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Effect of substrate on electroplated copper sulphide thin films
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Abstract Copper Sulphide thin films have been prepared
on different substrates using electrodeposition technique.
X-ray diffraction analysis showed that the prepared films
possess polycrystalline in nature with cubic structure.
Microstructural parameters such as crystallite size, strain
and dislocation density are determined using X-ray dif-
fraction data. Film composition and surface morphology
have been analyzed using Scanning electron microscopy
and Energy dispersive analysis by X-rays. Optical
absorption analysis showed that the prepared films possess
band gap value in the range between 2.2 and 2.4 eV for
films obtained on different substrates.

1 Introduction

Metal Chalcogenides have found numerous applications in
variety of solid state devices such as optical devices and
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solar cells [1, 2]. Copper Sulphides (Cu,S, x = 1-2) is
found to be as significant binary compound which have
been found number of applications such as solar absorber
coatings for photothermal conversion of solar energy and
filters for selective radiations on architectural windows [3,
4]. Copper Sulphides are found to exist in five non-stoi-
chiometric and mixed phases at room temperature viz.,
covellite (CuS) in ‘‘sulphur-rich region’ and anilite
(Cuy 755), digenite (Cu, gS), djurleite (Cu; 95S), and chal-
cocite (Cu,S) in *‘copper-rich region’” [5]. Among them,
Cus,S is found to be a p-type semiconductor with an energy
gap value in the range between 1.2 and 1.93 eV which
make them interesting for energy conversion through
electrochemical route [6-8]. Polycrystalline Copper Sul-
phide (Cu,S) thin films are usually crystallized in cubic
structure (JCPDS ICDD 2003, File No. 65-2980). Number
of techniques have been reported for the preparation of
Cu,S thin films with device quality such as, thermal
evaporation [9], RF reactive sputtering [10], hydrothermal
technique [11], microwave assisted chemical bath deposi-
tion [12], chemical vapour deposition [13], successive
ionic layer adsorption and reaction technique [14], atomic
layer deposition [15], spraypyrolysis [16]. Among them,
electrodeposition is one of the appropriate methods to
prepare good quality films. It seems to be attractive due to
its simplicity, low temperature processing, low cost of
synthesize, control of film thickness and morphology by
readily adjusting the deposition parameters as well as
composition of the electrolytic bath, etc. [17, 18].

In the present work, thin films of Cu,S have been prepared
on various substrates such as tin oxide coated conducting
glass (SnO,) substrates, flourine doped tin oxide coated
conducting glass substrates (SnO,:F) and indium doped tin
oxide coated conducting glass substrates (SnO,:In). The
deposition mechanism has been analyzed using cyclic
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voltammetry. Prepared films have been subjected to X-ray
diffraction (XRD), Scanning electron microscopy (SEM),
Energy dispersive analysis by X-rays (EDX) and Optical
absorption analysis (UV-Vis-NIR) techniques, respec-
tively. The effect of substrate on electrochemical, micro-
structural, morphological, compositional and optical
properties of the deposited films are analyzed. The experi-
mental observations are discussed in detail.

2 Experiment
2.1 Experimental details

The chemicals used in the present work were of AR grade
(99.5 % purity, Merck). Cu,S thin films were deposited on
SnO,:F, SnO, and SnO,:In (sheet resistance 20 ohms/
square) substrates from an aqueous acidic bath containing
0.05 M CuSO4 and 0.05 M NayS,05. The first working
solution was obtained by dissolving 1.2489 g CuSO, in
100 cc deionized water and the second working solution
Na,S,0; was obtained by dissolving 1.2409 g Na,S,0;3 in
100 cc of deionized water. Each 20 cc of the two solutions
forms the reaction mixture and this mixture was used as an
electrolytic bath for all depositions. Before, used for depo-
sition process the substrates were treated with ultrasonic
waves in a bath of methanol for 15 min and then rinsed with
acetone followed by double distilled water. Initially, the pH
of the electrolytic bath was maintained at 4.0 & 0.1. By
adding an adjustable amount of H,SO,, the pH value was
adjusted to 2.0 £ 0.1. The pH value was fixed as 2.0 £ 0.1
for all depositions. The depositions were carried out using
SP50 Potentiostat/Galvanostat Unit (Bio Logic, France)
employing three electrode cell configuration with SnO,,
SnO,:F and SnO,:In substrates as cathode, graphite plate as
anode and saturated calomel electrode (SCE) as reference
electrode, respectively. The SCE was introduced into the
solution by Luggin capillary arrangement whose tip was
placed as close as possible to the working electrode. The
experimental potential was measured with respect to SCE.
The electrolytic processes were monitored by cyclic vol-
tammetry and governed potentiostatically. The deposition
potential and bath temperature were fixed as —1000 mV
versus SCE and 60 °C. The deposition time was found
to be vary in the range between 5 and 60 min.

2.2 Characterization

In situ characterization technique such as cyclic voltam-
metry was carried out to fix the deposition potential of the
deposited films. Thickness of the prepared films was esti-
mated using Stylus Profilometer (Mitutoyo SJ 301, Japan).
X-ray diffraction data of the prepared films was taken out

using an X-ray diffractometer (X’PERT PRO PANalytical
X-ray diffractometer, Netherland) with CuK, radiation
(A = 1.5406 A). Surface morphology and film composition
were analyzed using an Energy dispersive analysis by
X-rays set up attached with Scanning electron microscope
(JEOL JSM 840). Optical absorption analysis was carried
out using (Shimadzu Model 2600, Singapore) UV—Vis—
NIR spectrophotometer.

3 Results and discussion
3.1 Cyclic voltammetry

The formation of alloy in electrodeposition process is more
complex, because they involve several thermodynamic
problems such as poor adhesion of film to the substrates due
hydrogen evolution, more acidic nature and peel off film
from the substrate. The formation of Cu,S thin film in elec-
trodeposition process, the deposition of less noble constitu-
ent (here formation of metallic alloy S) takes place first at
potential which is quite closer to standard reduction potential
of $,03~ according to Eq. (2). Cu,S thin films are formed
according to Eq’s as mentioned below from Egs. (1) to (3).

Cu*" +e— Cu"; E’=+40.3419V

RT axt

Ec, = EY —|In|=« 1
o= Bt ||| 1)
2507 + H,0 +4de” — 5,05 + 3H,0;

E'=-0571V

RT] . |ai, RT 4

Eq=E)+ |—| In| 222 —\In(at, 2
s=Es+ {44 n[ as | T [2F] n(az;) (2)

2Cu" + 8,05 — CupS + 505 T;

3
AG = —86.19 kJ mol ™! (3)

where Ec, and Eg are potential of the working electrode in
a given solution. E%u, Eg are the standard electrode
potential for Cu and S respectively with respect to SCE. R is
universal gas constant, T is absolute temperature of the
electrolytic bath, N is the number of electrons required for the
reduction and F is Faraday constant. agy, ad, are the
activities of Cu and S ions which are present in the electrolytic
bath. ac,, as are the activities of respective atoms present in
the deposited films. The deposition of Cu occurs at potentials
more positive than their standard reduction potential by
gaining free energy in the compound formation. The forma-
tion of Cu,S thin films takes place with negative free energy
AG = —86.19 kJ mol~'. Cyclic voltammetric studies have
been carried out in a standard three compartment cell con-
sisting of SnO,:F, SnO, and SnO,:In substrate as working
electrode, graphite electrode as counter electrode and SCE as
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Fig. 1 Cyclic voltammogram of Cu,S thin film obtained from an
aqueous electrolytic bath consisting of 0.05 M CuSO, and 0.05
MNa,S,0s: (@) SnO,:F, (b) SnO, and (c) SnO,:In substrate

reference electrode, respectively. The electrolytic bath con-
sisting of 0.05 MCuSO, and 0.05 M Na,S,05. The scan rate
is fixed as 20 mV s~' and the voltammetric curves are
scanned in the potential range between —1,000 mV and
41,000 mV versus SCE. Figure la shows cyclic voltam-
mogram recorded for SnO, substrate obtained from an acidic
bath containing 0.05 M CuSQO,4 and 0.05 M Na,S,03. During
positive scan, observation of oxidation peak at +540 mV
versus SCE may be due to oxidation of Cu*" to Cu®.
Reduction peak I observed at —325 mV versus SCE may be
due to the formation of Cu,S film on SnO, substrate
according to Eq. (3). Also, observation of peak at +-39 mV
versus SCE may be due reduction of solvent present in the
electrolytic bath. Similar behaviour is exhibited for films
obtained on SnO,:F substrate which is indicated in Fig. 1b.
Cyclic voltammogram recorded for SnO,:In substrate
obtained from an acidic bath containing 0.05 M CuSO, and
0.05 M Na,S,05 which is shown in Fig. 1c. Cathodic current
density increases gradually up to 4325 mV versus SCE
substrate which may be due to the formation of Cu™ ion from
an electrolytic bath. The observation of peak at +39 mV
versus SCE may be due to reduction of solvent. Reduction
peak appeared at —325 mV versus SCE may be due to the
formation of Cu,S films on SnO,:In substrate according to
Eq. (3). A slight shift in deposition potential observed in the
present work which may be due to the usage of different
substrates [19]. Different deposition potentials are observed
for Cu,S thin films have been reported earlier [20].

3.2 Film thickness

Thickness of the deposited films is controlled by two
separate variables such as (1) uniform growth and (2)
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Fig. 2 Variation of film thickness with deposition time for Cu,S thin

films obtained on different substrates:(a) SnO,:F, (b) SnO,
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Fig. 3 X-ray diffraction pattern recorded for Cu,S thin films obtained
on different substrates: (a) SnO,:F, (b) SnO; (c) SnO,:In

surface morphology [21]. Thickness of the deposited films
are controlled by controlling the deposition potential,
plating current, plating time and usage of various substrate
and bath temperature. Thickness of the deposited films is
measured using stylus profilometer. Figure 2a—c shows the
variation of film thickness with deposition time for films
obtained on different substrates such as SnO,:F, SnO, and
SnO,:In. It is observed that film thickness increases line-
arly with deposition time and reaches its maximum value at
a deposition time of 30 min for films prepared on SnO,:F
substrate (Fig. 2a). Similar behaviour is exhibited for films
obtained on different substrates such as SnO, and SnO,:In
which is indicated in Fig. 2b, c. Decrease in film thickness
value after certain intervals of time (after 30 min) which
may be due higher rate of dissolution than rate of deposi-
tion [21]. Films with higher thickness (1,060 nm) is
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obtained at a deposition time of 30 min for films obtained
on SnO,:In substrate. Therefore, SnO,:In is used as best
substrate to obtain films with higher thickness values.

3.3 X-ray diffraction

X-ray diffraction pattern of Cu,S thin films deposited on
different substrates is shown in Fig. 3. XRD patterns
showed that the deposited films are found to exhibit cubic
structure. All the identified peaks are from Cu,S phase. The
different peaks in the diffractogram are indexed and the
corresponding values of interplanar spacing “d” are cal-
culated and compared with standard JCPDS ICDD file for
cubic Cu,S [22]. The appearance of peak at 20 value cor-
responds to metallic Sulphur present in the deposited films
[23]. The observation of slight shift in peak intensity may
due to usage of different substrates. The height of (111)
peak is found to be higher than all other peaks in the XRD
pattern indicated that the crystallites are preferentially
oriented along (111) plane. Though, the peak intensities are
slightly varied but no other changes are observed in all
identified diffraction patterns. The presence of sharp and
more intense diffraction peaks for films obtained on
SnO,:In substrate correspond to the formation of films with
better crystallinity. The crystallite size value of the
deposited films is calculated using FWHM data which must
be obtained from XRD pattern and Debye—Scherrer for-
mula [24].

0.94

D:ﬁcosﬁ “)

where 4 is the wavelength of CuK, target used
(L = 1.5406 A), B is full width at half maximum of the
peak position in radian, 0 is Bragg’s diffraction angle at
peak position in degree. Strain is defined as the force which
can be act on the surface of the film to restrict the forma-
tion of crystallites on its surface [17]. The value of strain
(¢) is calculated using Williamson Hall plot analysis
method by using Eq. (5).

Dislocation density () is defined as the number of
dislocation lines per unit volume of the crystal and its value
is calculated by using Eq. (6) [24].

1

6= (©)
The value of crystallite size is controlled by the usage of
different substrates. It is noted that, films with higher
thickness value having lower crystallite size and lower
thickness value having higher crystallite size may be due to
the quantum confinement effect produced by the usage of
various substrates [25]. The value of microstructural
parameters such as crystallite size, strain and dislocation
density are calculated using XRD data and given in
Table 1. The value of strain, dislocation density and film
thickness are found to be smaller than films obtained on
SnO,:In substrate. The crystallite size value for films
obtained on SnO;:In substrate is higher than value obtained
on SnO, and SnO,:F substrate.

3.4 Morphological and compositional analyses

SEM images for films prepared on different substrates are
recorded using scanning electron microscope. SEM images
observed for films prepared on SnO,, SnO,:F and SnO,:In
substrate are shown in Fig. 4a—c. The observation of slight
change in surface morphology may be due to usage of
different substrates [25]. The grains are found to be
spherical in shape with non uniform surface coverage
which is indicated in Fig. 4a. Similar morphological
behaviour is exhibited for films which have been reported
earlier [26]. It is observed from Fig. 4 b, c several crys-
tallites are joined together to form grains. The average size
of the grains are found to be 400, 320 nm for films obtained
on SnO, and SnO,:In substrates. The film composition of
the deposited films is analyzed using an EDX set up
attached with SEM. The value of atomic percentage for
films obtained on different substrates which is indicated in
Table 1. It is observed from Table 1 that the deposited
films has atomic percentage value (Cu:S) 71.90:29.10,

A (Cu:S) 69.18:30.82 for films obtained on SnO, and
B= DcosO gtan (5) SnO,:In. The atomic molar ratio (Cu:S) for films obtained
Table 1 Microstructural Sl.  Substrate Film Crystallite  Dislocation Strain (g), Bandgap  Atomic
parameters, atomic percentage no. thickness  size (D), density (9), lines  lines™> m™*  (Ey), percentage
and band gap value of Cu,S thin (nm) (nm) m=2 x10™ V) (%)
film obtained on different x1073 -
substrates: (a) SnO,:F, (b) SnO, Cu S
and (¢) SnO,:In
SnO,:F 580 48.77 591 63.3 2.39 71.52 28.48
. SnO, 860 52.39 3.50 61.9 2.31 70.90 29.10
3. SnOxIn 1,060 59.72 2.80 15.1 2.20 69.18 30.82
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on SnO,:In substrate is found to be 1.80:0.92 indicated that
the deposited is nearly stoichiometric. This result is con-
sistent with X-ray diffraction analysis of the sample with
phase corresponds to Cu,S. Increase in value of Cu and
decrease in value of S may be due to cumulative effect of
ionic transport, discharge, nucleation, growth of Sulphur at
higher concentration.

3.5 Optical absorption analysis

The change in value of optical transmittance of the
deposited films may be due to usage of different substrates
[25]. Transmittance spectra recorded for Cu,S thin films
obtained on SnO,:F, SnO, and SnO,:In substrates are
shown in Fig. 5Sa—c. It is observed that the film deposited
on SnO, substrate has showed maximum transmittance in
visible region. The value of absorption coefficient is cal-
culated using Eq. (7) [18]

. (i;) (7)

where o is the absorption coefficient in cm ™, ¢ is thickness
value of the film in nm, A is absorbance and T is trans-
mittance percentage. The nature of transition present in the
deposited films which is determined using the following
Eq. (8) [17]

ahv = A(hv — E,)" (8)

where hv is photon energy in eV, E, is an energy gap in eV,
A is an energy dependent constant and » is an integer. The
percentage value of absorption and transmittance for films
obtained on different substrates are carried out to determine
optical properties of the deposited films. A plot of (hv)
versus (ozhv)2 for Cu,S thin films obtained on different
substrates are indicated by curves a, b, ¢ which is shown in
Fig. 6. The observation showed that the plot is linear
indicating the presence of direct transition in the deposited
films. Extrapolation of linear portion of the plot to energy
(hv) axis gives the band gap value of the deposited films.
The band gap value of the deposited film are found to be
2.39, 2.31 and 2.20 eV for films obtained on SnO,:F, SnO,
for SnO,:In substrates. Variation in band gap value of the
deposited films may be due to usage of different substrates
[25]. The band gap value obtained in the present work must
be closer to the value reported earlier [26]. The value of
extinction coefficient and refractive index are determined
using Egs. (9) and (10). Figure 7 shows the variation of
refractive index (n) with wavelength (A) for Cu,S thin films
prepared on various substrates. It is observed that the value
of (n) decreases with (A) for films obtained on SnO,:F,
SnO,:In, SnO, substrates. Variation of extinction coeffi-
cient (k) with wavelength (A) for Cu,S thin films prepared
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Fig. 4 SEM images of Cu,S thin film obtained on different
substrates: (a) SnO,:F, (b) SnO, (¢) SnO,:In

on different substrates is shown in Fig. 8. It is observed
that the value of (k) decreases with respect to A for all
substrates. The value of real and imaginary dielectric
constants are determined using Eqgs. (11) and (12). Varia-
tion of real and imaginary part of dielectric constants (g,
and &,) with respect to wavelength (A) for Cu,S thin films
obtained on different substrates is shown in Figs. 9 and 10.
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Fig. 5 Transmittance spectra recorded for Cu,S thin films obtained

on different substrates: (a) SnO,:F, (b) SnO; (c) SnO,:In
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Fig. 6 Plot of (hv) versus (athv)? for Cu,S thin films on obtained on
different substrates: (a) SnO,:F, (b) SnO, (¢) SnO,:In

It is observed that both (¢, ) and (&, )are found to decrease
with respect to (A) for film obtained on SnO,:F, SnO, and
SnO,:In substrates.

oA
k= ©)
e =n*—k (11)
& = 2nk (12)

4 Conclusions

Thin films of Cu,S thin films were prepared on different
substrates such as SnO,:F, SnO, and SnOj:In using

1.25

Refractive index, (n)

1.20

1.10 . . ' '
300 400 500 600 700 800

Wavelength, A (nm)

Fig. 7 Variation of refractive index (n) with wavelength (A) for Cu,S
thin films obtained on different substrates: (a) SnO,:F, (b) SnO,
(¢) SnO,:In

Extinction coefficient,(k)

0.0 1 1 (] 1
300 400 500 600 700 800

Wavelength, A (nm)

Fig. 8 Variation of extinction coefficient (k) with wavelength (1) for
Cu,S thin films obtained on different substrates: (a) SnO;,:F, (b) SnO,
(¢) SnO5:In substrate

electrodeposition technique. Structural analysis showed
that the prepared films possess polycrystalline in nature
with cubic structure with preferential orientation along
(111) plane. Microstructural parameters estimated using
Williamson Hall plot analysis were found to exhibit
monotonic variation with respect to usage of different
substrates. Film surface was found to be smooth with
coverage of spherically shaped grains for films obtained on
SnO;:In substrate. The band gap value was found to be in
the range between 2.20 and 2.40 eV for films obtained on
different substrates. Also, the optical parameters such as
refractive index, extinction coefficient, real and imaginary
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Wavelength, A (nm)
Fig. 9 Variation of real dielectric constant (g,) with wavelength (A)

for Cu,S thin films obtained on different substrates: (a) SnO,:F,
(b) SnO, (¢) SnO,:In

Imaginary dielectric constant (g ;)

300 400 500 600 700 800
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Fig. 10 Variation of imaginary dielectric constant (€,) with wave-
length (A) for Cu,S thin films obtained on different substrates:
(a) SnO,:F, (b) SnO; (c) SnO,:In

dielectric constant were determined. As a result, the films
obtained on SnO,:In substrate was found to exhibit well
oriented properties than films obtained on some other
substrates.
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