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Copper antimony sulfide (CuSbS,) thin films were fabricated by sulfurization of an electrodeposited metallic
stack composed of Cu and Sb on a Mo-coated glass (Mo/glass) substrate. A CuSbS, film containing appreciable
impurity components was obtained when the precursor metallic stack was heated monotonically from room
temperature to 450 °C in Ar followed by sulfurization. The film also showed poor adherence due to a large num-

ber of crevices; there were many appreciable pinholes over the entire surface of the film. On the other hand, a
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CusSbsS, film without any impurity phases was obtained when the metallic precursor film was pretreated at
510 °C in Ar for 60 min just before sulfurization at 450 °C. It was also observed that the thus-obtained CuSbS,
film showed good adhesion to the Mo/glass substrate and almost no notable pinholes. As expected from structur-
al analyses, the 510 °C-pretreated film worked as a relatively efficient absorber for the thin film solar cell with an
Al:Zn0O/CdS/CuSbS,/Mo/glass structure: it gave preliminary conversion efficiency of 3.1%.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Thin film solar cells based on the chalcogenide absorbers CdTe and
Cu(In,Ga)(Se,S), (CIGS) have reached highest energy conversion effi-
ciencies of 16.5% and 20.3%, respectively [1,2]. These devices are cur-
rently being produced in a gigawatt range, which is comparable to the
crystalline silicon-based devices. However, the toxicity of Cd and the
scarcity of Te, In, and Ga are major problems limiting the widespread
utilization of these devices.

Among the ongoing investigated absorber materials, Cu,ZnSn(S,Se),4
(CZTSSe) has attracted considerable attention because all of the constit-
uent elements in CZTSSe have low toxicity and are naturally abundant
[3,4]. The material has a tunable band gap energy (E;) ranging from
1.0 eV for pure selenide to 1.5 eV for pure sulfide by changing the com-
positional ratio of Se to S [5-7]. It also has a high optical absorption co-
efficient of more than 10* cm™' [8]. The current energy conversion
efficiency of devices based on the CZTSSe material has advanced to
11.1% [9]. Since the value still lags behind those of CdTe- and CIGS-
based devices, there are challenges in the CZTS system to achieve a
high conversion efficiency of more than 15%.

Alternative ternary copper sulfides based on Cu-Sb-S and Cu-Bi-S
materials such as CuSbS, and CuBiS; are expected to become promising
absorber materials for sustainable and scalable photovoltaics because of
their optimal Egs (1.52 eV for CuSbS, and 1.65 eV CuBiS,) as well as
their abundant elements with low toxicity compared to those of CdTe
and CIGS [10,11]. Recent theoretical studies have also predicted that
these materials have strong optical absorption with absorption
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coefficients of more than 10* cm~"' [12], which is comparable to the
above chalcopyrite and kesterite materials. Hence, various fabrication
methods, such as thermal evaporation [13,14], and non-vacuum
methods, such as chemical bath deposition (CBD) [15,16], spray pyroly-
sis [17] and electrodeposition [18,19], have been reported for fabrication
of these I-V-VI chalcogenide thin films. However, only one study
showed the application of these thin films to a complete device: the
device based on CuSbS, showed low photovoltaic performance (open-
circuit voltage (Voc) of 345 mV and a short circuit current (Jsc) of
0.2 mA/cm?), probably due to the less-crystalline nature of the CuSbS,
film used [16].

An electrochemical approach is a desirable method for the fabrica-
tion of various chalcogenide thin films because of its advantages includ-
ing low equipment cost, metal utilization rates close to 100% with bath
recycling, possible formation of a compact film required for solar cell ap-
plication, scalability, and manufacturability of a large-area polycrystal-
line film [20-29]. A previous work by our group showed that a similar
method can be used to fabricate CulnS, and Cu,ZnSnS, thin films
[30-32]. These facts and results motivated us to investigate the produc-
tion of these I-V-VI chalcogenide films through an electrochemical
route for the use of efficient absorbers for solar cells. In this study, we
therefore attempted to fabricate a promising I-V-VI chalcogenide
thin-film absorber of CuSbS,. Structural and morphological properties
related to solar cell performances are discussed in detail.

2. Experimental
Metallic Cu and Sb layers were electrochemically deposited under

potentiostatic control using a Hokuto Denko HSV-100 potentiostat—
galvanostat. A three-electrode setup consisting of a Mo-coated glass
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working electrode, a platinum sheet counter electrode, and an Ag/AgCl
reference electrode was used for the deposition. Deposition of Cu was
performed at a potential of —0.4 V (vs. Ag/AgCl) in an electrolyte con-
taining 15 mM CuSO,4 and 15 mM citric acid. Then the Sb layer was
deposited at a potential of — 0.3 V vs. Ag/AgCl from an electrolyte con-
taining 15 mM K,(Sb,(C4H,06), and 50 mM tartaric acid, with pH
adjusted to 1.3 by the addition of H,SO4. During the deposition, the tem-
perature of the electrolyte was kept at 25 °C by using a water bath. The
amount of each deposited metal was fixed by controlling the electric
charge during deposition using a Hokuto Denko HF-201A coulomb/
amperehour meter: electric charges for depositions of Cu and Sb were
maintained at 0.74 C/cm? and 1.1 C/cm?, respectively, i.e., the atomic
ratio of Cu/Sb was fixed to be unity.

The stacked metal precursor was then sulfurized at 450 °C for 30 min
under H,S (5% in Ar) flow to form CuSbS, (CAS(A)). We also performed
sulfurization of the precursor using a different heating profile, i.e., the
stacked metal precursor was heated at 510 °C for 60 min under argon
(Ar) and then subsequently sulfurized at 450 °C for 30 min under a
flow of 5% H,S; the thus-obtained CuSbS, film was labeled CAS(B). Mor-
phologies of the films were examined by scanning electron microscopy
(SEM) using a Hitachi S-5000 FEG scanning electron microscope operat-
ed at 20 kV. Crystal structures of the films were measured by X-ray
diffraction (XRD) using a Rigaku Mini Flex X-ray diffractometer in
Bragg-Brentano mode (6-26 configuration) with Cu Ko radiation
(30 kV, 15 mA) and Ni filter.

For the evaluation of solar cell properties of CuSbS, films, the films
were processed to form an Al:Zn0/CdS/CuSbS,/Mo/glass structure. After
immersion of the CuSbS; films in an aqueous KCN solution (10%) for
2 min to clean their surfaces, a CdS buffer layer was deposited by chemi-
cal bath deposition (CBD). Then an Al:ZnO transparent conductive oxide
was deposited on the top of the CdS layer by radio frequency (RF) magne-
tron sputtering. Current density-voltage (J-V) characteristics of thus-
obtained devices under simulated AM1.5 irradiation (100 mW cm™?)
through the Al:ZnO window layer and those under the dark (without
photoirradiation) were measured with a Bunkoh-Keiki CEP-015 photo-
voltaic measurement system.

3. Results and discussion

Fig. 1 shows SEM images of the electrodeposited Cu layer and the
Cu/Sb stacked layer. It is clearly shown that the Cu-layer was dense
and consisted of round-shaped grains with sizes less than 1 um
(Fig. 1a). Upon electrodeposition of the Sb layer on the top of the Cu-
layer (see Fig. 1b), the Sb layer homogenously covered the underlying
Cu surface, as can be seen from the appearance of angular-shaped grains
on the whole surface of the film. The Sb deposition resulted in a change
of the color of the film from a metallic-orange (Cu-like color) to a
metallic-gray (Sb-like color). The corresponding cross-sectional image
(see Fig. 1c) clearly showed almost complete coverage of a rough Sb
layer on the top of the homogeneous Cu-layer with thicknesses of the
layers being ca. 0.3 pm and 0.85 um, respectively.

The XRD pattern of the metallic stack after sulfurization at 450 °C for
30 min under an H,S flow (i.e., the CAS(A) film) indicated conversion of
the film into a CuSbS, compound (JCPDS 44-1417) as shown in Fig. 2a.
However, there were appreciable reflections assignable to Sb,Ss3
(JCPDS 42-1393) and an unidentified peak at 26 of 44.5°. An extension
of sulfurization duration and an increase in sulfurization temperature
were not effective to eliminate these impurities: since such changes in
the sulfurization profile often induced peeling-off of the film from the
Mo/glass substrate, we could not perform systematical investigations
of sulfurization parameters by using these simple sulfurization profiles.
In order to reduce the formation of impurity phases and peeling-off, we
added a preheating treatment at 510 °C for 30 min under Ar just before
the sulfurization. Fig. 2b shows the XRD pattern of the thus-obtained
film (CAS(B)). Except for the unidentified peak at 26 of 44.5°, all of the
reflections of the CAS(B) film were assigned to CuSbS,, ie., the
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Fig. 1. SEM images of an electrodeposited (a) Cu layer and (b, ¢) a Cu/Sb stacked layer.

formation of the Sb,S3; phase could be avoided by applying such a
preheating treatment.

Fig. 3 shows SEM images of CAS(A) and CAS(B). While the top-view
SEM image of CAS(A) shows the formation of densely packed micron-
sized grains, the film also contained appreciable pinholes between
these grains, as shown in Fig. 3a. Moreover, the corresponding cross sec-
tion clearly shows the presence of significant voids at the interface
between the CAS(A) film and the Mo/glass substrate (Fig. 3b). Com-
pared to the CAS(A) film, the CuSbS,(B) film had a dense morphology
and relatively large and homogenous grain sizes compared to those of
the CuSbS,(A) film: there were no pinholes on the surface of the
CuSbS,(B) film (Fig. 3c). Moreover, as shown in Fig. 3d, the cross-
sectional image of the CuSbS,(B) film shows relatively good adhesion
to the Mo substrate and almost no appreciable voids which were ob-
served in the CAS(A) film.

In order to examine the effect of pretreatment at 510 °C in Ar, struc-
tural changes of the Cu/Sb metallic stack were evaluated by XRD analy-
ses. Fig. 4 shows the results. The XRD pattern of the Cu/Sb stacked film
before 510 °C-pretreatment consisted of a mixture of metallic Sb (JCPDS
35-0732), Cu (JCPDS 04-0836) and Cu,Sb compound (JCPDS 87-1176),
as shown in Fig. 4a. The presence of the Cu,Sb compound in the as-
deposited film indicates an appreciable interdiffusion between Cu and
Sb during electrochemical coverage with Sb at room temperature. In
fact, the phase diagram of this binary compound implies the preferable
formation of the Cu,Sb phase at temperatures below 526 °C, when the
atomic ratio of Cu to Sb is less than 2 [33]. Upon heating the stacked
layer at 510 °C in Ar, the Cu,Sb reflections became more intense and
well-resolved, indicating a significant intermixing of the metals and
the formation of crystalline Cu,Sb, although a minor trace from an
unmixed Sb was still detected (Fig. 4b).
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Fig. 2. XRD patterns of (a) CAS(A) and (b) CAS(B). Vertical indexed lines correspond to the Bragg reflections of CuSbS, (JCPDS 44-1417).

As has been discussed previously regarding sulfurization of Cu/In
and Cu/Sn/Zn metallic stacks for fabrication of CulnS, and Cu,ZnSnS,4
thin films [30,32], formation of significant voids between these chalco-
genide thin-films and the Mo/glass substrate was due to a preferable re-
action between Cu and sulfur vapor to produce a Cu,S compound. The
reaction would induce out-diffusion of the bottom Cu component to
the surface, leading to an empty space remaining at the bottom part of
the film. Moreover, the preferable Cu,S formation might also induce
inhomogeneous distribution of the Cu component, resulting in insuffi-
cient grain growth of the CuSbS, phase, formation of the Sb,S; second-
ary phase, and production of appreciable pinholes between these grains.
When 510 °C pretreatment of Ar was added to the Cu/Sb precursor,
however, the formation of the Cu,S compound could be suppressed by
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the formation of a Cu,Sb alloy, which would suppress the preferential
reaction between metallic Cu and sulfur vapor. Instead, relatively reac-
tive or unstable sulfurized compounds were probably formed from the
Cu,Sb alloy; their conversion into the CuSbS, phase occurred promptly.

The CuSbS, films were transferred into devices with a structure of
Al:Zn0/CdS/CuSbS,/Mo/glass. Fig. 5 shows J-V curves of the devices. It
is evident from the curves that all of the devices exhibited solar cell per-
formance. Best conversion efficiencies of 1.24% (Jsc: 10.27 mA/cm?, Voc:
0.37 V, FF: 0.33) and 3.13% (Jsc: 14.73 mA/cm?, Voc: 0.49 V, FF: 0.44)
were achieved from the devices using CAS(A) and CAS(B) films, respec-
tively. It is apparent that all of the solar cell properties of the CAS(B)-
based device were superior to those of the CAS(A)-based device. Differ-
ences in the solar cell properties could be related to the above-discussed

Fig. 3. Top view (a, ¢) and (b, d) cross-sectional SEM images of (a, b) CAS(A) and (c, d) CAS(B).
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Fig. 4. XRD patterns of (a) an electrodeposited Cu/Sb stacked layer and (b) that heated at
510 °Cin Ar.

structural and morphological properties of the CAS(B) film. For exam-
ple, due to the improvement of adhesion to the Mo/glass substrate,
the CAS(B)-based device should decrease interfacial resistance between
the CuSbS; film and the Mo/glass substrate. Elimination of pinholes in
the CAS(B) film would suppress cell leakage. Moreover, the disappear-
ance of the Sb,S; secondary phase in the CAS(B) film might reduce
carrier recombination probability.

Fig. 6 shows the External Quantum Efficiency (EQE) spectrum of the
best device (i.e., the CAS(B)-based device). There are several features and
problems of the present device. First, a significant loss of the EQE
at a wavelength shorter than ca. 550 nm was observed due to
the photoabsorption by transparent conductive oxide (Al:ZnO,
Eg = 3.3 eV) and n-type buffer (CdS, Eg = 2.4 eV) layers in the present
device. Second, there is also a non-linear decrease in EQE at a wavelength
longer than ca. 550 nm, i.e., EQE gradually decreases in wavelengths
between ca. 550 nm and ca. 650 nm, becomes flat at wavelengths up
to ca. 750 nm, and then again decreases steeply to onset wavelengths
of ca. 850 nm, corresponding to the band gap energy of CuSbS,
(ca. 1.5 eV). As has been reported in the literature, the flattening of EQE
at ca. 650-750 nm was caused by the optical characteristic of CuSbS,
[12]. On the other hand, the overall gradual decrease of EQE in this region
was likely to be due to the insufficient minority carrier diffusion length of
the present CuSbS,, as has been frequently observed in a CZTS-based solar
cell [5]. In order to improve the conversion efficiency, therefore, further
optimization of the properties/qualities of the CuSbS, film is required.
Since the maximum EQE value of the present cell only reached 0.8

T T T T T T T T

144 4

12: (b) —-

-

o
[
L

(a)

JImA em?
-]
1
1

0 r T T T T T ¥ T T T
0.0 0.1 0.2 0.3 0.4 0.5
Vi volt

Fig. 5. -V curves of Al:ZnO/CdS/CuSbS,/Mo/Glass devices derived from (a) CAS(A) and
(b) CAS(B).
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Fig. 6. EQE spectrum of the device derived from CAS(B).

(at 530 nm), moreover, improvements of junction properties (i.e., optimi-
zation of materials and methods for deposition of an n-type layer) are also
required.

4. Conclusion

In this study, we examined the fabrication of a CuSbS,-based solar cell
from electrodeposited Cu/Sb stacked layers followed by sulfurization at
450 °C in H,S gas for 30 min. We found that the preheating under Ar
to the stacked layer prior to sulfurization was beneficial for obtaining a
CuShs; film with a dense structure and good adherence to the Mo sub-
strate. A maximum conversion efficiency of 3.13% has been achieved
with the solar cell device using this approach. In order to improve the
photovoltaic performance, various optimizations, such as sulfurization
conditions, precise control of Cu/Sb atomic ratio, thickness of the
CuSbs, film, and choice of optimum buffer layer, should be required.
Hence, studies along with these lines are now in progress.
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