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A B S T R A C T 

The ternary Cu-Sb-S semiconductors are considered to be sustainable and potential alternative 
absorber materials in thin film photovoltaic applications. In these compounds, several phases may 
coexist, albeit in different proportions depending on experimental growth conditions. Additionally, the 
photovoltaic efficiency could be increased with isoelectronic doping. In this work we analyze the 
electronic properties of O-doped Cu3SbS3 in two structures: the wittichenite and the skinnerite. We use 
first-principles within the density functional formalism with two different exchange-correlation 
potentials. In addition, we estimate the potential of these compounds for photovoltaic applications. 

1. Introduction 

The ternary system CuxSbySz is considered to be a potential 
low-cost sustainable absorber material for thin film solar cells 
due to the availability and low cost of the constituent elements. 
The ternary phases in this system are: Cu3SbS4 (famatinite), 
CuSbS2 (chalcostibite), Cu3SbS3 (skinnerite and wittichenite) and 
Cui2Sb4Si3 (tetrahedrite). Thin films of CuSbS2 have been depos­
ited using a range of different techniques, such as spray pyrolysis 
[1], direct evaporation [2] and chemical bath deposition followed 
by annealing [3,4]. Using the last technique, Cu3SbS3 has also 
been deposited [4]. Particles of ternary Cu3SbS4 films were 
prepared using the Polyol-Route [5], and high quality semicon­
ducting famatinite nanofibers and tetradrite nanoflakes have 
been selectively synthesized using the mild hydrothermal and 
solvothermal synthesis route [6]. 

It is experimentally difficult to control the phase and impurity 
concentration of these materials. In general, there are several 
phases in the experimental samples, albeit in different propor­
tions. Some of the ternary phases have been partially explored. 
The Cu3SbS4 gap presented in the literature is between 0.46 eV [7] 
and 0.74 eV [8]. CuSbS2 appears to be a direct band-gap semi­
conductor [9] with a band-gap energy between 1.38 eV [10] and 
1.5 eV [3[. Cu3SbS3 and Cu12Sb4S13 exhibit optical bandgaps of 
1.60 eV [3] and 1.2 eV [11], respectively. The gaps of the last three 
phases are close to the optimum value required for solar energy 
conversion ( -1 .4 eV). 

Additionally, doping II—VI compound semiconductors with 
oxygen has been shown to give rise to deep traps [12-15] at 

which carriers recombine radiatively [16,17]. The insertion of 
intermediate states within the bandgap of a semiconductor 
material provides additional paths for optical transitions creating 
the possibility for extremely high efficiency ( > 60%) [18]. 

Cu3SbS3 is a promising material for solar cell applications. In 
order to analyze its potentiality as a photovoltaic absorbent 
material for thin film structures, we present a study of the 
electronic properties of O-doped Cu3SbS3 using first-principles 
with two different exchange-correlation potentials. We focus our 
analysis on two polymorphic structures. Knowing the differences 
between these structures will be very useful for optoelectronic 
applications. 

2. Calculations 

2.2. Total and single-particle energies 

A first-principles methodology within the density functional 
formalism [19,20] is used to analyze how the incorporation of 
isoelectronic 0 impurities on substitutional S sites of Cu3SbS3 

influences its electronic and optical properties. For the exchange-
correlation potential, we have employed the generalized gradient 
approximation (GGA) in the form of Perdew, Burke and Ernzerhof 
[21], and the Local Density approximation (LDA) with the 
Perdew-Zunger parametrization to the Ceperley-Alder numerical 
data [22]. The standard Troullier-Martins [23] pseudopotentials 
are adopted and expressed in the Kleinman-Bylander [24] factor-
ized form. The valence wave functions are expanded in a numeri­
cally localized pseudoatomic orbital basis set [25]. 

We have used two different strategies to obtain the band edges 
and transition-energy levels at experimentally determined lattice 
constants: single-particle band structure calculations and total 
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Fig. 1. The crystal structure of the Cu3SbS3compound in the (a) Ws and (b) Ss. (For interpretation of the references to color in this figure, the reader is referred to the web 
version of this article.) 
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Fig. 2. Energy-band diagram with GGA for Cu3SbS3 in the (a) Ws and (b) Ss, and for O-doped Cu3SbS3 in the (c) Ws and (d) Ss. 
origin. 
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defect formation energies calculations. Using LDA and GGA and 
taking the gap to be the difference between single-particle band 
structure energies is known to lead to its underestimation due to 
correlation problems. Using differences of single-particle band 
structure energies is equivalent to using Koopman's theorem. 
Nevertheless, if total defect formation energies [26,27] are used 
instead of the single-particle energies, correlation problems and 
systematic errors are decreased [28]. 

To determine the optical properties, the momentum matrix 
elements of the single-particle band structure have been calcu­
lated. From these, and the energy and occupations of the bands at 
k points of the Brillouin zone, the absorption coefficients are 

obtained. 

2.2. Crystal structure 

Cu3SbS3 is polymorphic. Below 263 K, Cu3SbS3 has the 
Wittichenite structure (Ws) [29] (Fig. la), the low temperature 
form of Cu3BiS3. The space group of the Ws is P212121 (No. 19) 
with lattice parameters a=7.884(l)Á, b = 10.221(l)Á, 
c=6.624(l)Á [30]. Between 263 and 395 K, Cu3SbS3 has the 
Skinnerite structure (Ss) [30-32] (Fig. lb). This is monoclinic, 
with the space group P2i/c (No. 14). Above 395 K, the Cu3SbS3 

crystallizes in the orthorhombic system [30,31], with space group 
Prima (No. 62) and lattice parameters a = 7.808(1) A, b = 10.252 
(2)Á, c=6.587(2)Á. This a-Cu3SbS3 high-temperature modifica­
tion is similar to the high temperature Cu3BiS3 structure. 

In the Ws, the Cu is in nearly trigonal planar coordination with 
S, Sb is trigonally coordinated by S, and S is tetrahedrally 
coordinated by three copper atoms and one antimony atom. In 
the Ss, the Sb atom has trigonal pyramidal coordination with S, 
and most Cu sites have triangular coordination with S atoms. 
There are two different positions for the Cu (Cu(a) and Cu(b)) (red 
and yellow in Fig. 1(b) which cannot be occupied simultaneously, 
since this would result in the distance between these positions 
being so small as to result in an energetically unstable structure. 
This implies the need to average the results over numerous 
supercells. We have analyzed a sample of supercells and the 
energy differences are inside the margin of the error of the 
calculations. 

3. Results and disscusion 

Applying the aforementioned calculation method to the afore­
mentioned crystal structures, we have obtained the correspond­
ing single-particle band energies and total energies. For the host 
Cu3SbS3 in the Ws, the gaps obtained by taking the difference 
between the single-particle band energies are 0.66 eV and 0.77 eV 
for LDA and GGA respectively. For the Ss, the gaps are 0.87 eV 
(LDA) and 1.00 eV (GGA). Using total defect formation energies 
instead of the single-particle energies to reduce correlation 
problems and systematic errors, the gaps obtained are: 1.03 eV 
(Ws-LDA), 1.12 eV (Ws-GGA), 1.19 eV (Ss-LDA), and 1.31 eV 
(Ss-GGA). These values, although still affected by the LDA/GGA 
underestimation, compare well with experimental results in the 
literature (1.5-1.6 eV [4]). 

In Fig. 2, the GGA calculated band structures of host and the 
O-doped Cu3SbS3 in the Ws and in the Ws are shown. The O 
doping separates a sub-band from the conduction band, which is 
pushed deeper into the gap. The Fermi energy (horizontal line in 
the figure) is between the valence band (VB) and the sub-band, 
indicating that it has an acceptor character. 

In order to identify the atomic contribution of the O atom 
to the deeper sub-band, the atomic projected density of states 
(DOS) per atom is represented in Fig. 3. The O is tetrahedrally 

coordinated by three copper atoms and one antimony atom. 
Therefore, the oxygen atoms will interact mainly with their 
nearest neighbors. The deeper sub-band at the CB edge is 
essentially constituted by the combination of O and the Sb 
orbitals. An additional analysis of the projected DOS on orbitals 
indicates that the larger contributions are from the O and Sb p 
orbitals. 

As consequence of the O doping, the optical properties are also 
affected. In Fig. 4 the difference between the absorption coeffi­
cients of the undoped and doped host is represented. For the two 

.0.4 1 1 1 1 1 1 
0.45 0.5 0.55 0.6 0.65 0.7 

0.8 0.85 0.9 0.95 1 1.05 1.1 
E(eV) 

Fig. 3. Projected DOS on the atoms with GGA for O-doped Cu3SbS3 in the (a) Ws 
and (b) Ss. The VB edge has been chosen as the energy origin. 
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Fig. 4. Difference between the absorption coefficients of the O-doped host 
(«Host:o) and undoped host (aHost) for the (a) Ws, and (b) Ss. 

Fig. 5. Efficiency tj (%) versus sunlight concentration (103 sun) using the results of 
defect formation energy calculations with GGA and LDA. 

structures, the O doping increases the absorption coefficient at 
the CB edge. 

Using defect formation energy calculations, the energy posi­
tion of the O acceptor level (eA) with respect to the CB edge 

{ec-eA, where ec is the energy of the CB edge) for the Ws and Ss 
and with GGA and LDA are: 0.20 eV (Ws-LDA), 0.25 eV (Ws-GGA), 
0.23 eV (Ss-LDA), and 0.13 eV (Ss-GGA). With these values, we 
have estimated the maximum efficiency for maximum solar 
concentration (46,050 sun, 1 sun=l kW/m2) according to the 
model described in Ref. [18]. The results are in Fig. 5. The 
maximum efficiency obtained for Cu3SbS3:0 with GGA and LDA 
in the Ws and Ss are: 40% (Ws-LDA), 51.9% (Ws-GGA), 51.0% (Ss-
LDA) and 46.3% (Ss-GGA). These maxima are larger than the 
efficiency of a Cu3SbS3 single junction solar cell with equal solar 
concentration (~40%). For concentrations larger than approxi­
mately 100 sun, the efficiency of the O-doped Cu3SbS3 is larger 
than the maximum efficiency (for maximum solar concentration) 
of a Cu3SbS3 single junction solar cell. 

4. Conclusions 

In summary, we have used first-principles density functional 
methods in order to analyze the electronic properties of the host 
and O-doped Cu3SbS3 in both the Ws and Ss. We used both LDA 
and GGA exchange-correlation potentials. In order to obtain the 
gaps and the impurity levels, we used both single-particle 
energies and total energy defect calculations. An analysis of the 
single-particle band energies and of the total energy defect 
calculations indicates that substitution of S by 0 leads to an 
acceptor level very closer to the CB. This acceptor level is mainly 
results from Sb and 0 orbital combinations. 

Using the first-principles results we have estimated the max­
imum efficiency of this photovoltaic absorber material as a func­
tion of sunlight concentration. Above 100 sun, the efficiency of this 
compound is larger than that of host material with a single gap. 
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