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Abstract

Copper antimony sulphide (CuszShS3) with a p-type conductivity and optical band gaps in the
range of 1.38 to 1.84 eV is considered to be a promising solar harvesting material with non-toxic
and economical elements. In this study, we reported the fabrication of CuzSbS; thin films using
successive thermal evaporation of Cu,S and Sb,S; layers followed by annealing in an argon
atmosphere at a temperature range of 300-375°C. The structural and optical properties of the as-
deposited and annealed films were investigated. The annealed films notably show the crystalline
phase of the Cu3ShSs, identified from the X-ray diffraction analysis and endorsed by the Raman
analysis as well. Whereas their chemical state of the constituent elements was characterized with
X-ray photoelectron spectroscopy. The measured highest resistivity of the annealed film was
found to be ~0.2 Q-cm. Hence, our obtained results for the fabricated CusShSs thin films bring to
light that CusSbhSswould be a good absorber layer in solar cells due to their low resistivity, a
higher value of the optical absorption coefficient (~10°> cm™), the low transmittance (<5%) and

an optical direct band gap of 1.6 eV in the visible range of the solar spectrum.
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1. Introduction

Chalcogenide thin film materials are one of the unique types of the semiconductor compounds
which offer broad range applications. In their simplest forms, the chalcogenides are a
combination of metal alloys and sulfur, selenium, and tellurium elements, and used for a variety
of technological applications including non-volatile phase change memory devices [1] and thin
film photovoltaic (PV) devices. The copper based chalcogenide thin films including
Cu,ZnSnSSe, (CZTSSe, kesterite), CuSbhS, (chalcostibite) and CusBiS; (Wittichenite) comprise
abundant, low cost and non-toxic elements with a p-type conductivity, and are extensively
investigated as an absorber layer for solar cells. These materials are also under extensive
research due to their environment-friendly response and appropriate characteristics to harvest the
solar energy [2-7]. Colombara et al studied thermochemical and kinetic aspects of the CuSbS,
and Cu3BiS; produced by the conversion of the stacked and co-electroplated metal precursors in
the presence of sulfur vapors [8]. Recently different phases of copper antimony sulfide systems
are explored as alternatives to the conventional thin film solar cell materials, including Copper
indium gallium selenide (CIGS), cadmium telluride (CdTe) and copper zinc tin sulfide (CZTS)
[9-11], owing to the fact that copper antimony sulfide contains non-toxic, sustainable constituent

elements, and has high absorption coefficient values (~ 10°> cm™) [9, 12].

In the literature, fabrication of the copper antimony sulfide thin films are found using both
physical and chemical deposition techniques such has thermal evaporation [13-15], thermal
diffusion [16], spin coating [17], chemical bath deposition [18], spray pyrolysis [19],
electrochemical deposition [20, 21] and hybrid inks method [22], etc. For example, Rabhi et al
reported the copper antimony sulfide films fabricated via a thermal evaporation technique [13,
14]. In their work, the value of the optical band gap energy values is reported in the range of 1.8-
2.0 eV for the films annealed at temperatures below 200°C, and 1.3 eV for those annealed above
this temperature. Together with a p-type conductivity, they mentioned it a suitable material for
the absorber layer in solar cells. Similarly, Colombara et al also observed the p-type conductivity
with an optical band gap of 1.5eV for the CuSbS, thin films, prepared using sulfurizing of
evaporated Sb-Cu metal stacked layers in a quartz furnace [23], but their reported external
quantum efficiency (EQE) of the sulfurized samples was found too low for the application of
photovoltaic cells. Their further work also shows that the Sb-rich samples may lead to the

desired stoichiometry and enhanced performance of this material in solar cells [23].



Among the different phases of Cu-Sb-S system, most of the studies were focused on the layered
orthorhombic structure, CuSbS, [24, 25]. In a recent theoretical study, the CuSbS, phase has
been predicted as an indirect band gap with a low hole mobility, suggesting it unlikely to achieve
the desired transport properties for using it photovoltaics [9, 10]. Additionally, their theoretical
study suggests that CuzSbS; could be preferred if it exhibits the requisite optical and transport
characteristics [10]. In the follow-up study, recently Nefzi et al. [26] reported the fabrication of
Cu3ShS; thin films by direct melting of the precursor elements and obtained an optical band gap
of 1.46 eV with an absorption coefficient of (~10° cm™) and a p-type conductivity. In another
report, CuzShS; thin films prepared by chalcogenization of Cu-Sb precursors have been reported
with an optical band gap of 1.84 eV [27]. In a theoretical study, direct band gap energy of the
Cu3ShS; thin films was reported to be 2.14 eV [28]. Although the reported studies point to the
appropriateness of the Cu3ShS3 for solar cell absorber layer, the disparity among different studies
is obvious from the reported data. Therefore, to comprehend its potential as an absorber layer for
solar cell applications, further studies of its material properties are urgently needed.

In this study, we propose a simple, cost-effective, robust and environment-friendly thermal
evaporation method, in which the precursors of Cu,S and Sh,S; layers were directly evaporated
onto substrates, followed by thermally annealing and inter-diffusing of the two layers in an argon
atmosphere at different temperatures (300-375 °C) for 60 minutes. Effects of annealing

temperatures on the structural and optical properties of the samples are investigated.

2. Experimental details

Thin films of Cu3SbS; were deposited ultrasonically on cleaned soda lime glass substrates using
a single source thermal evaporation system (Edward 306) by evaporating Cu,S and Sh,S;
powder precursors acquired from Sigma-Aldrich with 99.999% purity. A 400-nm thick layer of
Sh,S;3 was firstly evaporated onto the glass substrates followed by a 170-nm thick Cu,S layer, all
in a high vacuum (with a base vacuum of ~10® mbar). After the deposition, the two layers were
inter-diffused by annealing the as-deposited films at various temperatures of 300, 325, 350 and
375 °C in a quartz tube furnace in an argon atmosphere for 60 min to study the effect of

annealing on the film properties.



The as-deposited and annealed samples were investigated using different characterization
techniques. The crystalline structures of the films were characterized using x-ray diffraction
(XRD) analysis with a D500 Siemens diffractometer and Cu Ko radiation (A=1.54 A). Raman
spectra measurement was performed using a Renishaw Via Raman spectrometer with an
Ar" laser excitation source (514.5 nm). Morphological features of the obtained samples were
studied using atomic force microscopy (AFM, Seiko Instrument, SPA-300HV). The scanning
electron microscope (SEM, JEOL JSM 6380la) with attached energy dispersive X-ray
spectroscopy (EDX) unit was used to study the cross-sectional morphology and elemental
composition of the fabricated samples. X-ray photoelectron spectroscopic (XPS) analysis was
also performed using Kratos Axis Ultra X-ray photoelectron spectrometer with Al K, radiation
(1486.6 eV) source, for composition and chemical state analysis. UV-Vis spectrophotometer
(UV-3101PC) was used to investigate the optical properties of the samples. A Keithley 2400
source meter attached with 4-probes was used to obtain the I-V characteristics and electrical resistance
measurements. The electrical contacts were made on thin film surface using adhesive silver
conductive paint and the measurements were performed by gradually increasing the applied

voltage up to 6 V.

3. Results and discussion

Figure 1 displays the XRD patterns of the as-deposited and annealed (300-375 °C) thin film
samples. From Fig. 1, the peak intensities are observed to be enhanced with increasing annealing
temperature, and the sharper peaks for the samples annealed at higher temperatures indicate that
their crystalline quality has been sufficiently improved. The phases of the obtained samples were
identified using the PDF standard cards (26-1110, 71-0555). Most of the peaks can be assigned
to the skinnerite monoclinic CusSbS; phase, however, there are a few lower intensity peaks
corresponding to CusSbS,; phase (PDF# 71-0555) as indicated in Fig. 1. The results are
consistent with the previous reports in the literature [9, 27]. The crystallite sizes of the samples
were estimated using the well-known Scherrer's equation [15, 29-31], based on the (2 1 2)
crystalline peak of Cu3SbhS; phase:

092
- [cosO (1)

where D is the crystallite size, A is the wavelength of the x-rays source used, g is the peak width

at half maximum (FWHM) and @ is the diffraction Bragg’s angle. The dependence of crystallite



size on annealing temperature is shown in Fig 2. The measured crystallite size is in the range

between 27 to 53 nm and is found to increase with the annealing temperature [32].

Fig. 3 showed the Raman spectra of CuzSbS; samples annealed at various temperatures ranging
from 300 to 375 C. As evident from the spectra, the fabricated samples show Raman active
modes at 128, 153, 190, 238, 308 and 351 cm™. The observed Raman modes at 308 and 351 are
corresponding to those of CusShSs phase [33]. Weak modes observed at 128 and 190 cm™ are
corresponding to that of CuSbS; [34], however, the relatively low peaks are only appeared in low
temperature annealed film but not in the 375°C annealed sample. The nonappearance of any peak
of CuShS; phase in XRD pattern of the obtained samples might be due to its existence in a small
amount. A mode found at 280 cm™ is close to that of CuzShS, phase [35], and the intensity of
this mode is gradually decreasing with annealing temperature which is consistent with the XRD
pattern. There was one other mode at 153 cm™ which is appeared at higher annealing
temperatures is not matched with any of the binary phases such as CuxS or Sh,S3; and ternary
phases such as CusShS,, CuShS, or Cu;,ShsS;3 [36]. From the XRD analysis the dominant phase
is CusShSs, therefore we may attribute this mode to CusSbS; phase. The dominant modes of
Raman spectra are mostly due to a CusSbS; phase which is also revealed by XRD pattern of

these samples.

Morphological characteristics of the fabricated CusSbSs thin films were demonstrated using the
AFM micrographs as displayed in Figs 4 (a-d) corresponding to the samples annealed at 300-375
°C respectively. Spherical grains of diameter 10-40 nm (300 ‘C annealed sample), 20-40 nm (325
“C annealed sample), 30-50 nm (350 'C annealed sample) and 30-60 nm (375 'C annealed
sample) respectively were obtained from the images. As evident from the Fig 4 (a-d), densely
packed grains can be observed in all the samples with well-defined grain boundaries. The surface
roughness data from RMS roughness analysis were obtained and found to be decreased from

9.26 to 4.23 as the annealing temperature was increased from 300 to 375 C.



Figure 5 and inset represent the cross-sectional images of the as-deposited and 375 'C annealed
samples respectively. Two layers of Cu,S and Sh,S; of thicknesses 176 and 400 nm can be seen
in Fig 5, with a total thickness of 576 nm for the thin film. The annealing results in a uniform
single layer as shown in the inset of Fig. 5 for the Cu3SbS; thin film of 500 nm thickness without
apparent holes or voids, representing a good adhesion with the substrate. Moreover, EDX
analysis also showed the atomic percentage of the elements Cu, Sh, and S 41.5 at%, 15.5 at%,

and 40.5 at%, respectively.

The results of chemical element compositions for the CusShS; thin film (350°C annealed) were
obtained from XPS analysis and the results are shown in Fig. 6. The peak of C1s was used as a
reference to correct the peak shift due to charging or other effects. The high-resolution core level
spectra of the above-identified three elements along with the de-convoluted ones (dotted lines)
are shown in Figs. 7. (a-c). The core level spectrum of the copper reveals a 2p doublet state as
shown in Fig. 7 (a), at binding energies of 929.7 and 930.7 eV corresponding to Cu 2ps; and
949.5 and 950.3 eV corresponding to Cu 2ps, respectively, with a peak separation of 19.8 eV.
The higher intensity peak corresponds to Cu-S bonding while the lower intensity peak is linked
to Cu-O. The concentration of each peak to the main peaks are 54.9%, 13.7%, 21.2% and 10.0%
respectively, with the peak areas 4411, 1107, 1707, and 804 as calculated from CasaxXPS
software. Thus, the ratio between the two peaks (Cu-S: Cu-0O) is estimated to be ~3:1, indicating
the first binding peak (Cu-S) is dominant on the film surface. The existence of Cu-O is mainly
from the surface adsorption from the atmosphere, and a small amount of Cu-O could be also
from the residue oxygen in the chamber. Fig. 7 (b) shows the high-resolution spectra for Shsy,
and Shg, core levels along with the deconvoluted plots. The main peaks of Sb are observed at
binding energies 529.1 and 537.1 eV with a peak separation of 8.0 eV as shown in Fig. 7 (b). The
main peaks at binding energies 529.1 eV and 537.1 eV corresponds to Sb-S chemical bonding,
similar to those at 527.7 eV and 536.2 for Cu-Sb-S. The smaller peaks at 530.1 eV and 537.6
correspond to Sb-O, with a small concentration of about ~4% from surface adsorption. However,
the intensity of the peaks is corresponding to the concentrations of ~65% and 25%, with the peak
areas (relative sensitivity factor (RSF) corrected intensities) of 901.9, 2197.8, 1450.6 and 520.2
from lower to higher binding energies respectively. The S 2p core level and corresponding

deconvoluted spectra (Fig. 7 (c)) show four distinct peaks at binding energies of 158.9, 160.3 and



161.7 eV. The concentration of each peak in the main peaks is 25.7%, 38.0%, and 15.1%
respectively, with peak areas of 3971, 747, 5612 and 2933, corresponding to S-Sh, S-Cu, and S-
O chemical bonding respectively from lower to higher binding energies. The values of the
binding energies for S 2p are consistent with the range for S in sulphide phases [37]. All the
corresponding binding energy values of the elements of CusShS; were found consistent with
those in the literature [3, 17, 38].

The optical transmission and reflection spectra of the films were examined in the wavelength
range of 200-1600 nm at room temperature, and the results are displayed in Figs. 8 (a) and (b)
respectively. It can be observed from Fig. 8 (a) that the transmittance of the obtained film is
minimum in the visible region of the solar spectrum and then starts to increase beyond the visible
region up to 800 nm and finally decreases at a larger wavelength. The transmittance of the film
annealed at 375°C shows the lowest transmittance (<5%), representing the highest absorption
capacity of the obtained Cu3SbS; thin film samples. The transition from ~900 to 700 nm in the
transmittance spectra of the films annealed at a temperature below 375°C might be due to the
absorption of Cu3SbS, phase [35], which is also found in the reflectance spectra (Fig. 8 (b)). But
this transition disappears in the film annealed at 375°C both in transmittance and reflectance
spectra indicating the reduction of the impurity phase in the sample. The reflectance of the
obtained samples is about 10-35% which is evident from Fig 8 (b). The optical absorption
coefficients of the thin films were obtained using the transmittance and reflection data based on

the following equation [15, 26];

1 (1 -R? 1-R*
a =22+ () 7 )

where a is the absorption coefficient, d is the thickness of the film, T, and R are the transmission

and reflection spectra, respectively.

The absorption coefficients of the annealed samples are in the order of ~10° cm™ in the visible
region of the solar spectra as shown in Fig. 9 (a). This high absorption property makes the

obtained Cu3SbS; thin film a suitable candidate for the absorber layer in solar cells.



The energy band gap Eq of the fabricated films can be obtained by the Tauc's equation based on
the data from Fig. 9 (b) [39, 40],

ahv = A (hv — Eg)" (3)

where « is the absorption co-efficient, hv is the photon energy, A is an energy dependent
constant, n = 2 for direct and n =1/2 indirect allowed transitions, respectively. The Tauc's plots
for the optical band gap of the obtained thin films are shown in Fig 9 (b). The calculated band
gap values for the fabricated samples are in the range 1.6 to 1.8 eV. The sample annealed at
375°C showed the band gap energy values of 1.6+0.1 eV, which is in close proximity to the
optimum value for the absorber material. Therefore, the prepared CusShS; can be considered as a
good absorber material for the solar cell applications.

The current-voltage characteristics of the annealed films at 300-375 C are shown in Fig. 10. It is
evident from the plots that the variation of the current with the voltage is linear and the current is
observed to increase linearly with the annealing temperature, which can be attributed to the
enhancement of the crystalline quality and decrease of the grain boundaries. The resistivity of the
samples obtained from the I-V characteristic curves is observed to decrease with increasing
annealing temperature as shown in Fig 11, hence the increase in electrical conductivity at higher
temperature may be attributed to the reduction of potential barriers generated by the grain
boundaries thus resulting in an increase in the electrical conductivity of the films [41, 42].
Moreover, the conductivity of this material is reported as p-type [26, 27], which highlights the
suitability of this material for the absorber layer in solar cells.

From structural, morphological and optoelectronic analyses of the obtained Cu3SbS; thin films, it
is evident that the annealing temperature improved these properties of the films. No peak shifting
in CusShS; XRD pattern was observed with increasing annealing temperature from 300 to 400 C.
The intensity of the diffraction peaks was found to increase and their broadening decreased with
increasing annealing temperature. These indicate the enhancement in the crystalline quality and
crystallite size of the obtained samples, which are also confirmed by AFM analysis. Similarly,

the optoelectronic properties of the fabricated samples were found to improve with increasing



annealing temperature. Enhancement in the electrical conductivity can be attributed to increasing

the crystalline quality and reduction of the potential barriers with increasing temperature.

4. Conclusion

Thin films of the Cu3SbS; were fabricated by thermally evaporated Cu,S and Sbh,S; layers in a
high vacuum. The fabricated samples were annealed, in an argon atmosphere, at temperatures
ranging from 300-375°C, and the effect of annealing on various properties of the samples was
studied. XRD analysis revealed that the samples were crystalline with skinnerite monoclinic
Cu3SbS; structure which was confirmed by Raman analysis of the samples as well. The
crystallinity was observed to improve with increasing annealing temperature. The average
crystallite size calculated from the Scherrer's equation was found to be 27 to 53 nm. The value of
the optical absorption coefficients of the fabricated films (~10° cm™) and the optical energy band
gap of 1.6 + 0.1 eV in the visible range of the solar spectrum, showed the appropriateness of

Cu3SbS; thin films for the absorber layer in solar cells.
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Fig. 1. X-ray diffraction patterns of the as-deposited and annealed Cu3ShS; thin films.
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of CuzShS; samples.
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Fig. 3. Raman spectra of Cu3ShS; thin films obtained by thermally diffusing Cu,S and Sh,S;
layers followed by annealing the samples in argon atmosphere at various temperatures, ranging
from 300 to 375 C as labeled in the figure.
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Fig. 6. XPS survey spectra of Cu3ShS; thin film annealed at 375 °C in argon.
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Fig. 7. High-resolution spectra of (a) Cu 2p core-level (b) Sb 3d core-level and (c) S 2p core
level of Cu3ShS; thin film annealed at 375 °C in an argon atmosphere.
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Fig. 8. Optical characteristics of the obtained Cu3SbS; thin films (a) optical transmittance and (b)

Reflectance.
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Fig. 10. The transverse current-voltage characteristics of the obtained CuzSbSs thin films.
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Highlights

» Cu3ShS; thin films were obtained by thermally diffusing Cu,S and Sh,S; layers.
> Improved crystallinity was observed for the obtained samples with annealing.

> Optimal band gap (1.61eV) and high absorption co-efficient (~10°cm™) were found.



