 × 10−3

6.59

2.1

8.17

1.8
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4.2 Surface morphology
Field emission scanning electron microscopy (FESEM), accompanied by EDX, was used to investigate the structure and
morphology of the CuO thin film. FESEM micrographs for copper oxide thin films before and after annealing are presented in
Figure 3(a–c). The as-deposited film shows non-uniform (irregular shapes) without characterized grain boundaries. However,
after annealing at 400°C, the morphology changes to the rod -like structures. These nanorods' average width and length were
about 92 nm and 438 nm, respectively. At an annealing temperature of 500°C, the CuO nanorods tend to combine to form
bigger nano-structures with an approximate width and length of 121 and 360 nm, as demonstrated in Figure 3(c). As presented
in Table (1), the role of annealing is to increase the size of CuO crystals in the films. These findings are consistent with a
previous article [26].

a

b

c

Figure 4: FESEM photos of CuO thin films for (a) as-prepared and after annealing at (b) 400 °C (c) 500 °C

The stoichiometric composition has been studied using energy dispersive spectroscopy (EDS). Figure 4 reveals the
existence of both copper and oxygen atoms in the prepared samples. The elemental ratio of Cu for as -deposited and annealed
samples at temperatures 400 and 500 o C are respectively 72.39 %, 78.76 %, and 76.94 %. and for oxygen 25.39 %, 21.24 %
and 23.06 % respectively. These results are compatible with a previously reported stoichiometric compound (79.88 % Cu and
20.12 % O) for copper oxide [27]. The AFM technique was used to determine the roughness of the CuO thin films to specify
their surface morphology. The AFM images (2D-3D) for CuO before and after annealing are shown in Figure 5. Fine grains
were visible in the as-deposited sample, with a root mean squared (RMS) roughness of 2.43 nm. After annealing , both the
average grain size and roughness increase. The enhanced values with heat treatment temperature are presented in Table 1. The
high values of grain sizes seen in Figures 3 and 5 after annealing may be due to the formation of larger crystallite sizes , as
confirmed by XRD analysis [28, 29]. Moreover, due to the formation of rod-like shapes, the differences in the dimensions of
these rods increase the roughness.
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Figure 5: EDS spectra of CuO thin films for (a) as-prepared and after annealing at (b) 400 °C (c) 500 °C

Figure 6: Two (a, b, c) and three dimensional (A, B, C) images of AFM for CuO thin films prepared by CBD. (a) as
deposited, (b) at 400°C, and (c) at 500°C
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4.3 Optical properties
UV-visible spectra were used to investigate the optical properties and determine the optical bandgap energy. Figure 6
presents the absorption coefficient data against wavelength for the CuO films prepared by CBD and annealed at two different
temperatures. Equation (3) below was used to calculate the absorption coefficient values [30]:
1

1

𝑑

𝑇

α = 1𝑛

(7)

where d and T are respectively the thickness and the transmittance of the thin film.
Figure 6 depicts the absorption coefficient versus wavelength for CuO thin films prepared by the CBD technique and
annealed at two temperatures. The absorption coefficient is higher in the short wavelength part of the visible spectrum. It also
shows that as the deposition temperature rises, the absorbance of CuO thin films rises . This may be due to the conversion of
the stoichiometry from Cu 2 O to CuO, where the Cu 2 O has a lower absorption coefficient. This is in agreement with a previous
study [31]. The Urbach energy is related to defects' density, which is responsible for the additional levels inside the optical
bandgap. The Urbach energy of films is affected by increasing the temperature of the annealing process . Figure 7 shows the
decrease in the energy of the tails when the temperature is increased . The measured values are (0.526 eV, 0.460 eV, and 0.355
eV). and the reason is that the heat treatment increases the crystallite size. Hence, the energy of the tails decreases [32]. Tauc's
equation was utilized to calculate the optical bandgap of the films [33]

Figure 7: Absorption coefficient values of CuO prepared by CBD of the as-deposited, 400°C, and 500°C annealed samples

Figure 8: Urbach-energy of CuO thin films for as-deposited and annealed samples at 400°C and 500°C.”
1/2

= 𝑎ℎ𝑣 =  (ℎ𝑣 − E g )
where

r1

2



is a constant,

 is

the absorption coefficient,

h

is the incident photon's energy,

(8)

E g is the optical bandgap

for the allowed direct transitions . Figure 8 reveals how to use Eq.(8) to calculate the value of the bandgap energy . The

intercept points in the figure are 2.1, 1.61, and 1.63 eV for the as -deposited and the annealed samples at 400°C and 500 °C,
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respectively. Annealing at 400°C and 500 °C reduces the optical bandgap , which may be attributed to the increased
crystallinity resulting from the reduced number of structural defects and enhancement of CuO phase at the expense of Cu 2 O
phase. The calculated CuO bandgap values are similar to those found in reference [34]. Reducing the bandgap energy of CuO
is important in photovoltaic applications. For example, as an absorption layer in solar cells, a thin film with a small bandgap is
a good candidate.

Figure 9: Tauc-plots for CuO films before and after annealing at T=400 and 500 oC for 2 hours
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5. Conclusions
A simple, relatively low temperature and economical chemical bath deposition method can be used to prepare CuO thin
films. The structure, morphology, and optical properties of the CuO thin films have been investigated with regard to annealin g
temperature. The XRD results revealed an increase in crystallite size with annealing temperature. SEM analysis shows the
conversion of the irregular nano-shapes to nanorods with more regular shapes by annealing. The AFM images show that the
nano-structure size of RMS increases with heat treatment. The absorption coefficient increases with annealing due to turning
the Cu 2 O to CuO, where the Cu 2 O has a lower absorption coefficient. After annealing, the bandgap values are reduced from 2.1
to about 1.62 eV, as confirmed by the optical analysis.
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