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Abstract CuPbSbS3-bournonite is a quaternary semi
conductor derived from the Cu-Sb-S semiconductors with 
numerous possibilities including optoelectronic and photo
voltaic applications. An analysis focusing on the potential 
for solar cells is carried out starting from first-principles 
density functional theory with orbital-dependent one-elec
tron potentials. In order to understand the fundamental 
factors responsible for the absorption, the absorption coef
ficients have been split into inter- and intra-species contri
butions. The absorption coefficients are used as a criterion 
for evaluating the efficiencies when this material is used to 
absorb sunlight at several concentrations. The results indi
cate their applicability in photovoltaic devices as absor
bent of the solar spectrum with high energy conversion 
efficiency. 
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1 Introduction 

Of particular interest are those semiconductors with physi
cal properties appropriate for photovoltaic applications. 
An important property for the semiconductors to be able to 
convert photon energy into useful work in an external cir
cuit is the absorption coefficient. This property indicates 

the absorption threshold related to the band-gap and the 
sunlight absorbed as a function of the photon energy. 

Many of the efforts to find new materials have focused 
on the synthesis and characterization of binary semiconduc
tor systems. Part of these efforts has recently extended to 
exploring more complex ternary and quaternary structures. 
Ternary I-III-VI2 chalcogenides, in particular CuInSe2, are 
currently among the strongest absorbers known. However, 
while the overall absorption is strong, it is necessary to use 
rather thick films because of the weak onset absorption 
near the band-gap. Among the ternary materials, Cu-Sb-S-
type derived semiconductors also have interesting proper
ties as absorber materials for thin-film solar cells [1-3]. 

The ternary phases in this system are: Cu3SbS4 (fam-
atinite), CuSbS2 (chalcostibite), Cu3SbS3 (skinnerite and 
wittichenite) and Cu12Sb4S13 (tetrahedrite). These are usu
ally p-type semiconductors with an energy band-gap which 
varies from between ~0.46 to 1.9 eV [1-11], and they 
frequently have a high absorption coefficient above 104-
10 cm - 1 in a wide range of the visible region [1-5]. These 
properties make it attractive for semiconductor-based 
device applications and a particularly attractive candidate 
for photovoltaic solar cells. The quaternary materials based 
on Cu-Sb-S present a wide range of opportunities through 
the identification and design of new and strongly absorbent 
materials in thin-film photovoltaics. 

A quaternary compound derived from the ternary 
Cu-Sb-S system, CuPbSbS3, could be suitable as a solar 
radiation absorber in solar cells. CuPbSbS3 can be found 
in sulfide ore deposits as the mineral bournonite and can 
be prepared by direct synthesis from very pure elements 
obtained through a modified zone-melting method [12]. 
The crystal belongs to the orthorhombic class, space group 
Pmn2x (no. 31) [12, 13]. The experimental energy band-gap 
(E ~ 1.22 eV [12]) is closer to the optimal for single-gap 



solar cells (E ~ 1.1 eV with maximum solar cell efficiency 
-41 % [14-16]). It indicates that this compound could be 
suitable as a solar radiation absorber in solar cells. 

Therefore, an additional knowledge of the influence 
of the electronic and optical properties of the absorp
tion coefficients of the CuPbSbS3-bournonite is needed in 
order to evaluate its potential for photovoltaic solar cells. 
Understanding the fundamental factors responsible for the 
absorption will provide new insight into refining and focus
ing on design pathways to reach the device level. 

The identification and design of new materials require 
an approach beyond the classic which selects good photo
voltaic absorbers exclusively on the basis of their band-gap. 
This approach should be based on the sunlight absorbed 
and the thickness of the solar cell, i.e., the absorption coef
ficient. The classic approximation, based on the band-gap, 
is in part due to the simplification of the calculation and 
the difficulty in obtaining absorption coefficients (theoreti
cally or experimentally) with respect to obtaining energy 
band-gaps. First principles are an important and powerful 
complementary tool, allowing these basic properties, which 
are hardly accessible through experiments, to be obtained 
and quantified. Therefore, to achieve these objectives we 
present a study of these electronic and optical properties 
together with the fundamental aspects affecting absorp
tion using first principles. In addition, we will analyze the 
potential for photovoltaics obtaining the maximum effi
ciencies when these materials are used as light absorbers in 
solar cell devices. 

2 Methodology 

The first-principles methodology used to obtain the elec
tronic and optical properties is based on the density func
tional theory (DFT) [18, 19]. However, the spurious elec
tron self-interactions are not dealt with properly using the 
standard approximations. It leads to an underestimation of 
both the band-gap and the bond length of weakly bound 
molecules and solids, and an overestimation of both the 
bandwidth and the binding energy, etc. In order to avoid 
partially the DFT self-interaction problem, an effective 
on-site Coulomb U (DFT + U) factor is used [20-24]. The 
value of U depends on the choice of the orbital subspace 
on which the correction is applied, on the way the orbital 
occupations are computed, and on the DFT + U imple
mentation chosen [21-24]. In this work we will use the 
DFT + U methodology and implementation described in 
references [21, 22]. Furthermore, the generalized gradient 
approximation (GGA) from Perdew, Burke and Ernzerhof 
[25, 26] is used for the exchange-correlation potential, and 
the standard Troullier-Martins [27] pseudopotentials are 
adopted and expressed in the Kleinman-Bylander [28, 29] 

form. A numerically localized pseudoatomic orbital basis 
set [30] is used to expand the valence wave functions. Peri
odic boundary conditions, spin polarization, double-zeta 
with polarization localized basis sets, and the orthorhombic 
Pmn2l (space group 31) crystal structure with 100 and 180 
special k-points in the irreducible Brillouin zone are used 
in all calculations. 

In order to obtain the optical properties we have 
obtained the momentum matrix elements p x between 
the ¡J and A bands at k points in the Brillouin zone, where 
p = i(m/h)[H, r]. Both, the local and non-local parts of the 
pseudopotentials have been considered in these calcula
tions. From energies E y occupations / | and momentum 

matrix elements p x at k points, we have obtained the com
plex dielectric function 

e2(E) ~ ¿ £ / Ú\p»l\%;k -f^WE^ - E¡d - E) 

and other optical properties using the Kramers-Kronig 
relationships. 

In addition, the momentum matrix elements can be split 
vaiop^x = E A S BP^A» where /^fis the component that cou
ples the basis set functions on the A and B atoms. Similarly, 
the absorption coefficients and other optical properties can 
be split into a = J2 A J2 B^AB + (terms involving three and 
four different species). aM and aAB are the intra- and inter
species contributions to the total absorption coefficient. 

3 Results and discussion 

3.1 Structure and electronic properties 

CuPbSbS3-bournonite crystallizes into an orthorhom
bic class, Pmn2l (space group 31), with lattice param
eters a = 8.153 Á, b = 8.692 Á, c = 7.793 Á, and 
a = P = y = 90° [12, 13]. There are four different atoms 
(chemical species) in this structure, but nine symmetri
cally non-equivalent chemical species: Pbl5 Pb2, Sbl5 

Sb2, Cu, Sl5 S2, S3, and S4. Figure 1 shows the details 
of the crystalline structure and the non-equivalent 
atoms. The distributions of the first shells of the near
est neighbors around the non-equivalent atoms are: Pb : 

(Si + 2S3 + S2 + 2S4), Pb2 (S2 + 2S4 +2S4 +2Cu + 2S3), 
Sbi (S2 + 2S3), Sb2 (Si + 2S4), Cu (Sx + S2 + S3 + S4), 
Si (Pbi + Sb2 + 2Cu), S2 (Pb2 + Sbi + 2Cu), S3 

(Pbj + Pb2 + Sbi + Cu), and S4 (Pbi + Pb2 + Sb2 + Cu). 
Therefore, in the crystalline CuPbSbS3 structure the Pb : 

and Pb2 atoms are surrounded (at an inter-atomic distance 
of <3.5 Á) by six and nine S atoms, respectively. The Sb 
atoms have a trigonal pyramidal coordination with the 
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Fig. 1 Crystalline structure of the CuPbSbS3-bournonite where the 
nine symmetrically non-equivalent chemical species (Pbj, Pb2, Sbj, 
Sb2, Cu, Sj, S2, S3, and S4) are shown 

S atoms, and these SbS3 pyramids are isolated. The Cu 
atoms are tetrahedrally coordinated with slight deforma
tions by four S atoms. The Cu tetrahedra share corners 
parallel to the c axis. 

Compared with different compounds but with a similar 
composition as the CuMS2 (M = Sb, Bi) [1] and the tet-
rahedrites [2], the Pb atoms have a very different environ
ment than the Sb or Bi atoms in other structures. The Sb or 
Bi atoms form trigonal pyramids linked to three S atoms 
whereas Pbj and Pb2 atoms are surrounded by six and nine 
S atoms, respectively. Therefore, the CuPbSbS3-bournonite 
is not obtained by substitution of Sb or Bi by Pb in other 
ternary Cu-Sb-S structures. 

In order to obtain the optoelectronic properties 
we applied the orbital-dependent one-electron poten
tial using the DFT + U formalism described in refer
ences [21, 22]. The gaps obtained with U = 0/3/4 eV, are 
0.57/1.04/1.22 eV. As a result of the well-known tendency 
of DFT calculations, the value with U = 0 underestimates 
the band-gap as compared to the experimental (-1.22 eV 
[12]). However, the band-gap is closer to the experimen
tal when including an effective Hubbard U = 4 eV in the 
Hamiltonian. 

The analysis of the projected density of states on shell 
species states (Fig. 2) reveals that the states of the VB and 
CB edges are derived mainly from the p(S) + d(Cu) and 
p(S) + p(Sb) + p(Pb) states, respectively. 

Fig. 2 Projected DOS on shell species states with more contribution 
to the edges of the VB and the CB. The VB edge has been chosen as 
the origin of the energy 

3.2 Optical properties 

The CuPbSbS3-bournonite energy band-gap (E - 1.22 eV) 
indicates that this compound may be suitable as a solar 
radiation absorber in solar cells because the band-gap is 
closer to the optimal (-41 % at Eg - 1.1 eV [14, 16]). Nev
ertheless, a good candidate for photovoltaic applications 
must also have a high optical absorption. In order to con
firm their application in photovoltaics, we have obtained 
their optical properties. 

Experimentally the reflectivity R and the real refrac
tion index n¡ are 26 and 3.1 %, respectively, in the 1.15— 
1.30 eV energy range [12]. Our results with Ua = 4 eV in 
this energy range are 25 and 4 % approximately. There
fore, they compare reasonably well with the experimental 
results. CuPbSbS3-bournonite has a high optical absorp
tion coefficient making it an attractive candidate for use as 
a light absorber in solar photovoltaic devices. In order to 
analyze the contribution from different atoms microscopi
cally, we have split the absorption coefficient into inter-
(a^) and intra-species (aAB) contributions in accordance 
with the methodology section. The results are shown in 
Fig. 3. The largest contributions are ass > aPbPb - aSbSb > 
a S b S ~ a S P b 

According to the former projected PDOS analysis, the 
greatest contribution to the VB and CB edges are from the 
p(S) + d(Cu) and p(S) + p(Sb) + p(Pb) states, respectively. 
Therefore, it could be deduced that the high absorption arises 
mainly from the [p(S) + d(Cu)]VB -* [p(S) + p(Sb) + 
p(Pb)]CB transitions because of a high joint DOS near the 
semiconductor gap. However, the projected absorption 
coefficients show that the largest contributions are ass 

> aPbPb ~ aSbSb > a S b S ~ a SPb-



Fig. 3 CuPbSbSj-bournonite absorption coefficient split into atomic 
contributions. The band-gap energy has been chosen as the origin of 
the energy 

Pb->£2 S t » Q Cu->£2 S->Í2 

S-Sb, and S-Pb. Therefore, the split absorption coefficients 
involving Cu are small compared with the aforementioned 
ones. 

3.3 Solar cell efficiencies 

We have made the assumptions of ideal behavior [14-17] 
to obtain maximum efficiencies: the cell operates at 300 K, 
any non-radiative recombination is suppressed, carrier 
mobilities are infinite (no ohmic losses), and the illumina
tion comes from an isotropic gas of photons from the spec
trum of a 5760 K black body reduced by the factor 46,200. 

A more important feature, the functional form with 
respect to the photon energy of the absorption coefficients, 
has not been paid much attention so far. In part it is due 
to the assumption that the solar cell absorbs all incident 
photons above the band-gap. It implies that the absorption 
coefficient is a step function, zero for energies lower than 
the energy band-gap, and constant for energies above the 
band-gap. In this way the dependence is simplified from 
the absorption coefficient to the band-gap energy. Then the 
band-gaps are used as an evaluation criterion for solar cell 
applications [14-17]. 

Unlike that which is usually done when maximum effi
ciency is obtained, we have used the absorption coefficients 
obtained from first principles for several solar concentra
tions (Fig. 5). As a consequence, the efficiencies depend 
on the thickness w of the device. From the results in the 
figure, solar cell devices of just a few microns thick could 
reach efficiencies close to the maximum overall efficiency 
(-31 and 41 % for/c = 1 and/c ~ 46,200, respectively [7-
10]). Therefore, these materials could be very interesting 

Fig. 4 Mean value of the p^Bfor all A —> B transitions scaled by the 
maximum value 

We have not taken the transition probabilities into 
account in the simplified joint DOS. Only if all the momen
tum operator matrix elements between all bands and all 
^-points are equal, will the optical properties be propor
tional to the joint DOS. In order to clarify this aspect we 
have obtained the mean-value of <P\B> for all A -> B 
transitions, i.e., <p2

AB> = E„<il dk • ¡f^-f^pfff. 
This is shown in Fig. 4 scaled by the maximum value (S-S 
in the Figure). From the Figure, the largest values corre
spond to the A -> A intra-species transitions, and with a 
lower proportion to A -> S inter-species transitions. This is 
in accordance with the order of the split absorption coeffi
cients ass > aPbPb ~ aSbSb > aSbS ~ aspb, in which the transi
tion probabilities have been considered. Note that the tran
sition probabilities involving Cu, with a large contribution 
to the VB edge states, are lower than S-S, Pb-Pb, Sb-Sb, 

Fig. 5 Efficiency r¡ (%) as a function of the thickness of the cell w 
for several sun-light concentrations (from fc = 1 sun to maximum 
concentration/,. = max ~ 46,200 suns, sun units = 1 Kw/m2). The 
marks indicate the calculated values. The lines between the marks 
have been added for visual effect 



for photovoltaics when used as an absorbent in solar cell 
devices. 

4 Conclusions 

Using GGA + U first-principles density functional the
ory, we have studied the electronic and optical properties 
of CuPbSbS3-bournonite. Our theoretical results are in 
accordance with previous experimental results in the lit
erature. The absorption coefficients have been analyzed in 
depth, splitting them into inter- and intra-species contri
butions. The results indicate that the largest contributions 
to the optical properties are from the S-S > Pb-Pb ~ Sb-
Sb > S-Sb ~ S-Pb atomic transitions. We have stressed the 
deficiencies of a simplified joint DOS analyses where the 
transition probabilities not taken into account. Finally, its 
potential as a sunlight absorber in single-gap solar cells has 
been evaluated from the theoretical absorption coefficients. 
Solar cells, just a few microns of CuPbSbS3-bournon-
ite thick, could reach efficiencies close to the maximum 
efficiencies. 
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