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Abstract: One of the areas of research on materials for thin-film solar cells focuses on replacing In 

and Ga with more earth-abundant elements. In that respect, chalcostibite (CuSbS2) is being 

considered as a promising environmentally friendly and cost-effective photovoltaic absorber 

material. In the present work, single CuSbS2 phase have been synthesized directly by a short 

duration (2 h) mechanochemical synthesis step starting from mixtures of elemental powders. X-ray 

diffraction analysis of the synthesized CuSbS2 powders revealed a good agreement with the 

orthorhombic chalcostibite phase, space group Pnma, and a crystallite size of 26 nm. Particle size 

characterization revealed a multimodal distribution with a median diameter ranging from of 2.93 

m to 3.10 m. The thermal stability of the synthesized CuSbS2 powders was evaluated by 

differential thermal analysis. No phase change was observed by heat treating the 

mechanochemically synthesized powders at 350 C for 24 h. By UV-VIS-NIR spectroscopy the 

optical bandgap was determined to be 1.41 eV, suggesting that the mechanochemically synthesized 

CuSbS2 can be considered suitable to be used as absorber materials. Overall, the results show that 

the mechanochemical process is a viable route for the synthesis of materials for photovoltaic 

applications. 
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1. Introduction 

The photovoltaic (PV) market is dominated by the c-Si technology, with thin-film 

(TF) market share technology representing about 5% of today’s global annual market [1]. 

Within the TF technology, CdTe and Cu(In,Ga)Se2 (CI(G)S) are already well established 

[1]. Another emerging pre-commercial TF technology is hybrid organic-inorganic 

perovskite CH3NH3PbI3 [2]. However, to satisfy the expected world´s energy demand for 

the next decades, in the TW scale, these technologies present some limitations [2]: the 

capital intensity of Si may be difficult to reduce, environmental friendliness of Cd and Pb 

are questionable, and earth-abundance of In, Ga, and Te are under debate. 

In recent years, the research is being focused on the replacement of In and Ga with 

more earth-abundant elements, such as Zn and Sn, resulting in 12.6% efficient 

Cu2ZnSn(S,Se)4 (CZTS) thin-film solar cell (TFSC) device [2,3]. However, further 

improvements in the CZTS are being hampered by compositional heterogeneities, 

complex defect chemistry and strong tendency for disorder [2]. These limitations are 

leading to the research of absorber materials based on less complex chalcogenides 

compounds, such as the Cu–Sb–S (CAS) based materials [2,4]. 

In the CAS system, the most promising phase known to have good prospect as 

absorber material for new single-junction or tandem TFSCs is CuSbS2 (chalcostibite) 

because of its high optical absorption coefficient (over 105 cm–1), p-type electrical 

conductivity, tunable optical bandgap (1.4-1.5 eV), low fabrication temperatures and a 
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high value of spectroscopic limited maximum efficiency of 22.9% [4,5]. However, up to 

now the TFSCs efficiencies with CuSbS2 absorbers remain close to 3% [6]. 

A variety of physical and chemical methods can be used for the synthesis of metal 

chalcogenides absorber materials, in which the use of advanced powder technologies is 

included [7–10]. Within them, the use mechanochemical synthesis (MCS) process, a solid-

state synthesis route using high-energy ball mills, is being considered as a faster, scalable 

and environmentally friendly technology than the conventional processing routes for 

producing chalcogenides compounds [11–14]. 

The present work describes experimental studies related with the direct synthesis of 

CuSbS2 by a short duration MCS step starting from mixtures of elemental powders. The 

observed strong thermal stability of the structure and the determined optical bandgap of 

1.41 eV allow us to infer the suitability of the MCS process for the production of PV 

materials and the potentialities of the synthesized materials as absorbers for TFSCs. 

2. Materials and Methods 

The CuSbS2 powders were synthesized by MCS performed on a Retsch high-energy 

planetary ball mill PM400. Mixtures of the elemental copper (Cu; Alfa Aesar, 99.9%, 10 

m), antimony (Sb; Sigma-Aldrich, 99.5%, < 149 m) and sulfur (S; Alfa Aesar, 99.999%, 

random sizes) powders, in the ratio of 1:1:2, were filled into 250 mL stainless steel jars 

together with 26 balls with a diameter of 15 mm and without any additional fluid medium. 

These experiments were performed at a rotational speed of 340 rpm for a total milling 

duration of 2 h. Before starting the MCS, the jars were evacuated and back-filled with 

Argon. A small fraction of the MCS powders was heat treated in vacuum (10-2 mbar) at 

350 C for 24 h using a conventional tube furnace. 

Powder X-ray diffraction data was collected using a D8 Advance Bruker AXS 

diffractometer with Cu Kα radiation. The XRD data treatment was performed by using 

DIFFRAC.EVA v5 software (Bruker AXS) [15], for phase identification, and 

DIFFRAC.TOPAS v6 software (Bruker AXS) [16], for a full pattern Rietveld refinement 

[17]. As a measure for the goodness of the refinements the weighted profile R factor, Rwp, 

has been used. Morphology and chemical elemental mapping of the powder particles was 

obtained, respectively, by scanning electron microscopy (SEM) and energy dispersive X-

ray spectroscopy (EDS) using a Philips XL30 field emission SEM fitted with a Thermo 

Scientific™ UltraDry EDS detector. Particle size distribution of the produced CuSbS2 

powders was determined with a CILAS 1064 laser granulometer. Differential thermal 

analysis (DTA) was performed on a Setaram TG-DTA 92-16 thermobalance to evaluate 

the thermal stability of the synthesized powders from room temperature up to 600 C. The 

DTA experiments were carried out in specimens with masses of around 50 mg, with 

heating and cooling rates of 7 C min−1 and under a high purity Argon gas flow. Diffuse 

reflectance spectra were collected using a PerkinElmer Lambda 950 UV/Vis/NIR 

Spectrophotometer, with InGaAs integrating sphere, in the spectral range of 3501250 nm 

for bandgap energy assessment. 

3. Results and Discussion 

Figure 1 shows the XRD pattern of the mechanochemically synthesized CuSbS2 

powders. All the main reflections from the XRD pattern can be assigned to the CuSbS2 

chalcostibite orthorhombic structure with the space group Pnma (62) (COD 9003580 [18]). 

Additionally, no secondary phases were detected while the observable broadening of the 

Bragg peaks is mainly a consequence of the MCS process, which causes low crystallite size 

[19]. This result reflects the successful and fast conversion of the pristine elements into the 

chalcostibite phase with the experimental conditions used in the MCS. The reaction 

pathway leading to the direct synthesis of the chalcostibite CuSbS2 compound during the 

MCS process can be roughly assumed to follow the same path reported for other ternary 

chalcogenides [20,21]: 1) at the early stage of the MSC, the reaction between Cu and S 

occurs resulting in the formation of Cu-S binary compounds; 2) with the continuation of 
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the MCS, Sb starts to be involved in the reaction with the Cu-S binary compounds giving 

rise to the formation of the ternary chalcostibite CuSbS2 compound. 

Typical Rietveld analysis outputs for the 2 h MCS CuSbS2 powders are presented in 

Figure 2. The orthorhombic structure with the space group Pnma (62) mentioned above 

was used as structural model in the refinement. As it can be seen, there is a good match 

between the calculated XRD pattern and the observed XRD pattern. This is corroborated 

by the values obtained for the R factors (Rexp = 2.56% and Rwp = 3.80%) which ensure the 

good level of the refinement. The obtained Rietveld refined structural lattice parameters 

are a = 6.0222(2) Å, b = 3.80317(16) Å and c = 14.5043(6) Å. These values are in good with 

the reference values for the chalcostibite orthorhombic structure from the COD 9003580 

file (a = 6.018 Å, b = 3.7958 Å and c = 14.495 Å). Moreover, the crystallite size for the 

mechanochemically synthesized CuSbS2 powders was calculated to be 26.5(4) nm. 

 

Figure 1. XRD pattern of CuSbS2 powders produced directly by mechanochemical synthesis for 2 h. 

 

Figure 2. Rietveld refinement of the XRD pattern of CuSbS2 powders directly produced by 

mechanochemical synthesis. 

The morphology of the mechanochemically synthesized CuSbS2 powders is shown 

in Figure 3(a). Based on SEM observations, the powder particles exhibit a quite irregular 

morphology, generically presenting three types of fractions: one at the submicrometric 
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scale and the other two of the order of a few m to tens of m. In addition, it was seen that 

the submicron fraction tends to aggregate in micron-sized agglomerates. These 

observations were corroborated by the values of the characteristic dimensions of the 

particles (D10, D50 and D90) and by the granulometric distribution evaluated by laser 

diffractometry. As seen in Figure 3(b), the frequency distribution curve (q3, histogram) 

revealed a multimodal distribution with three maxima. Moreover, the values obtained for 

D10, D50 and D90 means that 10% of the CuSbS2 powder particles are smaller than 0.52 

µm, 50% are smaller than 3.02 µm, and 90% are smaller than 14.19 µm. 

 
 

(a) (b) 

Figure 3. (a) SEM image and (b) cumulative particle size distribution and histogram of particle size 

distribution of the CuSbS2 powders directly produced by mechanochemical synthesis. 

EDS maps of the individual elements Cu, Sb and S allowed to address the degree of 

homogeneity of those elements within the produced CuSbS2 powder particles. As show 

in Figure 4, all the elements are evenly distributed throughout the analyzed powder par-

ticles. Considering the starting elemental powder mixture, the uniform and homogeneous 

spatial distribution of Cu, Sb and S after the MCS process is extremely relevant. 

 

Figure 4. EDS elemental mapping for the CuSbS2 powder particles directly produced by mechano-

chemical synthesis. 

The DTA heating curve of the mechanochemically synthesized CuSbS2 powders is 

shown in Figure 5. For temperatures above 400 C it reveals two small endothermic peaks 

that are associated to the onset of the thermal decomposition of the chalcostibite CuSbS2 

phase. According to the literature, the products of this thermal decomposition are 
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Cu12Sb4S13, Sb2S3, and Sb4 [4,22]. The endothermic peak at 551 C corresponds to the melt-

ing [4,22]. 

 

Figure 5. DTA heating curve of mechanochemically synthesized CuSbS2 powders. 

The thermal structural stability of the produced chalcostibite CuSbS2 phase was also 

addressed by XRD of the heat treated mechanochemically synthesized CuSbS2 powders 

at 350 C for 24 h in vacuum. It should be mentioned that the temperature chosen for this 

heat treatment was intentionally selected below the onset of the thermal decomposition 

of the chalcostibite CuSbS2 phase. As illustrated in Figure 6, all the main reflections from 

the obtained XRD pattern were again assigned to the orthorhombic structure with the 

space group Pnma (62). However, when compared to Figure 1, the observed Bragg peaks 

are now sharper and better defined. This can be attributed to the increase of the crystallite 

size and reduction of internal strains. 

Figure 7 shows the Rietveld analysis outputs for the heat treated CuSbS2 powders. 

The values obtained for the R factors (Rexp = 2.29% and Rwp = 5.20%) confirm the good level 

of the refinement with the orthorhombic structure with the space group Pnma (62). The 

obtained Rietveld refined structural lattice parameters are a = 6.02061(4) Å, b = 3.80171(2) 

Å and c = 14.50051(10) Å (Table 1). As expected, these results put in evidence the recovery 

of the crystal structure due to the heat treatment and, as a consequence, the lattice param-

eters are closer to the standard values for the chalcostibite orthorhombic structure from 

the COD 9003580 file (Table 1). Moreover, this was also supported by the crystallite size 

determined for the heat treated CuSbS2 powders, which was calculated to be 141(5) nm 

and, consequently, greater than the crystallite size value shown above (26.5(4) nm) for the 

mechanochemically synthesized powders. 

Table 1. Results of the Rietveld refinement for the lattice parameters of the mechanochemically syn-

thesized CuSbS2 powders and of the heat treated CuSbS2 powders. For comparison purposes, the 

standard values from the COD 9003580 file are also shown. 

Lattice parameter (Å) MCS Heat treated COD 9003580 file 

a 6.0222(2) 6.02061(4) 6.018 

b 3.80317(16) 3.80171(2) 3.7958 

c 14.5043(6) 14.50051(10) 14.495 
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Figure 6. XRD pattern of mechanochemically synthesized CuSbS2 powders heat treated at 350 ºC/ 

24 h. 

 

Figure 7. Rietveld refinement of the XRD pattern of mechanochemically synthesized CuSbS2 pow-

ders heat treated at 350 C/ 24 h. 

As shown in Figure 8, the optical bandgap (Eg) estimation was performed by extrap-

olating the linear region of the Tauc plot to the horizontal axis and considering the inter-

secting point [23]. This has led to an Eg of 1.41 eV for the mechanochemically synthesized 

chalcostibite material, which is consistent with the theoretical and experimental values 

reported in the literature [4,24]. Consequently, the produced chalcostibite materials pos-

sess the expected optical characteristics. Considering that the optimal Eg should be in the 

range of 1.0-1.5 eV, the obtained result is very promising and can facilitate their potential 

application as an alternative absorber material for thin film solar cells. Thus, the ability to 

form thin films from the mechanochemically synthesized CuSbS2 powder, also using non-

vacuum processes, is important for solar cell fabrication and is being the subject of current 

studies. 
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Figure 8. Tauc plot for the CuSbS2 compound directly produced by mechanochemical synthesis. 

4. Conclusions 

Powders of CuSbS2, having orthorhombic structure with the space group Pnma (62), 

were synthesized directly through a short 2 h duration mechanochemical step. The ab-

sence of any phase transformation with the heat treatment at 350 C for 24 h, demonstrated 

the strong structural stability of the produced phase. The bandgap energy of the CuSbS2 

powders was estimated by extrapolation to be of 1.41 eV, in good agreement to the values 

reported in the literature. The mechanochemically synthesized CuSbS2 compounds can 

then be considered suitable to be used as absorber materials for thin-film solar cells. Fur-

thermore, the mechanochemical synthesis process proved to be a viable and promising 

route for the preparation of materials for photovoltaic applications. 
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