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Abstract 
Single crystalline platelet chalcostibite (CuSbS2) particles with good shape and size 

uniformity were successfully prepared using a hot injection method. In this synthesis, sulfur 
powder in oleylamine (OLA) was employed as a sulfonating agent. The synthesized CuSbS2 had 
an orthorhombic structure with a plate-like morphology. Selected area electron diffraction 
(SAED) patterns confirmed their single crystal nature. Band gap calculation from diffuse 
reflectance data revealed that it had both direct and indirect band gaps of 1.52 eV and 1.46 eV, 
respectively. Moreover, valence band (VB) and conduction band (CB) positions were determined 
by cyclic voltammetry (CV) characterization. Optical and structural properties of CuSbS2 
indicate its potential applicability for solar cell applications.  
 
Keywords: Copper antimony sulfide, crystal structure, band gap, valence band, conduction band. 
 
1. Introduction 

Ternary and quaternary copper-based chalcogenide semiconductors have attracted 
considerable attention, owing to their high absorption coefficients and appropriate band gaps for 
light absorption, and subsequently to their wide range of applications in different areas like light-
emitting diodes [1], solar cells [2], and photocatalysts for hydrogen evolution [3]. CuSbS2 is a p-
type earth-abundant semiconductor with a band gap in the range of 1.4-1.55 eV [4, 5]. CuSbS2 
was synthesized for the first time by Wernick et al. [6]. Some studies determined CuSbS2 band 
gap values based on direct calculations [5], and some other studies based on indirect estimations 
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[7]. This, despite the fact that some papers confirmed that CuSbS2 has both direct and indirect 
band gaps [8]. Studies on CuSbS2 semiconductors are not as complete as those considering other 
ternary and quaternary semiconductors like CuInS2 [2], Cu(InGa)Se2 [9], and Cu2ZnSnS4 [10]. 
For example, some key parameters such as the conduction band and valence band positions have 
not been conclusively investigated for CuSbS2 synthesized via different routes that result in 
different particle size, morphology, and structure. Among hot injection [11, 12], hydrothermal 
[13], and solvothermal [14] methods, hot injection synthesis results in CuSbS2 particles with the 
best structural and optical properties.  

In this short communication, CuSbS2 particles with a platelet morphology were synthesized 
by a hot injection method, and in addition to structural and optical properties, we report the 
energy levels of VB and CB positions determined by the CV method. 
2. Experimental 
2.1. Synthesis of CuSbS2 powder  

CuCl (0.9 mmol) and SbCl3 (0.9 mmol) were dissolved in OLA, backfilled with nitrogen, 
and then heated to 120 °C until a clear yellow solution resulted.  The temperature was increased 
to 240 °C and then a mixture of sulfur and OLA was injected into the solution. This mixture was 
maintained at 240 °C for 5 min. After completion of the reaction, the solution was cooled down 
to 60 °C, and the product was washed several times using a mixture of n-hexane and ethanol and 
then dried at 60 °C for further characterization.  
2.2. Measurements and characterization 

The crystal structure and phase purity of CuSbS2 were analyzed by X-ray diffraction (XRD) 



  

4  

with PANalytical X’pert Powder Pro diffractometer using Cu-Kα radiation (1.5406 Å) at a 

voltage setting of 45 kV and a current setting of 40 mA. The morphology of the powders 
obtained was studied by Scanning Electron Microscopy (SEM; TESCAN Mira 3), and the 
average particle size was analyzed from SEM images by using 100 particles. Particle 
morphology and crystal structure were investigated by TEM (Tecnai G2 F20) at an operating 
voltage of 200 kV. The UV-vis-NIR diffuse reflectance spectrum was recorded using an Agilent 
Cary 5000 for band gap calculation. Cyclic voltammograms were recorded on an electrochemical 
workstation with a potentiostat (Autolab 30) in 0.1 M tetrabutylammonium hexafluorophosphate 
in acetonitrile and in a three-electrode system using a drop-coated CuSbS2 film on a glassy 
carbon electrode as the working electrode, a Pt plate as the counter-electrode, and a saturated 
calomel (SCE) reference electrode. SCE potential values were converted to the normal hydrogen 
electrode (NHE) values for further investigation. 
3. Results and Discussion 
3.1. Structural properties 

The XRD pattern of the as-synthesized powder is shown in Fig. 1a. The most intense peaks 
of the pattern are attributable to (111), (104), (013), (201), and (015) reflections. The pattern 
confirms that the powder obtained consists of a single phase with an orthorombic structure 
(ICSD No. 98-017-1051; a = 6.0180; b = 3.7960; c = 14.4950). Lattice parameters were 
calculated by Rietveld refinement method, providing the following results: a = 6.023 Å, b = 
3.799 Å, and c = 14.507 Å. No peak can be ascribed to other phases indicating the high phase 
purity of the CuSbS2 powders obtained. SEM images in Figs. 1b and c show that the particles 
have a plate-like morphology with a good shape- and size uniformity. The average length of the 
particles is around 620, and width 560 nm. This morphology is promising for applications in 
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solar cells and supercapacitors due to its good charge transport properties [15]. TEM images 
(Figs. 2a and b) also clearly illustrate how the plates are composed of several stacks of layers 
with distinct plate edges. The SAED pattern (Fig. 2c) also confirms the single crystal nature of 
CuSbS2 particles.  
(Figure 1) 
(Figure 2) 
3.2. Optical and electrochemical properties  

Band gap estimation was carried out with UV-Vis-NIR diffuse reflectance data (inset of Fig. 
3a) and via extrapolation of the linear region of the plot of (hυF(R))

1/n versus hυ, where h, υ, and 
F(R) represent Plank’s constant, frequency, and Kubelka-Munk function, respectively. For direct 
allowed transition n=1/2, and for indirect allowed transition n=2. Figs. 3a and b portray the 
calculations for direct and indirect bandgaps, and indicate that CuSbS2 has both direct (1.52 eV) 
and indirect (1.46 eV) band gaps. The difference between the energy values is very small and 
lower than 0.1 eV. The inset in Fig. 3b shows schematically the small difference between 
indirect and direct energy values. Specifying valence band and conduction band positions of a 
semiconductor is essential for device design and material selections in target applications. The 
injection of electrons into the CB generates the reduction current, and the extraction of electrons 
from the VB results in an oxidation current. Then, the energy levels can be calculated from the 
onset of oxidation and onset of reduction potentials. Direct band gap from the electrochemical 
measurement (Fig. 3c) is around 1.87 eV, which is in reasonable agreement with the value 
achieved by the optical measurement. The energy level of CB was found to be at -3.90 eV, 
demonstrating that injection of electrons from titanium dioxide CB (~ -4.25 eV [16]) into 
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CuSbS2 can be occurred easily, because the difference is about 0.35 eV (Fig. 3d).  The valence 
band position is around -5.77 eV, whereas Wada and Maeda [17] reported a value of -5.45 eV 
from photoemission yield spectroscopy by considering an error of 0.35 eV. On the other hand, 
they calculated CB by adding the value of the optical band gaps to the VB value.  
(Figure 3) 
4. Conclusions 

High-quality platelet CuSbS2 nanocrystals have been successfully synthesized via a 
hotinjection route. CuSbS2 average particle size was around 560 nm in width and 620 nm in 
length. Band gap calculations based on UV-Vis-NIR diffuse reflectance data confirmed that 
synthesized CuSbS2 had both indirect and direct bandgaps, and the difference between the 
indirect and direct values was smaller than 0.1 eV and. The energy level of VB was -5.77 eV, 
and of CB, -3.90 eV.  Structural properties and the suitable CB position of CuSbS2 suggest that 
this material can serve in nanocrystalline solar cells.  
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Figure captions 
Figure 1. XRD pattern (a) and SEM images of the powder (b, c). 
Figure 2. TEM images (a, b) and SAED pattern (c) of the sample. 
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Figure 3. Diffuse reflectance spectra (a), direct band gap estimation (b), indirect band gap 
calculation (inset of b), CV curve (c) and the energy band positions (d) of the CuSbS2 particles.  
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Highlights 
 

 Platelet particles of CuSbS2 with a good shape and size uniformity were obtained. 
 TEM characterization confirmed single crystalline nature of the particles.  
 This material has both direct and indirect band gaps. 
 Cyclic voltammetry method was used for energy levels characterization.  
 Obtained CuSbS2 has a suitable conduction band position for solar cell applications.  

 
 


