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Abstract

Thin films of covellite copper sulphide (CuS) were deposited on FTO substrates using chemical spray pyrolysis technique.
Influence of Cu-to-S molar ratio on structural, surface morphological, optical and electrical properties were systematically
investigated using variety of characterization techniques. Formation of covellite CuS films was confirmed by low angle-
XRD and Raman spectroscopy. The field emission scanning electron microscopy analysis revealed the formation of faceted
CusS particles without secondary growth. Optical studies exhibited decrease in optical band gap (from 2.21 to 1.69 eV) with
increase in Cu-to-S molar ratio. Electrical properties were investigated using Van der Pauw four point probe method and
Hall measurements revealed that as-synthesized CuS films have low sheet resistance (1.47-2.45 €/0), high carrier mobility
(8.90-54.89 cm?/Vs) and high sheet concentration (10'°-10'8/cm?). The CusS films deposited at optimized Cu-to-S molar
ratio (1:2.5) were then further studied for electrochemical impedance spectroscopy and photovoltaic characteristics. A
quantum-dot sensitized solar cell incorporating optimized CuS film as counter electrode showed power conversion efficiency
of ~1.05% with V. ~ 0.46 V, I, ~ 1.01 mA/cm? and fill factor ~0.34%. Although the cell is not fully optimized and better

results can be anticipated.

1 Introduction

In recent years, there has been an increasing interest in tran-
sition metal chalcogenides due to their novel physical and
chemical properties. Among them copper sulphide (Cu,S)
is considered as a promising material for solar energy con-
versation system, due to their structural and electrical prop-
erties [1]. It is well-known that Cu,S possesses seven sta-
ble crystal modifications (with x=2, 1.96, 1.8, 1.75, 1.32,
1.12, and 1) [2]. Out of the seven existing copper sulfides
phases with different stoichiometries, only five known to
be stable at room temperature. These are CuS (covellite),
Cu, 75S (anilite), Cu, ¢S (digenite), Cu, 445 (djurleite) and
Cu,S (chalcocite) [3]. This allows the properties of Cu,S
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to be tuned in a broad range. In particular, the band gap of
Cu,S has values from 1.2 eV for the copper-rich phase Cu,S
to 2 eV for copper deficient CuS [4]. Due to unique physical
properties such as superionic conductivity [5] superconduc-
tivity [6] or p-type conductivity [7] the copper sulfide (Cu,S)
has been successfully used in photo thermal conversion [8],
solar cells [9], electrodes [10], nonlinear optical materials,
solar controller, solar radiation absorber [11], catalyst [12],
nanometer scale switches [13] and high-capacity cathode
material in lithium secondary batteries [14], sensors [15],
plasmonic applications [16] etc. Recently, CuS nanostruc-
tures in various forms and shapes have been reported for
different applications which proved that growing interest of
researchers in this material [17-22].

For the deposition of CuS thin films various techniques
have been used which includes sputtering [23], electrodep-
osition [24], co-evaporation [25], organic deposition [26],
atomic layer deposition [3], vacuum evaporation [27], chem-
ical vapour deposition (CVD) [28], dip coating [29], wet
chemical route [30], chemical bath deposition (CBD) [31]
and chemical spray pyrolysis deposition [32], successive
ionic layer absorption and reaction (SILAR) [33], sol—gel
[34] etc. Each deposition method has its own advantages and
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limitations. Among these, chemical spray pyrolysis method
has many advantages over the others such as its simplic-
ity, cost effectiveness, possibility of large area deposition,
minimum material wastage and no need to deal with poi-
sonous gases and no requirement of costly sophisticated
instruments. Furthermore, properties of CuS thin films can
be controlled easily by varying various process parameters
such as flow rate, deposition time, concentration and pH of
spraying solution, type of substrate etc. However, capabili-
ties of chemical spray pyrolysis for obtaining device quality
CuS have not been fully established. It has been observed
that variation in molar concentration of the copper and chal-
cogen precursor plays an important role in determining the
structural, morphological, optical and electrical properties
of the fabricated CusS thin films and only few reports exist in
the literature [35, 36]. With this motivation an attempt has
been made to investigate the effect of Cu-to-S molar ratio
on properties of CuS thin films by chemical spray pyrolysis
method.

In the present work, we report synthesis of CuS films on
FTO substrate by chemical spray pyrolysis method at various
Cu-to-S molar ratios in the precursor solution. The struc-
tural, surface morphological, optical and electrical proper-
ties of as-synthesized CusS films have been studied using low
angle-XRD, Raman spectroscopy, field emission scanning
electron microscopy (FE-SEM), UV-Visible spectroscopy
and four probe resistivity and Hall Effect measurements.
Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) analysis have been also carried out on
optimized CusS layer in view of its use as counter electrode in
DSSCs. Finally, photovoltaic characteristics of DSSC with
employment of optimized CuS counter electrode are also
presented.

2 Experimental
2.1 Cleaning of fluorine doped tin oxide (FTO)

The cleaning of substrates plays an important role in the
process of depositions of thin films. In present work, fluorine
doped tin oxide (FTO) were used for the depositions of CuS
films. The FTO coated glass substrates initially rinsed with
double distilled water (DDW). Then substrates were kept in
ethanol for 5 min and then again rinsed with double distilled
water (DDW). Afterwards it was ultrasonicated in acetone,
ethanol and DDW respectively, each for 15 min. Finally, they
are dried using nitrogen gas and subjected immediately for
deposition of different films.
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2.2 Preparation of Cus films

All the chemicals used were of analytical grade (AR) as
obtained from Sigma-Aldrich (99% purity). All the chemi-
cals were used as received. The deposition was carried
out in an in-house built chemical spray pyrolysis (CSP)
deposition system. The precursor solution for CuS films
was prepared by dissolving copper(Il) chloride and thio-
urea in different Cu:S molar ratios of 1:2.5, 1:3, 1:3.5,
1:4, 1:5 in solution mixture of Water:Ethanol:Glycerol
in 7:2:1 volume ratio under constant magnetic stirring at
250 rpm. This solution was spray deposited on cleaned
FTO substrates. The substrate temperature was maintained
at 325 °C. The air flow rate and nozzle-to-substrate dis-
tance were kept constant during the deposition at 22 liters
per minute and 28 cm, respectively. The deposition was
carried out for 10 min and samples were allowed to cool
to room temperature in the CSP system and then taken out
for further characterization. Figure 1 depicts the process
flow of preparation of Cu,S films by CSP method. In spray
pyrolysis process the growth of CuS films is a result of

Copper chloride (CuClz) Thiourea (CH4N2S)

Cu:S molar ratios = 1:2.5, 1:3, 1:3.5, 1:4 and 1:5

Spray Solution Preparation
Water:Ethanol:Glycerol = 7:2:1 (Volume ratio)

Chemical Spray Pyrolysis Deposition

(350 °C, 10 Min)

Film Formation

Characterization

v v v v v
mmE

Fig. 1 The process flow for preparation of CuS thin films on FTO and
subsequent fabrication of DSSC
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several processes taking place on the heated substrate [37].
Hydrolysis of thiourea takes place followed by its reac-
tion with copper ions as the solution droplets approach the
substrate which is maintained at higher temperature. The
solvent evaporation, nucleation and growth of CuS take
place at the substrate leading to formation of crystalline
CusS thin film.

2.3 Characterization of Cus$ films

Low angle X-ray diffraction patterns were obtained by X-ray
diffractometer (Bruker D8 Advance, Germany) using Cu K,
line (A=1.54056 A). The patterns were taken at a grazing
angle of 1°. The average crystallite size was estimated using
the classical Scherrer’s formula. The surface morphology
of the films is investigated using field emission scanning
electron microscopy (FESEM, Hitachi, S-4800, Japan). The
optical properties of CuS films were deduced from trans-
mittance and reflectance spectra of the films deposited on
FTO and were measured using a JASCO, V-670 UV-Visible
spectrophotometer in the range 250—1100 nm. Raman spec-
tra were recorded using Raman spectrophotometer (Jobin
Yvon Horibra, LABRAM-HR) in the range 100—1000 cm™".
The excitation source was 532 nm line of He—Ne laser. Four
probe measurements were done to determine the electrical
properties of the films using JANDEL model RM3. The type
of conductivity and carrier’s mobility of CuS films were
determined by Hall Effect measurement using HMS3000
at 0.54 T.

2.4 DSSC fabrication and testing

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out using potentiostat/galvanostat (Ivium
Soft:Vertex, The Netherlands) in a typical three-electrode
configuration, with the FTO film as working electrode (WE),
CuS on FTO as counter electrode (CE), Ag/AgCl as refer-
ence electrode (RE). Based on EIS data, the cell showing
the best performance was chose for further fabrication of
complete DSSC assembly. DSSC was fabricated according
to our previous work [38]. In short, thick film prepared by
commercial TiO, powder was used as photoanode which
was sensitized using CdS QDs using successive ionic layer
adsorption and reaction (SILAR) method. Sandwich solar
cells were fabricated using CdS sensitized TiO, as photoan-
odes and light sensitive materials with CuS as the counter
electrode and polysulfide as the electrolyte. J-V characteris-
tics of the cell was studied to evaluate their photovoltaic per-
formance by keeping the cell area ~ 0.25 cm? using Kiethley
source meter (2420) under illumination of 15 mW with a
white LED source.

3 Results and discussion
3.1 Low angle X-ray diffraction analysis

Low angle X-ray diffraction (low angle-XRD) is a widely
used nondestructive technique for the structural characteri-
zation of different materials. Figure 2 shows XRD pattern of
as-deposited CuS films deposited on FTO substrate at vari-
ous Cu-to-S molar ratios. For comparison, the XRD pattern
of FTO substrate (JCPDS card # 41-1445) is also included in
Fig. 2. Presence of multiple peaks indicates that as deposited
CusS thin films are polycrystalline. As seen from the XRD
pattern diffraction peaks are observed at 20 ~ 27.1°, 27.7°,
29.3°, 31.8°, 32.8°, 38.8°, 52.7° and 59.4° corresponding
to (100), (101), (102), (103), (006), (110), (108) and (116)
diffraction planes, respectively with preferred orientation
along (102) direction. These peak positions were perfectly
matched with JCPDS data card # 06-0464 corresponding
to the standard XRD pattern of covellite hexagonal phase
of CuS. Raman spectroscopy analysis further supports this
(discussed later). No other diffraction peaks, except those
of the FTO substrate, can be seen suggesting that no other
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Fig.2 Low angle X-ray diffraction pattern of CuS films prepared at
different Cu-to-S molar ratios on FTO substrate. Asterisk represents
indicates diffraction peaks which belong to the FTO substrate
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crystalline compounds are found in as-deposited CusS films.
Similar results have been reported by Riyaz et al. [34] for
CuS nanoparticles prepared by sol—gel method and Saranya
et al. [39] by hydrothermal route.

The average grain size was estimated using the classical
Scherrer’s formula [40],

09 4
dX—ray = o @))]

p cos 0
where 4 is the wavelength of diffracted radiation, 8y is the
Bragg angle and f is the line width (FWHM) in radians and
its value was found to be in the range 39-46 nm over the
entire range of Cu-to-S molar ratios studied. These values
are shown in Fig. 2.

3.2 Raman spectroscopy analysis

Phase composition of different materials including CuS can
be effectively determined by Raman spectroscopy. Accord-
ing to the group theory, 2Alg, 2E1g, and 4E2g are the eight
Raman active phonon modes for CuS. Figure 3 show Raman
spectra of CuS thin films deposited at various Cu-to-S molar
ratios. A very intense phonon mode at ~475 cm™! which is
assigned to vibrational modes from the covalent S—S bonds
in crystalline CuS [41] and 3 weak bands ~ 141, 262, and
927 cm™! were observed in the Raman spectra of CuS films.
These bands agree well with the reported Raman spectra of
covellite CuS [42]. These results are consistent with low
angle XRD analysis and further confirm the formation of
covellite Cu$ thin films. A weaker band at ~ 262 cm™! can
be assigned to bending and lattice vibrational modes of Cu—S
bonding [43]. Presence of another weaker band ~927 cm™!is
due to the 1st overtone of the band centered ~ 475 cm™!. No
other vibrational modes have been observed over the entire
range of Cu-to-S molar ratios studied signifying presence of
pure CuS phase in the films.

3.3 Surface morphology analysis

To know about the surface morphology of spray pyrolysis
deposited CuS thin films FE-SEM analysis were carried
out. Figure 4 shows FE-SEM images of CuS thin films at
for three different Cu-to-S molar ratios viz; 1:2.5, 1:3.5 and
1:5. All the prepared CuS thin films show uniform surface
morphology of faceted growth of particles over the entire
FTO substrate.

In case of CuS films deposited at Cu-to-S molar ratio
of 1:2.5 (Fig. 4a) show the irregular shaped particles con-
stituting the films without shape edges having more sur-
face roughness. However, for the film grown with Cu-to-S
molar ratio of 1:3.5 (Fig. 4b), the particles appear with rec-
tangular brick like shapes having sharp edges. The thick-
ness and length of these particles was found in the range
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Fig.3 Raman spectra of CuS thin films prepared at different Cu-to-S
molar ratios on FTO substrates

~ 100-200 nm and ~ 300 nm—1.1 pum, respectively. The
CuS films grown at 1:5 molar ratio of Cu and S precursors
(Fig. 4c) a dense film made up of irregular particles hav-
ing thickness ~ 200—400 nm and length of ~ 400 nm—1 pm
were observed. These particles have rather blunt edges. One
noteworthy feature of films prepared on FTO substrates is
that no secondary growth of the particles has been observed.

3.4 UV-Visible spectroscopy analysis

Optical properties of CuS thin films were investigated
using UV-Visible spectroscopy. Optical absorption spec-
tra of polycrystalline CuS deposited on FTO substrate
recorded in wavelength range 200-1100 nm is shown in
Fig. 5a. From the figure it is clear that CuS thin films have
high absorbance of light in the visible region of the solar
spectrum. In addition, a broad band extending into the
near-IR region can be observed, which is characteristic for
covellite CuS [34]. There is a broad shoulder ~ 620 nm,
in loger wavelength region and near IR region is due to
free-carrier absorption and is slightly blue-shifted due to
quantum confinement effect of CuS nanomaterial [44] as
compared to the bulk CuS material [45]. Low angle XRD
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Fig.4 FE-SEM images of CuS films prepared at a 1:2.5, b 1:3.5 and
¢ 1:5 molar ratios on FTO substrates

analysis support this conjecture. The presence of broad
absorption spectrum in both visible and near-IR regions
suggest that the CuS is a promising material in the field of
photocatalysis and solar cells [46].

In the direct transition semiconductor, the optical
energy band gap (E,,) and the optical absorption coef-
ficient (o) are related by [47],

@

where a is the absorption coefficient, B is the optical den-
sity of state and E is the photon energy. The absorption

(aE)'* =B'*(E - E,,)

(a)
2
c
2
o
2
<
0] -
o Cu-to-S molar ratio
@ —_— 125
'ng —_—1:3
2 — 1:3.5
< — 14
— 1:5
L S e e e E e e I E e e
200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)
(b)14
g Cu-to-S molar ratio
12 |— 125
J|— 13
— 135
B 7 — 12
1 [—5
‘T‘D 8
g 4
~ 6 -
NA
> J
3 44
2 -
0 2 s s s
T T T f T T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Photon energy (hv) (eV)

Fig.5 UV-Visible spectroscopy analysis of CuS films prepared at
different Cu-to-S molar ratios on FTO substrates a absorption spectra,
b Tauc plots

coefficient (o) can be calculated from the transmittance of
the films with the formula,

o= lln<l>
d \T
where d is the thickness of the films and T is the transmit-
tance. Therefore, the optical band gap is obtained by extrap-
olating the tangential line to the photon energy (E =hv)
axis in the plot of (ahv)? as a function of hv (Tauc plot).
The optical band gaps of the films was determined from
the extrapolation of the linear plot of (ahv)/? versus ho at
a=0 (see Fig. 5b). The band gap values of spray pyrolysis
deposited CusS thin films for 1:2.5, 1:3, 1:3.5, 1:4, 1:5 Cu-to-
S molar ratios are found 2.21, 2.11, 1.99, 1.85 and 1.69 eV
respectively. It decreases with increase in Cu-to-S molar
ratios. Interestingly, these values are higher than the band
gap of bulk CuS (1.2 eV) [48]. It is known that the opti-
cal properties of semiconductor nanoparticles depands on
their crystallite size and crystallites shape [49]. We attribute
decrease in band gap of CuS films to change in average grain
size and its shape with increase in Cu-to-S molar ratios. The
change in average grain size as reavled by XRD analysis

3
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(Fig. 2) and change in its shape as reavled from FE-SEM
analysis (Fig. 4) further support this.

3.5 Electrical properties

The effect of change of electrical properties due to change
in Cu-to-S molar ratio of CuS films were studied by four
probe resistivity and Hall effect measurements. Four probe
measurements were carried out using four probe appara-
tus (Jandel, Model RM3) at room temperature. The elec-
trical properties of CuS films were obtained by using Hall
Effect measurement set-up (ECOPIA HMS-3000) at current
of (I)=1 mA and applied magnetic field of (H)=0.54 T.
Table 1 shows electrical properties of CuS films measured
using four probe resistivity measurement and Hall Effect
measurement. As seen the CuS films deposited at various
Cu-to-S molar ratios have very low sheet resistance in the
range of 1.47-2.45 Q/O. The carrier mobility and sheet
concentration were found in the range of 8.90-54.89 cm?/
Vs and 10'°~10'8/cm? respectively. These mobility values
are in accordance with the reported values (7.24 cmz/Vs)
by Yuan et al. [50]. The negative value of current observed
in Hot Probe experiment [51] and positive sign of average
Hall coefficient (not shown) indicates that the CuS thin films
deposited at different Cu-to-S molar ratios has p-type con-
ductivity. These results match well with the reports available
in the literature [50, 52] and can be attributable to free holes
from acceptor levels of copper vacancies [53]. The change
in the sheet resistance can be due to the combined effect
of change mobility and carrier concentration whereas the
change in mobility can be correlated to change in particle
size and edge sharpness as observed in FE-SEM analysis.

3.6 Cyclic voltametry (CV) studies

The electro-catalytic activity of CuS thin films deposited on
FTO substrate was analyzed using cyclic voltammetry (CV)
and is shown in Fig. 6. Cyclic voltammetry is conducted
at a scan speed of 100 mV/s and in the voltage range from
—1 to 1 V using polysulphide as electrolyte. The prepared
CuS samples are independently used as the counter elec-
trode (CE) and Ag/AgCl as the reference electrode (RE).

Table 1 Electrical properties of CuS films measured using four probe
resistivity measurement and hall effect measurement

Four probe measurement

Cu-to-S molar ratio 1:2.5 1:3.5 1:5

Sheet resistance (/1) 1.47 2.45 2.24
Hall measurements

Mobility (cm?/Vs) 8.90 54.89 12.49

Sheet-concentration (/em?)  4.19x 107 6.58x 10 2.76x10"
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Fig.6 Cyclic voltammograms of CuS thin films deposited at three
Cu-to-S molar ratios, 1:2.5, 1:3.5 and 1:5

The counter electrode prepared from Cu-to-S molar ratio of
1:2.5 shows maximum current density compared to the other
two counter electrodes prepared at Cu-to-S molar ratios of
1:3.5 and 1:5. The higher redox activity in counter elec-
trode prepared at 1:2.5 Cu-to-S molar ratio may be due to
conversion of oxidized polysulfide S >~ into S?>~ on counter
electrode surface during the regeneration of cell compared
to other two counter electrodes which results higher current
density [54]. The lowest sheet resistance observed for CuS
film deposited at Cu-to-S molar ratio 1:2.5 further supports
this. Hence, CuS film prepared at 1:2.5 Cu-to-S molar ratio
has been consider for further investigations.

3.7 Electrochemical impedance spectroscopy (EIS)
analysis

The Nyquist diagram of electrochemical impedance spec-
troscopy (EIS) data is an effective way to measure the elec-
tron transfer resistance. The size of the arc radius on the
Nyquist plot is directly related to resistance of electron trans-
fer in dye sensitized solar cells (DSSCs). It also reflects the
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Fig. 7 Nyquist plot for optimized CuS counter electrode
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energy barrier of electrode reaction [55]. Figure 7 shows
EIS measurements using the Nyquist plots which have been
used to analyze the internal resistance of DSSCs [56]. The
EIS was carried out in dark in the frequency range between
10 kHz—-10 Hz at a bias of —0.7 V and signal amplitude
of 10 mV and 0.1 M polysulfide electrolyte by employing
Potentiostat/Galvanostat (Ivium Soft: Vertex) electrochemi-
cal work station. The arc at high frequency represents the
counter electrode/electrolyte interface and the middle arc
at intermediate frequency range is attributed to photo elec-
trode/electrolyte interface. The last arc at lower frequency
region represents the diffusion of electrolyte species in the
electrolyte. The diameter of the first arc quantitatively rep-
resents the charge transfer resistance of at counter electrode/
electrolyte interface which is of the order of few tens of
ohms as it can be seen from the Nyquists plot in the Fig. 7.
This value is much lower than the that of Pt when used as
counter electrode (few k) and are in compliance with
reported results [54, 57].

3.8 Photovoltaic characteristics

Figure 8 presents the J-V characteristics of CdS based DSSC
incorporating CuS/FTO counter electrode prepared at 1:2.5
Cu-to-S molar ratio. The inset shows the schematic of CdS
based DSSC used in the present study. The active area of the
photovoltaic device is 0.25 cm?. A 15 mW white LED light
was used for the illumination. The J-V curve which indicates
the solar cell performance with the x-intercept of the curve
representing the open circuit voltage and the y-intercept
gives the short circuit current density. The open circuit volt-
age was obtained to be ~0.46 V while the short circuit cur-
rent density was 1.01 mA/cm?. The fill factor was ~0.34%
and a solar cell power conversion efficiency of ~1.05% has
been obtained. Similar results were also obtained by other
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Fig.8 J-V characteristics of DSSC incorporating optimized CuS
counter electrode. The inset shows schematic of typical DSSC used
with CuS counter electrode

researchers [17]. Although the obtained power conversion
efficiency is very low, the present study is just a beginning
and has laid the foundation for further studies towards the
use of cost effective thin film counter electrode material in
DSSCs. As the cell is not fully optimized and better results
can be anticipated.

4 Conclusions

In the present study, thin films of covellite copper sulphide
(CuS) were deposited on FTO substrates using chemical
spray pyrolysis technique at various Cu-to-S molar ratios.
Structural, morphology, optical, electrical and electro-
chemical properties of these films have been systematically
investigated using variety of characterization techniques
such as low angle-XRD, Raman spectroscopy, UV-Vis-
ible spectroscopy, FE-SEM, Van der Pauw four point probe
method, Hall measurements, cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS) etc. Formation of
covellite CuS films has been confirmed by low angle-XRD
and Raman spectroscopy. The surface morphology analysis
revealed the formation of faceted CuS particles without sec-
ondary growth with increase in Cu-to-S molar ratio. Optical
studies exhibited decrease in optical band gap with increase
in Cu-to-S molar ratio. Electrical properties revealed
that as-synthesized CuS films have low sheet resistance
(1.47-2.45 ©/0O), high carrier mobility (8.90-54.89 cm?/Vs)
and excellent sheet concentration (10'°~10'8/cm?). Photovol-
taics characteristics of DSSC incorporating optimized CuS
as counter electrode showed power conversion efficiency of
~1.05% with V. ~ 0.46 V, I, ~ 1.01 mA/cm? and fill fac-
tor ~ 0.34%. Further optimization is needed for improving
the photovoltaic performance of DSSCs.
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