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Abstract

The present work describes the effect of deposition potentials on structural, morphological, optical, electrical and photocon-
ductivity responses of cuprous oxide (Cu,O) thin films deposited on fluorine-doped tin oxide glass substrate by employing
electrodeposition technique. X-ray diffraction patterns reveal that the deposited films have a cubic structure grown along
the preferential (111) growth orientation and crystallinity of the film deposited at — 0.4 V is improved compared to the films
deposited at —0.2, —0.3 and —0.5 V. Scanning electron microscopy displays that surface morphology of Cu,O film has a
well-defined three-sided pyramid-shaped grains which are uniformly distributed over the surface of the substrates and are
significantly changed as a function of deposition potential. Raman and photoluminescence spectra manifest that the film
deposited at —0.4 V has a good crystal quality with higher acceptor concentration compared to other films. UV-visible
analysis illustrates that the absorption of Cu,O thin film deposited at —0.4 V is notably higher compared to other films and
the band gap of Cu,O thin films decreases from 2.1 to 2.04 eV with an increase in deposition potential from —0.2 to —0.5 V.
The frequency—temperature dependence of impedance analysis shows that the film deposited at —0.4 V has a high conduc-
tivity. I-V measurements elucidate that the film deposited at — 0.4 V exhibits a good photoconductivity response compared
to films deposited in other deposition potentials.

Keywords Electrodeposition - Cu,O thin films - Photoconductivity response - /-V measurement

1 Introduction

In recent years, fabrication of cuprous oxide (Cu,O) thin
films has drawn great interest due to their excellent p-type
semiconducting properties such as a direct energy band gap
of 2.2 eV with a higher absorption coefficient in visible
region around 650 nm [1, 2]. It has a higher hole mobil-
ity of 21 cm V™! s7! with large minority carrier diffusion
length [2]. The improvement in physical properties of Cu,O
thin films is widely used in various applications such as
transistors [3], solar cells [4], nonlinear optical devices
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[5], photocatalysis [6], biosensors [7] and magnetic stor-
age devices [8]. Various kinds of physical and chemical
deposition methods have been applied to prepare the Cu,O
thin films including radio frequency (RF) magnetron sput-
tering [9], spray pyrolysis [10], sol-gel [11], pulsed laser
deposition [12], chemical vapour deposition [13], thermal
oxidation [14] and electrodeposition [15]. Among the vari-
ous deposition techniques, the use of physical deposition
techniques requires higher cost instrument and higher pro-
cessing temperature with high vacuum chamber to prepare
higher quality Cu,O thin films, whereas electrodeposition is
one of the simplest techniques in chemical deposition due
to low cost instrument, low processing temperature (< 100)
and easy instrument handling compared to other deposi-
tion techniques [16, 17]. Generally, the crystal structure,
surface morphology and thickness of the films can be easy
tailored by adjusting electrodeposition parameters such
as solution concentration, solution pH, bath temperature,
deposition time and deposition potential [18]. Jiang et al.
[19] reported the surface morphology of Cu,O films which
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convert octahedral into cubic with an increase in deposition
potentials towards more negatives from —0.1 to —0.9 V.
Laidou et al. [20] studied the effect of deposition poten-
tial on Cu,O thin films and observed significant changes in
morphology and crystallite size as a function of deposition
potential. Haller et al. [21] found that Cu,O film deposited
at an optimum deposition potential of —0.9 V showed bet-
ter crystal quality compared to other deposition potentials.
Han et al. [22] reported that the conductivity type of Cu,O
thin film could be changed from n-type to p-type by control-
ling the deposition potential from O to —0.3 V. Zhao et al.
[23] have investigated the effect of deposition potential on
Cu, 0 films for solar cell applications and observed that the
film deposited at — 0.7 V exhibited a photoresponse. Mohra
et al. [24] found that Cu,O thin films deposited at various
deposition potentials from — 0.4 to 0.7 V showed effective
modification on structural, optical and electrochemical stud-
ies. Jiang et al. [25] reported that when Cu,O thin films
were deposited at various deposition potentials from — 0.1
to —0.8 V, the band gap of the films significantly varied in
the range from 2.35 to 1.63 eV. From the above literature
reviews, most of the researches have focused on the effect
of deposition potentials on crystal quality, surface morphol-
ogy, electrochemical study, band gap and optical properties
of the Cu,O thin films. However, ac electrical conductivity
and photoconductivity response of Cu,O thin film deposited
at different deposition potentials have rarely been reported.

In the present work, an attempt has been made to achieve
a high crystalline Cu,O thin film on fluorine-doped tin oxide
(FTO) substrate with good ac conductivity and photocon-
ductivity response by employing a lower temperature elec-
trodeposition technique at different deposition potentials
from —0.2 to —0.5 V in less-concentration alkaline solution
containing 0.15 mol L™! copper sulphate and 1 mol L™ lac-
tic acid. The effect of different deposition potentials (— 0.2
to —0.5 V) on structural, morphological, vibrational, optical
and electrical properties of electrodeposited Cu,O thin films
was investigated with the help of X-ray diffraction (XRD),
scanning electron microscopy (SEM), Raman spectroscopy,
photoluminescence spectroscopy, UV—-Vis-NIR spectros-
copy, LCR metre and Keithley instrument.

2 Experimental

The polycrystalline Cu,O thin films were electrodepos-
ited on FTO glass substrate by using conventional three-
electrode cell system. Prior to electrodeposition of Cu,O,
the FTO substrates were ultrasonically cleaned in acetone,
isopropanol and deionized water for 10 min each. Electro-
chemical cell consisting of FTO substrate, platinum and
Ag/AgCl electrodes was used as a working electrode, a
counter electrode and a reference electrode, respectively.
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The deposition solution contained 0.15 mol L™ copper sul-
phate pentahydrate (CuSO,-5H,0), 1 mol L™! lactic acid,
whose pH was adjusted around 11 by drop wise addition
of sodium hydroxide (NaOH) solution. The Cu,O film was
electrodeposited at different deposition potentials (—0.2
to — 0.5 V) versus Ag/AgCl at 55 °C bath temperature for
30 min by using potentiostat (Model 362, EC & G Princeton
Applied Research, USA Instrument). The deposited Cu,O
films were subsequently rinsed in deionized water and were
dried at 100 °C for 5 min.

An X-ray diffractometer (X’PERT PRO analytic X-ray
diffractometer) with CuKa radiation (4 =0.15406 nm) was
used to study the crystal structure and crystallinity of Cu,O
film. Surface morphological analysis was carried out by
using a scanning electron microscope ZEISS instrument.
The vibrational properties of the Cu,O thin films were
studied by employing micro-Raman spectroscopy under an
excitation wavelength of 515.5 nm using Argon green laser.
Photoluminescence spectroscopy (RF-6000, SHIMADZU
instrument) was carried out to investigate the luminescence
properties of Cu,O thin films. Optical absorption and trans-
mittance of the deposited Cu,O films were recorded by using
a UV-Vis-IR spectrometer (UV-1800, SHIMADZU instru-
ment). Thickness of the Cu,O thin films was measured by
using a stylus profilometer. Electrical properties of the thin
films were studied by using LCR spectroscopy. Photocon-
ductivity (/-V) of the Cu,O films was carried out by using
Keithley semiconductor characterization system 4200 instru-
ment under 100-mW light illumination using Xenon lamp.

3 Results and Discussion
3.1 Structural Analysis

The crystal structure and the crystalline nature of the elec-
trodeposited Cu,O films were investigated by XRD analy-
sis. Figure 1 shows the XRD patterns of Cu,O thin films
deposited at different deposition potentials of —0.2, —0.3,
—0.4 and — 0.5 V. XRD patterns reveal that the deposited
Cu,0 films are polycrystalline in nature and belong to cubic
structure. Apart from the diffraction peaks corresponding to
the FTO glass substrate, they are indicated by a star symbol
and their peaks are at 26 values of 29.01°, 36.52°, 42.11°
and 61.11° corresponding to (110), (111), (200) and (220)
diffraction planes, respectively. It shows that they are in
good agreement with international centre for diffraction data
(ICDD) card No. 75-1531. When the film is deposited at
—0.2'V, the intensity of (200) peak is higher compared to the
(110), (111) and (220) planes and it indicates the preferential
growth of Cu,O. When there is an increase in the deposition
potential from —0.3 to —0.5 V, XRD patterns show a higher
intense (111) peak which reveal that the deposition potential
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Fig. 1 X-ray diffraction patterns of Cu,O thin films deposited at dif-
ferent deposition potentials:a —0.2 V,b-03V,¢-04V,d-05V

obviously changes the crystal growth orientation from (200)
to (111) plane. The decrease in (111) peak intensity of the
Cu,0 deposited at —0.5 V may act faster in the growth of
Cu,0 crystal [26]. Among the Cu,O thin films deposited at
different deposition potentials, the film deposited at —0.4 V
shows a stronger (111) diffraction peak and it can be attrib-
uted to higher crystalline nature of the film.

The crystallite size of the films deposited at different dep-
osition potentials was estimated by using Scherrer formula
(Eq. 1) and is summarized in Table 1 [27].

092
fcos@’ 1

where D is the crystallite size, 4 is the wavelength of the
X-ray, p is the full width at half maximum (FWHM) of the
diffraction peak in radians and @ is the diffraction angle. It
is observed that when deposition potential increases from
—0.2to — 0.3V, the crystallite size decreases from 44.11 to
31.76 nm and it may be due to the change in crystal growth
orientation from (200) to (111) plane. Whenever there is a
further increase in deposition potential to — 0.4 V, the crys-
tallite size continuously increases to around 35 nm due to

the increase in crystal growth of the film along the (111)
plane. There is a slight decrement in crystallite size around
28.37 nm when the film deposits at —0.5 V, and the result-
ant decrease in crystallite size is due to the faster growth
of Cu,O crystal when deposition potential becomes more
negative [28].

The micro-strain (¢) of the electrodeposited Cu,O films
was calculated from the FWHM by using the following
Eq. (2) [29, 30].

p

£= ——,
4tan @

where f is FWHM of the diffraction peaks and 6 is Bragg’s
angle. The dislocation density (8) is defined as the length of
dislocation lines per unit volume of the crystal and is calcu-
lated by using the following Eq. (3) [31].
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Micro-strain (&) and dislocation density (6) of Cu,O thin
films electrodeposited at different deposition potentials are
given in Table 1. It is observed that the 6 and ¢ increase with
an increase in deposition potential from —0.2 to —0.3 V.
This is due to an increase in defect levels and grain bounda-
ries as well as a decrease in crystallite size [32]. Both € and
o slightly decrease, as the deposition potential increases to
—0.4 V. The decrease in ¢ and § indicates the presence of
a lower number of lattice imperfections and formation of
higher quality films. There is a further increase in deposi-
tion potential to — 0.5 V. Both ¢ and ¢ increase due to lattice
imperfections and defects.

The stacking fault probability (@) is estimated from the
formula (4) [33],

22
o=
Ls V3 ]
Stacking fault probability of the Cu,O thin film mainly
depends on peak shift of the predominant diffraction peaks
with respect to ideal positions of the diffraction peaks. The
stacking fault probability and film thickness of films depos-

ited at different deposition potentials are given in Table 1.
The stacking fault probability of Cu,O films continuously
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Table 1 Microstructural

Potential
parameters of the Cu,O thin W)

Crystallite size,

Micro-strain, & (X 1073
lines™2 m™*)

Dislocation density,
5x10™ (lines m™2)

Stacking fault
probability, a

films D (am)
~02 44.11
~03 31.76
—04 35.00
~05 28.37

5.13 0.754 6.86
9.91 0.792 3.80
8.16 0.669 1.50
12.42 0.720 0.60
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decreases with an increase in deposition potential from —0.2
to —0.5 V. The film thickness is dependent on solution con-
centration, deposition potential and bath temperature. The
film thickness gradually decreases from 2.20 to 1.38 pum, as
the deposition potential increases from —0.2 to —0.5 V. Itis
attributed to an increase in the compactness of the films [34].

3.2 Surface Morphological Analysis

SEM images of Cu,O thin films deposited at different
deposition potentials of —0.2, —0.3, —0.4 and — 0.5 V are
shown in Fig. 2. The Cu,O thin film deposited at a constant
deposition potential of —0.2 V displays that a three-sided
pyramid-shaped grains are uniformly distributed over the
surface of the substrate as shown in Fig. 2a, b. The average
grain size of the three-sided pyramid is found to be around
1.06 pm. Moreover, an increase in the deposition poten-
tial to around — 0.3 V will not result in any morphological
changes generated in three-sided pyramid-shaped grains as
shown in Fig. 2c, d, but its size notably decreases and is
found to be around 0.86 pm. Whenever there is an increase
in deposition potential to —0.4 V, the size of the three-sided
pyramid-shaped grains further decreases to around 0.6 pm
as shown in Fig. 2e, f. It can be observed from Fig. 2a—f
that when the deposition potentials increase from — 0.2 V
to —0.4 V, the sizes of the three-sided pyramid grains con-
tinuously decrease without any morphological changes,
whereas the number of three-sided pyramid grains obvi-
ously increases due to an increase in nucleation of Cu,O
crystal as the deposition potential becomes more negative.
Further, the deposition potential increases to —0.5 V as
the morphology of the film drastically changes from three-
sided pyramid into irregular grains as shown in Fig. 2g,
h. The average size of the grains is approximately 0.5 pm.
The three-sided pyramid surface morphology of the elec-
trochemically Cu,O thin films deposited by using electro-
deposition technique has also been shown in the previous
report [35]. In the present work, it is observed that the film
deposited at — 0.4 V shows a dense three-sided pyramid-
shaped grains leading to multiple reflection of an incident
photon. Hence, the film deposited at —0.4 V is more suit-
able for solar cell applications [35].

3.3 Raman Spectrum Analysis

In order to study the vibrational modes and their crystalline
nature, the Raman spectra of the Cu,O thin films deposited
at different deposited potentials of 0.2, — 0.3, — 0.4 and
—0.5 V were recorded in the wavelength range from 100
to 800 cm™! (Fig. 3). Three Raman characteristic peaks
appear at around 212, 428 and 630 cm™!, and they confirm
regarding the formation of Cu,O. The high intense peak
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which appears at 210 cm™! is assigned to second-order

overtone mode 2I'1 5 cm™! as well as Raman-allowed mode
of the Cu,O films [36, 37]. The weak peak at 428 cm~! can
be ascribed to four phonon mode 3T'12 4+ T'25*. The Raman
peak at 630 cm™! is attributed to the infrared-allowed
mode [38]. It can be confirmed from Raman spectra that
the strongest peak of 212 cm™! of the film deposited at
—0.4 V shows a good crystalline nature in comparison
with films deposited in other deposition potentials. The
obtained results are found to be in good agreement with
XRD results.

3.4 Photoluminescence (PL) Spectrum Analysis

Photoluminescence (PL) spectra for films deposited at differ-
ent deposition potentials were carried out to investigate the
atomic defects and their crystal quality under an excitation
wavelength of 470 nm (Fig. 4). Two emission peaks appear
at 590 and 700 nm. The PL peak is observed at 590 nm
(2.1 eV) and is assigned to the nearest band edge emission
due to electron hole recombination shown in inset of Fig. 4.
The intensity of the peak continuously increases as the depo-
sition potentials increases up to —0.4 V and then decreases,
which reveals that the film deposited at —0.4 V possesses
higher crystal quality compared to other films [39]. The
obtainable band edge emission energy gap is well evident
with UV-Vis band gap [40]. The PL peak which appears
at 700 nm (1.7 eV) is due to Cu vacancy (or) oxygen inter-
stitial. The intensity of the peak increases with deposition
potential up to —0.4 V and then decreases. It indicates that
the film deposited at — 0.4 V shows more Cu vacancy. From
the study, it is observed that the films deposited at —0.4 V
show more copper vacancy with good crystal quality and is
in good agreement with XRD results.

3.5 UV-Visible Spectrum Analysis

The optical absorption spectra were recorded to determine
the absorption coefficient and electron transition in Cu,O
semiconducting thin films [18]. UV-visible absorption
spectra of Cu,O thin films deposited at different deposi-
tion potentials in the wavelength range of 450-900 nm are
shown in Fig. 5. Generally, the absorbance depends on the
crystal structure, morphology, surface roughness and film
thickness [11]. It can be observed from Fig. 5 that Cu,O
thin films deposited at different deposition potentials have
band edge absorption peak in visible region due to electron
transition from valence band to conduction band. The Cu,O
film deposited at —0.4 V shows a higher optical absorbance
than films deposited in other deposited potentials due to the
availability of higher density of three-sided pyramid-shaped
granular grain in thin film leading to multi-scattering of the
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Fig.2 SEM micrograph of Cu,O thin films deposited at different deposition potentials: a,b —0.2 V,¢,d —0.3V,e,f-04V,g h-05V

incident light at grain boundaries for absorbing more num-  with an increase in deposition potential. The shifting (red
ber of photons. It is observed that the absorbance edge of  shift) towards higher wavelength is attributed to distor-
the film is slightly red, and it shifts from 614 to 644 nm  tion of O—Cu-O bond in Cu,O thin films [41]. The optical

@ Springer



1070

K. P. Ganesan et al.

2000

1500
-~ 212
3
s
z
51000-@) 630
E %)
=
<
g
& © 428

500

b)
3
200 300 400 500 600 700 800

Wavelength (em™)

Fig. 3 Raman spectra of Cu,O thin films deposited at different depo-
sition potentials:a —02Vb -03V,¢-04V,d-05V

10000  w] P —©
@/
1600 4 S
80004 3 (d)
L

= B (b)
< 6000 -
& 3
Z = = @
3 Wavelength (nm)
= 4000 4

2000

0 o T v T
600 700

Wavelength (nm)

Fig.4 PL spectra of Cu,O thin films deposited at different deposition
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absorption and the transmittance are used to investigate the
optical parameters such as absorbance coefficient, nature
electron transition and optical band gap (E,) of Cu,O thin
films. The absorption coefficient satisfies Eq. 5 for a direct
band gap material [42].

=tu(t)

where « is the absorption coefficient, A is the optical absorb-
ance, T is the transmittance and ¢ is the thickness of the thin
films.
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The band gap of Cu,0 thin films is calculated by using
Tauc’s plot [42].

(ahv)* = A(hv—E,), (6)

where a is the absorption coefficient, A is the constant and
hv is the discrete photon energy. In order to find out the
optical band gap, the plot of (ahv)? versus hy was drawn
as shown in Fig. 6. The energy band gap (E,) is obtained
by extrapolation of linear line intercepting on x-axis. The
estimated band gap of the Cu,O films is 2.15, 2.11, 2.07
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and 2.05 eV for films deposited at — 0.2, — 0.3, — 0.4 and
—0.5V, respectively. The values of optical band gap of Cu,O
thin films deposited by electrodeposition are similar to the
previous reports [20, 23]. The decrease in band gap of the
Cu,0 films can be attributed to an improvement in the crys-
tallinity, morphological changes of the films and structural
defects in the films [43].

3.6 Electrical Analysis

The ac electrical conductivity can be calculated by using the
dielectric data obtained from LCR measurement, and their
relation is given below [44].

0,. = WEEytano, @)
where  is the angular frequency, ¢, is the relative permit-
tivity, g, is the permittivity of free space and tan ¢ is the
loss tangent which is defined as tan 6 =¢"/e’ where €” and &’
are imaginary and real parts of relative permittivity, respec-
tively. The real part of the relative permittivity is given by
Eq. (8) [45].

r_ Gd
= A ®)

£

where C is the capacitance of the films, d is the thickness of
the films, A is the area of the films and g, is the permittivity
of the free space (¢=8.85x 107'> F m™!). The variations
of ac electrical conductivity as a function of frequency at
different sample temperatures for Cu,O thin films depos-
ited at different deposition potentials of 0.2, —0.3, —0.4
and — 0.5 V are shown in Fig. 7. It is observed from Fig. 7
that the ac conductivity of Cu,O thin films deposited at
different deposition potentials increases with an increase
in sample temperatures due to negative temperature coef-
ficient of the impedance [46]. Figure 7 reveals that the
ac conductivity of the Cu,O thin films increases with an
increase in deposition potentials. The increment in conduc-
tivity of the Cu,O thin films may be due to the decrease in
resistivity and increase in hole density which conform to an
acceptor level (copper vacancy). The obtained results are
in good agreement with PL result. Hence, Cu,O thin films
deposited at —0.4 V show higher ac electrical conductivity
than films deposited in other deposition potentials of — 0.2,
—03and -0.5V.

3.7 I-V Characterization Analysis

The photoconductivity response of Cu,O thin films depos-
ited at different deposition potentials was carried out under

dark and illumination conditions. The electrical contacts of
the deposited film were created on the thin film with 0.5-cm
spacing by using silver paste and then connected to Keithley
4200 semiconductor characterization system. Later on, the
film is illuminated with an Xenon flash lamp (100 mW).
The dark and the photocurrent were measured by applying
the input potential in the range from —2 to 2 V. I-V curves
of the films deposited at different deposition potentials are
shown in Fig. 8. The observed linear /-V curves of the Cu,0O
thin film reveal the ohmic nature of the contact. From these
curves, it is observed that the Cu,O thin film deposited at
deposition potential —0.4 V exhibits a good photoconduc-
tivity response compared to Cu,O thin films deposited at
other deposition potentials. This increased photoconductiv-
ity response under illumination may be due to an increase
in the conductivity of film which is in inverse proposition
to resistivity [47]. Hence, the Cu,O thin films deposited at
deposition potential — 0.4 V are more adaptable for solar
cell fabrication.

4 Conclusions

Three-sided pyramid-shaped Cu,O thin films were deposited
on FTO glass substrate in different deposition potentials at
constant deposition temperature of 55 °C by applying elec-
trodeposition technique. The effect of deposition potentials
on structural, morphological, vibrational, optical, electrical
and photoconductivity properties was investigated with the
help of XRD, SEM, Raman, UV-Vis, LCR and Keithley
instrument, respectively. The XRD patterns revealed that
the deposited films were found to be in cubic structure and
the film deposited at —0.4 V showed good crystalline in
nature and was grown along with (111) plane. The SEM
images displayed dense and uniform distributed three-sided
pyramid-shaped grains for a film deposited at a deposition
potential of —0.4 V. The optical properties revealed that a
direct band gap value of Cu,O thin films was estimated to
be between 2.0 and 2.1 eV. Micro-Raman and PL spectra
revealed that Cu,O film deposited at deposition potential
of —0.4 V showed a good crystal quality at more accep-
tor level compared to films deposited in other deposition
potentials. /-V and LCR measurements showed Cu,O thin
films deposited at deposition potential of —0.4 V, and they
had the highest photo- and ac conductivity. From this work,
it is evident that the film deposited at —0.4 V is the more
suitable material for solar cell applications.
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