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Cuprous oxide (Cu2O) thin films have been grown by electrodeposition technique onto ITO-coated glass sub
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strates from aqueous copper acetate solutions with addition of sodium thiosulfate at 60 °C. The effects of sodium
thiosulfate on the electrochemical deposition of Cu2O films were investigated by cyclic voltammetry an
chronoamperometry techniques. Deposited films were obtained at−0.58 V vs. SCE and characterized by X-ra
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and op
tical, photoelectrochemical and electrical measurements. X-ray diffraction results indicated that the synthesize
Cu2O films had a pure cubic phasewith amarked preferential orientation peak along (200) plane andwith lattic
constants a= b= c=0.425 nm. FTIR results confirmed the presence of Cu2O films at peak 634 cm−1. SEM im
ages of Cu2O films showed a better compactness and spherical-shaped composition. Optical properties of Cu2
films reveal a high optical transmission (N80%) and high absorption coefficient (α N 104 cm−1) in visible
light region. The optical energy band gap was found to be 2.103 eV. Photoelectrochemical measurement
indicated that Cu2O films had n-type semiconductor conduction, which confirmed byHall Effectmeasurement
Electrical properties of Cu2O films showed a low electrical resistivity of 61.30 Ω·cm−1, carrier concentratio
of−4.94× 1015 cm−3 andmobility of 20.61 cm2·V−1·s−1. The obtained Cu2O thinfilmswith suitable propertie
are promising semiconductor material for fabrication of photovoltaic solar cells.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved
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1. Introduction

The total demand of energy in the world increases with the demo
graphic growth and the development of technology. Amongall renewabl
energy sources, solar energy is extremely useful and promising as a
abundant and clean energy source [1]. Photovoltaic conversion is one o
the most advanced technologies, which consists in directly transformin
solar energy into electric energy using semiconductor knowing that
has attracted attention for many decades. The high production cost o
solar energymaterials constitutes a serious drawback for the commercia
ization of photovoltaic cells. Furthermore, toxic substances are involved i
the production and processing of most semiconductors, causing environ
mental problems. Thus, research efforts have beenmade especially in th
last decade in order to develop materials which were able to guarante
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optimal characteristics in terms of environmental compatibility, abun
dance and photoactivity [2]. Among the various metal oxide material
cuprous oxide (Cu2O) is regarded as a promising material because of it
suitable band gap and high absorption coefficient in the visible-light re
gion. In addition with good optical and electrical properties the materia
has many advantages such as availability and abundance of the startin
materials, non-toxic nature and low production cost [3]. Thus it is prom
ising in various applications, including such as gas sensing [4], solar ce
application [5], photocatalysis [6], thin film homo-junction solar cel
[7], and photoelectrodes for solar water splitting [8,9] and was used as
working electrode in the application of photoelectrochemical solar ce
(PESC) [10].

Various synthesis methods are usually used to prepare Cu2O thi
films, such as sol gel [10], pulsed laser deposition [11], chemical vapo
deposition [12], chemical bath deposition [13–15], solvothermal syn
thesis [16], silar deposition [5,17–19], electron beam evaporation [3
and electrodeposition [4,7–9,20–37]. Besides these methods, electrode
position provides several advantages over the othermethods because o
its simplicity, low equipment cost, the possibility of preparing large are
Industry Press. All rights reserved.
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Fig. 1. Cyclic voltammograms of the solution containing 0.01 mol·L−1copper acetate and
0.1 mol·L−1 sodium acetate at pH = 6.2 and T = 60 °C, without (a) and with
1.2 mmol·L−1 sodium thiosulfate (b).
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of thin films and the control of the film thickness [33]. Cu2O films ar
usually electrodeposited from copper precursor solution, such as coppe
nitrate [31,9], copper sulfate [8,23–27,30,32,35,37] and copper acetat
[4,7,21,22,25,27–29,33–36]. In order to improve the quality of the de
posited films such as uniformity, adhesion and crystallinity, it is neces
sary to add a complexing agent into the electrolytic bath. Man
researchers use various complexing agents such as polyvinylpyrroli
done [16], lactic acid [8,20,23,27,38], tartaric acid [38], ethylen
diamine tetra acetic acid [20], citric acid [20,26,37], oxalic acid [38
and malic acid [38,39], trisodium citrate [3,13], sodium lactate [30
triethanolamine [3] and sodium thiosulfate [14,15]. Furthermore
sodium thiosulfate shows a promising complexing agent of the deposit
ed Cu2O because of its non-toxicity and low-cost compared to othe
complexing agents [3,8,13–16,20,23,26,27,30,38,39]. No work ha
been published concerning the electrodeposition of Cu2O using sodium
thiosulfate as an additive with copper acetate as precursor.

The aim of this work is devoted to the preparation of Cu2O thin film
onto ITO-coated glass substrates by electrodeposition technique i
a solution containing copper acetate with sodium thiosulfate. Cycli
voltammetry and chronoamperometry were utilized to study the elec
trochemical behavior of electrolyte bath containing copper acetate
The effect of sodium thiosulfate on the electrochemical deposition
structure and morphology of Cu2O was investigated. Deposited film
were characterized by X-ray diffraction (XRD), Fourier transform infra
red spectroscopy (FTIR), scanning electron microscopy (SEM), optica
photoelectrochemical (PEC) and electrical measurements.

2. Experimental Details

2.1. Reagents

All chemical reagents used in the present work were of analytica
grade. Copper acetate monohydrate (Cu(C2H3O2)2·H2O, 98%, Sigm
Aldrich) was used as copper sources. Sodium acetate trihydrat
(CH3COONa·3H2O, 99%, Sigma Aldrich) and sodium sulfate (Na2SO4

99%, SigmaAldrich)were used as a supporting electrolyte. However, so
dium thiosulfate pentahydrate (Na2S2O3·5H2O, 99.5%, Sigma Aldrich
was used as complexing agent. All aqueous solutions were prepare
with distilled water.

2.2. Preparation and characterization techniques of Cu2O thin films

Electrodeposition of Cu2O thin films was carried out using a thre
electrode electrochemical cell with a platinum (Pt) wire as a counte
electrode, indium tin oxide (ITO)-coated glass (8–10 Ω·square−1

Sigma Aldrich) substrate was used as working electrode. A saturate
calomel electrode (SCE)was used in all experiments as a reference elec
trode. Before the deposition, the substrates were cleaned ultrasonicall
in acetone and ethanol and then rinsed in distilled water for 7 mi
[37,40]. Cuprous oxide films were electrodeposited in an aqueous solu
tion of 0.01 mol·L−1 Cu(C2H3O2)2·H2O, 0.1 mol·L−1 CH3COONa·3H2O
and 1.2 mmol·L−1 Na2S2O3·5H2O at 60 °C. The pH of solutions was ad
justed to 6.2 by CH3COOH additions. Sodium thiosulfate is used to stabi
lize Cu2+ ions in the solution [17–19].

Cyclic voltammetry and chronoamperometry studies were carrie
out using Princeton Applied Research Model 273 A Potentiostat
Galvanostat, coupled to a personal computer with Power Suite softwar
for data acquisition and potential control. Cuprous oxide films wer
electrodeposited at−0.58 V for 30 min. Following the deposition, elec
trodeposited Cu2O films were dried in air at 100 °C.

The crystalline phase of Cu2O films was investigated by X-ra
diffraction using a Bruker Discover D8 Diffractometer with CuKα radia
tion (λ=0.15406 nm). FTIR spectrawere recorded on a Shimadzu FTIR
8000 series spectrophotometer. Scanning electron microscopy imagin
was performed using a VEGA3 TESCAN scanning electron microscop
operating at 20 kV accelerating voltage. Optical transmittance of thi
films was measured by a Perkin Elmer Lambda 950 UV–vis–NIR spec
trometer. Photoelectrochemical measurements were carried out by cy
clic voltammetry technique in a three electrode electrochemical ce
using deposited Cu2O films as a working electrode, platinum wire as
counter electrode and a saturated calomel electrode (SCE) as a referenc
electrode from an aqueous solution containing 0.1mol·L−1 sodium sul
fate (Na2SO4). A tungsten halogen lamp (100W)was used to illuminat
an active area of 1 cm2 of Cu2O electrode. Electrical properties of depos
ited Cu2O films were determined by a HMS 3000 Hall measuremen
system at room temperature. Ag-paste was used at the corners o
films to make four good contacts with probes. Thickness of the film
was measured using a Dektak stylus profilometer.

3. Results and Discussion

3.1. Electrochemical studies

3.1.1. Cyclic voltammetry
Wemade a comparison of cyclic voltammograms obtained onto ITO

substrate of the solution containing 0.01 mol·L−1 copper acetate an
0.1 mol·L−1 sodium acetate without (Fig. 1(a)) and wit
1.2 mmol·L−1 sodium thiosulfate (Fig. 1(b)). The potential sweep wa
ranged from 0.3 to −1.7 V with a scan rate of 50 mV·s−1. From
Fig. 1(a), we recorded two cathodic peaks.
Thefirst cathodic peak at−0.56 V, which attributed to the reductio
of Cu2+ to Cu+where water converted to hydroxide ionsmolecule. Th
hydroxide ions react with Cu+ in the solution to form Cu2O on th
substrate according to the following reaction [26,27,41,42]:

Cu2þ þ eˉ⟶ Cuþ ð1

2Cuþ þ 2OHˉ⟶ Cu₂OþH₂O ð2

The second cathodic peak is observed at −1.33 V which can b
mainly ascribed to the deposition of metallic copper with release o
Hydrogen (Eqs. (3) and (4)).

Cu2þ þ 2eˉ⟶ Cu ð3

2Hþ þ 2eˉ⟶H₂ ð4
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Fig. 2. Cyclic voltammograms of the solution containing 0.01 mol·L−1 copper acetate and
0.1mol·L−1 sodium acetate at pH= 6.2 and T=60 °Cwith 1.2mM sodium thiosulfate at
various scan rates.

Fig. 3. Plot of Ipc versus V1/2 for the formation of Cu2O from cyclic voltammograms of Fig. 2.
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Similar cathodic peaks are reported in the literature [26,27,33,34,36
41–44], but the present cathodic peaks are shifted compared wit
literature.

During reverse scan, an anodic peak is observed at 0.29 V corre
sponding to the oxidation of metallic copper [26,41], indicating th
only formation of Cu2O on the ITO substrate which is confirmed below
by XRD analysis. From Fig. 1(b), we can observe that in the presenc
of sodium thiosulfate, the cathodic peak currents of the formation o
Cu2O and Cu are much higher which indicates an increase in th
deposition rate of Cu2O and Cu thin films, whereas the oxidation pea
current of metallic copper is increased compared to that withou
sodium thiosulfate (Table 1). This difference can be attributed to a com
plexation effect of the Cu2+ ions by the sodium thiosulfate [14,15,17
19], leading to acceleration of the electrochemical reaction kinetics fo
the formation of Cu2O films. The cathodic peak current of the formatio
of Cu2O with sodium thiosulfate is about−5.4 mA. This value is highe
than that of other additives [23,26,32,36].

To study the effect of the scan rate on the reduction of copper Cu (I
ions, we performed a study by cyclic voltammograms at different sca
rates ranging from 30 to 100 mV·s−1 which are shown in Fig. 2. From
thisfigure, itwas noted that the current of anodic and cathodic peaks in
creases with the increase of scan rates and the cathodic peak potentia
have shifted towards negative values. This indicates the presence of
chemically irreversible electrochemical reaction.

Also, the cathodic peak current for the formation of Cu2O (Ipc) varie
linearly with the square root of scan rate (Fig. 3), suggesting that th
electrochemical reaction is diffusion controlled. According to Bard an
Faulkner [45], the following equation (Eq. (5)) gives the relationshi
between the peak potential, the half peak potential and the electron
transfer coefficient for an irreversible electrochemical reaction:

Epc−Epc=2
�� �� ¼ 1:857 RT=α

0
F ð5

where Epc is the cathodic peak potential (V), Epc/2 is the half cathodi
peak potential (V), α′ is the electron-transfer coefficient, R is th
gas constant (J·mol−1·K−1), T is the absolute temperature (K) and
is the Faraday constant (C·mol−1). From Fig. 2, we can obtain th
half cathodic peak potential (Epc/2), the cathodic peak potential (Epc
and │Epc − Epc/2│ = 0.24 V. α′ can be calculated from Eq. (5) which
estimated to be 0.22.

The diffusion coefficient can be calculated using the Randles–Sevci
relation (Eq. (6)) [46]:

Ipc ¼ 2:99� 105
� �

n3=2α01=2A
0
CD01=2V1=2 298:15=Tð Þ1=2 ð6

where Ipc is the cathodic peak current (A), n is the number of elec
trons exchanged during the redox process, A′ (cm2) is the activ
area of the working electrode, C is the bulk concentration of th
electroactive species (mol·cm−3) (the concentration of the species
D′ is the diffusion coefficient (cm2·s−1) and V is the voltage scan rat
(V·s−1). Thediffusion coefficientwas calculated tobe3.61×10−4 cm2·s−

at 333 K.

3.1.2. Chronoamperometry
Fig. 4 shows the chronoamperometry curve for the deposition o

Cu2O films onto ITO substrate with sodium thiosulfate at T = 60 °
and E=−0.58 V. The current starts with high value, which is assigne
to a rapid nucleation growth. The decrease of cathodic current with th
Table 1
Electrochemical parameters obtained from cyclic voltammograms

Samples First cathodic peak
potential/V

First cathodic peak
current/A

Second c
potential

Without Na2S2O3 −0.56 −0.0017 −1.33
With Na2S2O3 −0.58 −0.0054 −1.26
increase of time is due to the depletion of the metal-ion concentration
close to the electrode surface. The current stabilized at even longer tim
(1800 s). This confirms that the limited value of the stationary current
related to the formation of cuprous oxide on the surface. A similar be
havior was observed for different copper salt solutions with othe
complexing agents [26].

3.2. Characterization of Cu2O thin films

3.2.1. XRD analysis
The thickness of the deposited films was measured to be 250 nm

Fig. 5 shows the XRD patterns of Cu2O films deposited onto IT
athodic peak
/V

Second cathodic peak
current/A

Oxidation peak
potential/V

Oxidation peak
current/A

−0.0052 +0.29 0.0037
−0.0077 +0.29 0.0097
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Fig. 4. Chronoamperometry curve for the deposition of Cu2O films.

Table 2
Comparison of the observed d values of Cu2O films with JCPDS data (05-0667)

dexp (hkl)/nm dJCPDS (hkl)/nm hkl Phase

0.24410 0.24650 111 Cubic
0.21251 0.21350 200 Cubic
0.12703 0.12870 311 Cubic
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substrates without (Fig. 5(a)) and with sodium thiosulfate (Fig. 5(b))
From this figure, all the diffraction peaks of Cu2O thin films correspon
to the peaks of cubic phase of standard Cu2O (JCPDS 05-0667) [34
X-ray diffraction patterns show that the intensity of the (200) diffrac
tion peak is higher when compared with the other peaks, indicatin
preferential orientation along the c-axis. It is seen that the film deposit
ed with sodium thiosulfate shows a new (111) diffraction peak of Cu2O
phase and the intensity of the diffraction peaks is significantly highe
than that of the films prepared without sodium thiosulfate. It indicate
that the good crystallinity of deposited Cu2O films is improved wit
the addition of sodium thiosulfate.
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Fig. 5. X-ray diffraction of Cu2O films deposited onto ITO substrates, without (a) and with
sodium thiosulfate (b).

Table 3
Structural parameters of Cu2O thin films

Plane Interplanar
spacing d/nm

FWHM (β)
×10−3/rad

Grain size
D/nm

δ × 10−15/
lines ·m−2

ε × 10−3/
lines−2·m−4

(200) 0.21251 5.90 23.22 1.85 1.47
The calculated value of the lattice constant parameter for the Cu2O
films (a = b = c = 0.425 nm) was slightly different than that of stan
dard Cu2O (JCPDS 05-0667, a = b = c = 0.4269 nm) [47,49].

The crystallite size (D) of Cu2O thin films was calculated from th
major diffraction peaks of the base of (200) using Scherrer's formul
(Eq. (7)) [5,13,26]:

D ¼ 0:89 λ =β cos θ ð7
where λ is the wavelength of the incident beam (0.15406 nm), β is th
full width at half maximum and θ is Bragg's angle in rad. The averag
crystallite size of deposited Cu2O with sodium thiosulfate is found t
be 23.22 nm. This value is greater than that of Cu2O films without sodi
um thiosulfate (22.45 nm).

The comparison of the observed d values of Cu2O films with JCPD
data (05-0667) is shown in Table 2. The value of d-spacing for Cu2O
films obtained was slightly different than that of the d-spacing fo
standard Cu2O [JCPDS 05-0667], suggesting that all the Cu2O films ex
hibited a tensile strain and dislocation density, which is reported b
others [5,11].
The dislocation density (δ), defined as the length of dislocation line
per unit volume, was evaluated from the formula (Eq. (8)) [5]:

δ ¼ 1=D2 ð8

Strain (ε) of the films was calculated by the formula (Eq. (9)) [5]:

ε ¼ β cos θ=4 ð9

The evaluated structural parameters of deposited Cu2Owith sodium
thiosulfate are regrouped in Table 3, which represents the values of fu
width at half maximum, the crystallite size, the dislocation density (δ
and the strain (ε) of the Cu2O thin films from the (200) direction.
3.2.2. FT–IR analysis
The Cu2O films deposited with sodium thiosulfate were also exam

ined by FTIR spectroscopy which spectrum is shown in Fig. 6. From
this spectrum, the absorption band at 634 cm−1 is attributed to th
stretching vibration of Cu\\O in Cu2O [47,48]. The observed absorptio
bands at 1414.18 cm−1 and 1566.27 cm−1 are due to the presence o
the carboxylate group (COO−) and correspond to the symmetri
stretching and asymmetric stretching vibrations of the C\\O band i
the acetate group, respectively [47–50]. We also note the presence o
bands at 3168.265 to 3442.608 cm−1 assigned to the stretching vibra
tion of\\OH groups of adsorbed water molecules [48,50,51].
3.2.3. SEM analysis
The surface morphologies of Cu2O films deposited onto ITO sub

strates obtained without and with sodium thiosulfate are shown i
Fig. 7(a) and (b) respectively. The surface morphologies of deposite
Cu2O films prepared without sodium thiosulfate (Fig. 7(a)) are covere
with a single type of small grains. The grains are well defined, spherica
shape and an almost similar size (400 nm). In the presence of sodium
thiosulfate (Fig. 7(b)), morphology does not change but there is a bette
compactnesswith increasing size (650 nm) of the spherical grains. Suc
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Fig. 6. FTIR spectrum of Cu2O films.
Fig. 8. Transmittance spectrum of Cu2O films.

Fig. 9. Plot of (αhν)2 versus hν of Cu2O films.
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type of spherical shape is also observedwhen Cu2O thin films deposite
onto various substrates by different copper salt solutions [14,32].

3.2.4. Optical properties
The optical transmittance spectrumof Cu2Ofilms deposited onto IT

substrates with sodium thiosulfate from a wavelength range of 400
1100 nm taken at room temperature is shown in Fig. 8. It was show
that the films present a high optical transmission (N80%) in the visibl
wavelength range, which confirms the good optical quality of the elec
trodeposited Cu2O thin films. The absorption coefficient (α) was deter
mined in the order of N104 cm−1.

The plot of (αhν)2 versus photon energy (hν) of deposited films wa
presented in Fig. 9. It has been observed that the plots of (αhν)2 versu
(hν) are linear over a wide range of photon energies indicating the d
rect type of transitions. The band gap of the films was determine
from Tauc's formula which is as follows (Eq. (10)) [22,27,42]:

αhνð Þ2 ¼ A hν−Eg
� � ð10

whereα is the absorption coefficient, h is Planck's constant, ν is the pho
ton energy, A is a constant and Eg is the direct transition band gap. Th
Fig. 7. SEM images of Cu2O films deposited onto ITO substrates, without sodium thiosulfate (a) and with sodium thiosulfate (b).
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optical band gap value was determined by extrapolating the linear por
tion of the plot of (αhν)2 versus photon energy (hν), which is illustrate
in Fig. 9. The band gap of Cu2O thin films was estimated to be 2.103 eV
which is in good agreement with the values reported for Cu2O films b
others [28,34]. The obtained energy gap results make Cu2O film as
promising semiconductor material for fabrication of photovoltaic sola
cells.
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3.2.5. Photoelectrochemical measurements
Fig. 10 shows the photoelectrochemical (PEC) response of cuprou

oxide (Cu2O) deposited onto ITO substrates with sodium thiosulfate a
−0.58 V for the solution containing 0.1 mol·L−1 sodium sulfat
(Na2SO4), in the dark (a) and under illumination (b). In the dark
there is a negligible anodic photocurrent. However, under illuminatio
of the surface of deposited cuprous oxide, we observe an important an
odic photocurrent compared with in the dark indicating the carriers ar
generated at the Cu2O film electrode under irradiation [21,52,53]. Thes
observations suggested that the photogenerated charge carrier hole
(h+) can promote oxidation reaction at the semiconductor/electrolyt
solution interface. The anodic photocurrent generation represents th
typical behavior of the n-type semiconductor of the Cu2O thin film
[21,25,29]. This n-type semiconductor was observed when Cu2O thi
films electrodeposited onto various substrates [4,27–29,33,34,36].
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Fig. 10. Photoelectrochemical response of Cu2O films, in the dark (a) and under
illumination (b).
3.2.6. Electrical properties
The Hall Effect measurement results showed that the Cu2O films de

posited with sodium thiosulfate have n-type conductivity with a carrie
concentration of −4.94 × 1015 cm−3, mobility of 20.61 cm2·V−1s−

and low electrical resistivity of 61.30 Ω·cm−1. These values are i
agreement with the results reported by others [24,35].
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4. Conclusions

Cuprous oxide (Cu2O) thin films have been successfully electrode
posited onto ITO-coated glass substrates from aqueous copper acetat
solutions with addition of sodium thiosulfate at 60 °C. We found tha
the addition of sodium thiosulfate has a strong effect on the electro
chemical reaction kinetics, crystallinity and morphology of Cu2O thi
films. Cu2O thin films were deposited at −0.58 V for 30 min with
film thickness of about 250 nm. X-ray diffraction analysis revealed tha
the synthesized Cu2O thin films have a cubic phase. The crystallite siz
was estimated to be 23.22 nm. FTIR results confirmed the presence o
Cu2O films at peak 634 cm−1. SEM images of Cu2O films showed a bette
compactness and consist of spherical shape. Photoelectrochemica
measurements of Cu2O thin films showed that this film behaves as
semiconductor of n-type and presents high photo anodic-generate
currents. These films exhibited a high optical transmission (N80%
and high absorption coefficient (α N 104 cm−1) in the visible-ligh
region. The optical energy band gap was found to be 2.103 eV. Ha
Effect measurement results confirmed that the Cu2O thin films hav
n-type conductivity with a low electrical resistivity of 61.30 Ω·cm−

carrier concentration of −4.94 × 1015 cm−3 and mobility o
20.61 cm2·V−1s−1. Taken into account of its non-toxicity and low
cost, sodium thiosulfate could be used as a promising complexin
agent to prepare Cu2O thin films with suitable properties for fabricatio
of photovoltaic solar cells.
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