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Abstract

Design of efficient solar energy-conversion materials has attracted much interest in the last few decades. Among these mate-
rials, copper-based semiconducting chalcogenides have been employed as alternatives for copper indium gallium selenide
thin-film solar cells due to their low toxicity and earth-abundant absorber components. In the present manuscript, structural,
electronic, quantum theory of atoms in molecules (QTAIM) topological, and optical properties of ternary chalcogenide
CuSbS,, Cu;SbS;, and Cu,;SbS, have been investigated using the full potential linear augmented plane wave method. An
indirect band gap is observed for CuSbS, with E, = 1.18 eV and a direct band gap is found for Cu;SbS;, and Cu;SbS, with
E,=1.28and 1.0 eV, respectively. The valence band maximum of CuSbS,, Cu;SbS;, and Cu;SbS, are mainly predominated
by a strong Cu-3d and S-3p orbitals hybridization. The conduction band of CuSbS, and Cu;SbS; are mainly characterized
by Sb-5p orbital and S-3p orbital mixing. However, conduction band of Cu;SbS, is dominated by the mixing of Sb-5s and
S-3p orbitals. It is found that the Cu-S and Sb-S bonds lie in the transit closed-shell zone, between the typical ionic and
covalent bonds, the Cu-S bonds being more ionic in nature and the Sb-S bonds being more covalent. The optical properties
of CuSbS,, Cu;SbS;, and Cu;SbS,, in terms of absorption coefficient, extinction coefficient, refractive index, and reflectivity
have been investigated. It is found that Cu;SbS, is probably less suitable for optical application than CuSbS, and Cu;SbS;
as the chemical bonds in Cu;SbS, are seemingly less polarizable, as assumed from the QTAIM analysis, which seems to be
correlated with a lower absorption coefficient.

Keywords Copper-based chalcogenides - DFT - optoelectronic properties - electron density topology - solar-energy
conversion

Introduction with a 24% growth year-on-year and might foresee reaching

4.7 TW by 2050 as proposed by the International Energy

The search for and design of efficient solar energy-conversion
materials have attracted much interest in the last few decades
in order to overcome the global energy shortage and CO, emis-
sion in the inevitable future expansion. In 2019, the producing
capacity of solar photovoltaics (PV) reached about 633 GW,
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Agency (IEA). More than 90% of world production capacity
is held by crystalline silicon modules, which are very effec-
tive. The cheaper thin-film compound semiconductors might
be alternatives and strong competitors to silicon PV. Recently,
transition metal chalcogenides have enabled a breakthrough in
the development of thin-film photovoltaic solar cells because
of their optoelectronic properties in terms of photo-stability
and high surface area visible-light absorbance.” For exam-
ple, copper indium gallium selenide (CIGS) and cadmium
telluride (CdTe) solar cells revealed a spectroscopic limited
maximum efficiency (SLME) of about 20.8% and 19.6%,
respectively. Although these thin-film photovoltaic cells are
commercially available, their elemental components are toxic
and relatively rare, which limits their terawatt-scale produc-
tions.®> Copper zinc tin sulfoselenide (CZTSSe) was explored
as a promising alternative material because it might fulfill the
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prerequisites for sufficient solar irradiation, but still, the effi-
ciency of PV devices is relatively low, despite more than a
decade of painstaking research.* The copper-based chalcoge-
nide systems including CuSbS, (chalcostibite), Cu;SbS, (fam-
atinite), Cu,Sb,S 5 (tetrahedrite), and Cu;SbS; (skinnerite)
phases have been explored as they are interesting alternatives
for CIGS thin-film solar cells due to their low-toxicity and
earth-abundant absorber components.>>™'* The Cu-Sb-S sys-
tem compounds are p-type semiconductors with an optical
band gap (E,) ranging between 0.5 eV and 2.0 eV and a large
absorption coefficient over 10* cm™" at visible wavelengths,
which shows a comparable efficiency (i.e., 22.9%) to that of
CIGS and CZTSSe.'* Yet, due to a lack of knowledge in the
fundamental physical properties comprehension these com-
pounds have not reached the stage of integration into devices.
Therefore, further developments in PV technology based on
these compounds call for a deep understanding of the elec-
tronic and optical properties of these materials and of their
structural properties relationships, which is the topic of the
present work.

In this work, we have investigated the structural, elec-
tronic, and optical properties of ternary chalcogenide CuSbS,,
Cu;SbS;, and Cu,;SbS, using density functional theory (DFT)
calculations with the full-potential linearized augmented
plane-wave (FP-LAPW) method that was suggested to be one
of the most efficient methods to solve many-electron problems
in a solid crystal. Cu;,Sb,S5 has not been considered in the
present work as it shows a semi-metallic behaviour.?

There are crucial needs for rationalizing the behaviour
of materials for their optical properties, a goal which is
scarcely achieved in the literature. Hence, in order to try
to understand the relationship between bond interactions
and optoelectronic properties, the electron density topol-
ogy has been investigated using Bader’s quantum theory
of atoms in molecules (QTAIM)."> The investigation of the
structure-properties relationship in the Cu-Sb-S compounds
has never been done to date. Although the optical properties
have already been published for CuSbS,,*!"'® Cu,SbS;’ and
Cu;SbS,,>!” we have reinvestigated these properties for the
three compounds with the same procedure, with the aim of
studying the relation between the QTAIM-based bonding
features and the optical properties. The analysis of the bond-
ing features in CuSbS,, Cu;SbS; and Cu,;SbS, reveals that
Cu-S and Sb-S bonds in Cu,;SbS, are seemingly less polariz-
able, which seems to induce a smaller absorption coefficient
for this material.

Computational Details
First principles density functional theory calculations using

the FP-LAPW method based on Kohn—Sham equations were
carried out using the WIEN2k package.?’ The structural
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optimizations were performed using the generalized gradi-
ent approximation (GGA) with the Perdew, Burke, and Ernz-
erhof (PBE) functionals?! as implemented in the WIEN2k
package. As the Tran-Blaha-modified Becke-Johnson (TB-
mBJ) potential allows for estimating band gap energies more
accurately, it was used to calculate electron band structures
and density of states.”>>* Unfortunately, since the TB-mBJ
functional gave the wrong band gap energy for Cu,SbS,, the
hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06)
was utilized for this compound.?® The core-valence electron
separation, which was set to — 6.0 eV, is defined as follows:
Cu [Ar] 3p® 3d'° 4s!, Sb [Kr] 4d'° 552 5p3, and S [Ne] 3s?
4p*. The structural optimization was performed by calculat-
ing the total energy (in Ry) with respect to crystal volume,
bla, and c/a ratio in proper sequence, and full structural
relaxation was carried out until the total residual forces on
all atoms was less than 2 mRy per Bohr. The optimized vol-
umes and cell parameters were obtained from fitting curves
against the Birch—-Murnaghan equation of state:

9V, B
E(V)=E, + (F) (—4703.6>(;12 —1)’B, + (1 = 1)° (6 - 417),
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VoS
f1=<7°> , @

where V,;, and V are the initial and distorted volumes, B is
the bulk modulus, and By, is the derivative of bulk modulus
with respect to pressure.

The convergence parameter RyrK,,,, Was set to 7,
where R, is the radius of the smallest sphere and K, is
a maximum wave vector. The charge density was obtained
up to G, =14 (a.u.)”". For the TB-mBJ calculations, the
Brillouin zone was sampled with a mesh of 1000 k-points.
For hybrid calculations, a 6 X 6 X 6 grid of 30 k-points was
used. A 16 X 16 x 16 k-points grid (4096 k-points in the full
Brillouin zone) was used for optical calculations.

The optical properties of the Cu-Sb-S compounds were
calculated based on their response to electromagnetic per-
turbations as implemented in the Wien2k OPTIC module.?®
The frequency-dependent complex dielectric function was
determined as e(w) = ¢,(w)+ ie,(w), where w is the pho-
ton frequency. The imaginary (absorptive) part of dielectric
function &,(w) is calculated using the following momentum
matrix elements between the valence and conduction wave
functions:

e2h

amlw?

&y(w) =

> B/Z M, (0)|*8{ @, (k) } k. 3)

The real (dispersive) part of the dielectric function &,(w)
and the absorption coefficient a(w) were calculated by
Kramers—Kronig transformation as
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where P is the momentum operator. The extinction coeffi-
cient k(w), energy loss L(w), and refractive index n(w) were
calculated using real and imaginary parts of the dielectric
function as

V1) + &5(w) @) :
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The reflectivity was calculated by the following equation:

_ (n(@) = 1)’ + k(@)’

R(w) C)]

(@) + D + k(w)*

The real-space analysis of the quantum chemical interac-
tions was carried out using the Critic2 program.*’

Results and Discussion

Crystal Structures of the Cu-Sb-S System
Compounds

The crystal structure of Cu!Sb™S™! (CuSbS,, chalcostibite)
is composed of square pyramidal SbSs units, which share
their edges to form continuous SbS, units aligned with the b
axis. The SbS, units are regularly separated by CuS, tetrahe-
dra. Thus, the bases of the square pyramidal units are lined
up to face one another and the Sb electron lone pair points
towards the void separating the SbSs units (Fig. 1a). The
Cu'Sb™S ™ (Cu,SbS;) has a skinnerite structure and derives
from the wittichenite structure. The Cu atoms are in nearly
trigonal planar coordination with S atoms, the Sb atom is
trigonally coordinated by S, and S is tetrahedrally coordi-
nated by three Cu atoms and one Sb atom. As can be seen
in Fig. 1b, there are different crystallographic positions for
both Cu and Sb atoms. The crystal structure of Cu'Sb™S™!
(Cu;SbS,, famatinite) derives from the zinc blende structure,
which is characterized by S atoms lying at the nodes of a
face-centred cubic lattice and Cu or Sb atoms located in the
tetrahedral sites and forming MSs units. The Cu atoms are
classified as Cul and Cu2, which occupy Wyckoff 2b and 4d
positions, while Sb and S atoms occupy 2a and 8i positions,
respectively (Fig. 1c). Thus, two types of Cu-S bond and
one type of Sb-S bond can be distinguished. Table I gathers

Fig. 1. Optimized crystal of Cu-Sb-S structures. (a) CuSbS,, (b) Cu;SbS; and (c) Cu;SbS,.
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the lattice constants calculated in this work with the PBE
functional for CuSbS,, Cu;SbS;, and Cu;SbS, together with
the experimental constants reported in the literature. There is
a slight overestimation of the lattice parameters (< 2 %) for
CuSbS, and Cu;SbS; compounds, which is quite reasonable
for structural results. Further, the Cu;SbS, structure has been
optimized with the HSE06 hybrid functional, which leads
to better agreement with experimental cell parameters than
the PBE functional.

Band Structure of Cu-Sb-S system Compounds

To understand the electronic properties of the Cu-Sb-S com-
pounds, the band structures and the density of states (DOS)
were calculated using the PBE and TB-mBJ functionals, as
well as the HSEO6 functional in the particular case of the
Cu;SbS, compound. At first, the band structures of CuSbS,,
Cu;SbS;, and Cu;SbS, were calculated with the PBE func-
tional along the high symmetry directions in the Brillouin
zone (BZ) (Fig. S1). As the modified TB-mBJ potential
allows for estimating band gap energies more accurately, the
band structures of the Cu-Sb-S compounds were estimated
with this potential, the results of which are illustrated in
Fig. 2 and Fig. S2. However, the TB-mBJ functional fails to
estimate properly the band structure of Cu;SbS, compound
(wrong band gap). Thus, the HSE06 functional was used
(Fig. 2¢). The dashed horizontal line represents the posi-
tion of the Fermi energy level (Ep). The values of the band
gaps E, were estimated from the energy difference between
the conduction band minimum (CBM) and the valence band
maximum (VBM), and the data are gathered in Table II.

It is found that the value of band gaps calculated using
PBE is underestimated in comparison with experimental
values. Furthermore, a closed energy gap calculated with
PBE and TB-mBJ around the Fermi level is observed for
Cu;SbS, indicating semi-metallic behaviour. With the

TB-mBJ potential, the band structure of CuSbS, shows a
VBM located at the I'-point and a CBM located between
the R- and X-points. An indirect band gap of 1.18 eV is then
observed, which agrees with the indirect band gap values
experimentally reported (Table II). Interestingly, the differ-
ence between the lowest direct band gap and fundamental
indirect band gap is about 0.1 eV; thus, a strong optical
absorption might occur at such energy.>® Theoretical inves-
tigations 171828 als0 found an indirect energy band gap.
Assuming from experiment that the band gap is indirect and
located in the range 1.0-1.2 eV (Table II), the value reported
in Ref. 3 is likely overestimated due to the use of the HSE06
functional. We observe a similar result in Refs 17 and 28.
As for Ref. 16 that reports a band gap of 1.28 eV with the
TB-mBJ (1.18 eV from our work), a close look to the band
structure shows that the conduction band minimum energy
is located slightly below 1.2 eV (Fig. 1a of Ref. 16). Hence,
a mistyping is not excluded.

The band structure of Cu;SbS; shows that the valence
band bears two maxima located at the I'-point and X-point
and that the conduction band bears two minima located
at the I'-point and also the X-point. A direct band gap is
observed with a value of 1.28 eV, which is 0.12 eV to 0.59
eV lower than the experimental values (Table II). Further-
more, a flat conduction band bottom is observed. Thus, a
strong optical absorption is expected in the Cu;SbS; com-
pound. Considering the wide range of experimental data
reporting on the band gap energy of Cu;SbS; (0.93-1.87
eV) the quality of our estimate is difficult to assess. Unsur-
prisingly, the HSE06 functional® yields larger value (1.5 eV)
than the TB-mBJ potential.

The band structure of Cu;SbS, exhibits VBM and CBM
at ['-point leading to a direct band gap with a value of 1.0
eV, as estimated by the HSEO06 functional, which agrees
well with both the direct and indirect energy band gap val-
ues determined by experiments. By contrast, theoretical

Tablel. Calculated lattice constants compared with experimental literature data

Compound Crystal structure ~ Space group  Lattice constants Method  Ref.
a(pm) b(m) cpm) «a® B vO

CuSbS, chalcostibite Orthorhombic Pnma (62) 611.8 385.3 1457.3 90 90 90 PBE This work
Orthorhombic Pnma (62) 602.4 378.6 1470.1 90 90 90 Exp. 2
Orthorhombic Pnma (62) 601.6 379.7 14499 90 90 90 Exp. 28
Orthorhombic Pnma (62) 602.0 379.0  1449.0 90 90 90 Exp. 29

Cu;SbS; skinnerite monoclinic P121/c (14) 804.5 1034.1 1340.1 90 904 90 PBE This work
monoclinic P121/c (14) 780.8 1023.3 1326.8 90 904 90 Exp. 29
monoclinic P121/c (14) 784.6 1024.7 13253 90 904 90 Exp. 30

Cu;SbS,, famatinite Tetragonal 1-42m (121) 549.2 549.2 10857 90 90 90 PBE This work

1-42m (121) 544.7 544.7 1081.7 90 90 90 HSEO06 This work

Tetragonal 1-42m (121) 539.1 539.1 1087.0 90 90 90 Exp. 31
Tetragonal I-42m (121) 539.0 539.0 1075.0 90 90 90 Exp. 32
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Fig.2 Band structures of CuSbS, (a) and Cu;SbS; (b) crystals calculated with the TB-mBJ potential functional, and Cu;SbS, (c) calculated with

the hybrid HSEO6 functional.

works>!%3? report quite different band gap values from

ours, though with the same hybrid functional. Ramasamy
et al.? indeed notice their surprisingly high band gap value
of 2.5 eV, but do not provide hints to explain this result. On
the contrary, Li et al.!” calculated quite low direct band gap
energy of 0.39 eV at the I'-point. We have no explanation
for this difference. In between lies the value 0.85 eV found
by Chen et al.’> The smaller value compared to ours could
be explained by the spin-orbit coupling that is accounted for
in their calculations.

The energetic distributions of the electronic states for
CuSbS, and Cu;SbS; compounds have been investigated by
calculating the density of states with the TB-mBJ potential
functional, and for the Cu;SbS, compound by the hybrid
HSEOQ6 functional. Figure 3 shows the atom-projected and
orbital-projected density of states (aDOS and oDOS) for
Cu-Sb-S compounds in the energy range from —7 eV to 7
eV. The aDOS contains different energy regions and is con-
tributed by each atom of the crystal system (Fig. 3a, c, and
e), while the oDOS represents the contribution of different
orbital states of the interconnected atoms (Fig. 3b, d, and f).
The fully occupied d orbitals of Sb are not considered in our
study. For CuSbS,, the region [— 6.0; — 1.7] eV is mainly
contributed by Cu and S atoms and slightly by Sb atoms.
These contributions correspond to Cu-3d and S-3p, and to a
lesser extent by Sb-5p/5s, particularly in the region [— 2.9;
— 1.97] eV. The regions [— 1.7; 0.0] eV and [1.0; 3.8] eV
are mainly contributed by Cu and S with a predominance of
Cu-3d orbitals and S-3p orbitals hybridization and by Sb and
S atoms corresponding to mixing of Sb-5p and S-3p orbit-
als, respectively. The region [4.35; 7.0] eV mainly contains
the Cu, Sb, and S atoms contributions, which correspond to

Cu-4s, S-3p, and Sb-5p orbitals interactions. For Cu,;SbS,,
four regions can be observed, namely [— 6.16; — 2.52] eV
contributed by Cu, Sb and S atoms (Cu-3d, S-3p and small
contribution of Sb-5p/5s), [— 2.52; 0.0] eV mainly con-
tributed by Cu atoms and a very small contribution of S
atoms (Cu-3d and S-3p), [1.18; 4.0] eV mainly contributed
by Sb and S atoms (Sb-5p and S-3p orbitals) and [4.0; 7.0]
eV contributed by Cu, Sb and S atoms (Cu-4s, S-3p and
Sb-5p orbitals). The DOS of the Cu;SbS, compound can be
divided into five regions separated by energy gaps. These
regions are [— 7.32; — 4.34] eV, which is contributed by
Cu, S and to a lesser extent by Sb (Cu-3d, S-3p, and Sb-5p
orbital at higher energy (>— 5. 98 eV)), [— 3.47; — 0.56]
eV, which is mainly contributed by Cu and to a lesser extent
by S (Cu-3d and S-3p orbitals interactions), [0.7; 1.65] eV,
which is composed of Cu, Sb and S atoms (Sb-5s and S-3p
and small contribution of Cu-3d orbitals), [2.2; 4.03] eV,
which is mainly assigned to Sb and a small contribution of
S atoms (Sb-5p and S-3p orbitals) and [4.2; 7.0] eV, which
is attributed to Cu, Sb and S atoms (Cu-4s, Sb-5p, and S-3p
orbitals interactions). It is found that the DOS peaks located
in the vicinity of the valence band maximum of CuSbS,,
Cu,;SbS;, and Cu,;SbS, are predominated by a strong Cu-3d
and S-3p orbitals hybridization. The conduction band of
both CuSbS, and Cu;SbS; is mainly contributed by mixing
of Sb-5p and S-3p orbital, while the conduction band of
Cu;SbS, is dominated by mixing of Sb-5s and S-3p orbit-
als. As the oxidation state of copper is +I in all the Cu-Sb-
S compounds (Cu*, 3d10), the 3d'° orbitals in the valence
band are fully occupied; therefore, a very small contribu-
tion of Cu-3d orbital states occurs in the conduction band.
The contribution of Sb-5s orbital is very small in the VBM
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Table ll. Calculated band gaps of the Cu-Sb-S compounds compared with the literature data

Chemical compound Transition type E, (eV) Method Ref.
CuSbS, (Chalcostibite) Direct 1.4 Exp. (Transmission) 2
Indirect 1.1 Exp. (Absorbance)
Indirect 1.6 Calc. (DFT, HSEO06) 3
Direct 1.2 Exp. (Reflectance) 29
Indirect 1.0 Exp. (Reflectance) 29
N/A 1.53 Exp. (Absorbance) 34
Direct 1.58 Exp. (Absorbance) 35
Indirect 1.28 Calc. (DFT, TB-mBJ) 16
Indirect 1.72 Calc. (DFT, HSEO06) 17
Indirect 0.79 Calc. (DFT, PBE) 17
Indirect 1.16 Calc. (DFT, HSE06) 18
Indirect 0.77 Calc. (DFT, PBE) 18
Indirect 1.69 Calc. (DFT, HSE06) 28
Indirect 0.9 Calc. (DFT, PBE) 28
Indirect 0.86 Calc. (DFT, PBE) This work
Indirect 1.18 Calc. (DFT, TB-mBJ) This work
Cu;SbS; (Skinnerite) Direct 1.4 Exp. (Absorbance) 3
Direct 1.5 Calc. (DFT, HSEO06) 3
Direct 1.85 Exp. (Reflectance) 29
Indirect 1.52 Exp. (Reflectance) 29
Direct 1.46 Exp. (Reflectance) 30
N/A 0.93 Exp. (Absorbance) 34
Direct 1.6 Exp. (Reflectance) 36
Direct 1.87 Exp. (Absorbance) 37
Indirect 1.07 Calc. (DFT, PBE) This work
Direct 1.28 Calc. (DFT, TB-mBJ) This work
Cu;SbS,, (Famatinite) Indirect 1.2 Exp. (Absorbance) 3
Indirect 2.5 Calc. (DFT, HSEO06) 3
0.85 Calc. (DFT, HSE06) 32
0.58 Calc. (quasi-particle self-consistent GW) 17
Direct 0.9 Exp. (Absorbance) 38
N/A 1.72 Exp (Absorbance) 34
Direct 0.82 Exp. (Reflectance) 39
0.47 Exp. (Absorbance) 40
Indirect 1.0 Exp. (Absorbance) 41
Direct 0.89 Exp. (Ultraviolet photoelectron spectroscopy) 42
Direct 0.39 Calc. (DFT, HSE06) 19
0.0 Calc. (DFT, PBE) This work
0.0 Calc. (DFT, TB-mBJ) This work
Direct 1.0 Calc. (DFT, HSE06) This work

region of CuSbS, and Cu;SbS;, thus the Sb 5s electrons have
weak interaction with S-3p and become chemically inert as
lone-pair electrons. As it was observed in PbS,*’ the crystal
systems in which CuSbS,, and Cu;SbS; crystallize, namely
orthorhombic and monoclinic, are dictated by this electron
lone pair, which necessitates a distortion of the crystal lattice
to be energetically stable. Despite having an inert effect on
chemical bonds, this electron lone pair has a stereochemical

@ Springer

effect on the crystal structure and is only involved in van
der Waals interactions. By contrast, in the case of Cu;SbS,,
(Cu'Sb¥S™) there is no pure Sb-5s orbital accommodating
electrons, and the atoms are connected via covalent bonds
to form Chalcopyrite tetrahedral structure. Therefore, the
Cu-Sb-S compounds offer various bonding properties that
deserve investigation through the topological analysis of the
electron density.
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Electron Density Topological Properties
of the Cu-Sb-S System Compounds

Since the knowledge of structure-property relationship is
still limited, investigating quantum-mechanical atomic and
molecular interactions in solid crystals is relevant in view
of material design for the targeted application. In this con-
text, the investigation of electron density in real space within
solids has been studied by the quantum theory of atoms in
molecules (QTAIM '3) using the Critic2 program. The cal-
culated electron density Laplacians of CuSbS,, Cu;SbS;,
and Cu,;SbS, are depicted in Fig. 4a-d, respectively. The
symbols b, r, and ¢ represent bond, ring, and cage critical
points, respectively, as described in the QTAIM theory.
Bond length, bond angle, electron density (pgcp), electron
density Laplacian (V2pgcp), ellipticity, and local potential
(Vgep), kinetic (Ggcp), and total energy (Hgcp) densities at
bond critical points (BCP) extracted from the Critic2 pro-
gram outputs are gathered in Table S1. The relation between
electron density Laplacian, kinetic energy Ggcp, and poten-
tial energy Vpcp densities at BCP is given by

2
:l_mVZPBCP = 2Ggcp + Vicp (10)
and the variation of bond degree (BD = Hycp/pgcp) Versus
[V epl/Gpep ratio can be used to distinguish bonding types,**
Figure 4e shows these characteristics for CuSbS,, Cu;SbS;,
and Cu;SbS,. A linear evolution is observed with a cor-
relation coefficient R? of 0.904, 0.993, and 0.867, respec-
tively. Three and 17 different Cu-S bonds can be observed in
CuSbS, and Cu;SbS;, respectively (see Table S1). The long-
est Cu-S bond in each Cu-Sb-S structure is distinguished
with an asterisk sign (*) in Fig. 4e. Although the electron
density Laplacian (Fig. 4a-d) for Cu-S bonds differs from
one structure to another, the kinetic energies per electron
at the bond critical point (Ggcp/pgcp), Which are related to
the polarizability of the charge distribution,** are almost the
same (comprised between 0.82 and 0.87, see Table S1). The
best concordance is observed between CuSbS, and Cu;SbS;
(Fig. 4e). Moreover, the local energy densities for CuSbS,
and Cu;SbS; are all very close to one another on the graph.
All these results suggest that the Cu-S bonds in CuSbS,,
Cu;SbS;, and Cu;SbS, have close bonding characteristics,
though not strictly the same due to the difference in atom
environments.

In agreement with Ref. 44, for similar Gycp/ppcp the
interatomic distances increase with the absolute value of
the bond degree. This is exemplified for the Cu-S bonds
in Fig. 4f, though this holds for the Sb-S bonds too. Espi-
nosa et al. classified the bonds into three categories based
on the |Vycpl/Gyep ratio and bond degree (BD) Hycp/ppep
43: Pure closed-shell (CS) including ionic bond, hydrogen
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bond, and van der Waals interactions (IVgcpl/Ggep <1),
pure shared-shell (SS) including covalent and polar bonds
(IVgepl/Ggep > 2), and bonds belonging to the transit
region with positive Laplacian and negative total energy
density (1< IVgepl/Ggep < 2). It is found that the Cu-S
and Sb-S bonds for Cu-Sb-S structures lie in the transit
zone, between the typical ionic and covalent bonds. Both
the Cu-S and Sb-S bonds bare negative Hycp/pgcp values
indicating that the potential energy density dominate the
total energy and that the electrons at the bond critical point
tend to exert pressure on the neighbouring electron cloud.
As the Cu-S bonds locate in the mid-range of Hycp/ppcp
values in the diagram (Fig.4e), one can state that these
bonds are ionic in nature with small covalent contribution.
By contrast, the Sb-S bonds bare larger IVI/G ratio with
large, negative Hyp/ppcp values, hence these bonds are
more covalent in nature than the Cu-S bonds. These obser-
vations are confirmed by the positive values of the elec-
tron density Laplacian VzpBCP at the bond critical points
that evidence the tendency of electrons to escape from
the bonding region. Indeed, for the Sb-S bonds VZpBCp
amounts to around 5 electrons A~3 for both CuSbS, and
Cu;SbS; and 3.7 electrons A3 for Cu;SbS, , whereas for
the Cu-S bonds it amounts to about 14 electrons A~ and
14-15 electrons A~ for both CuSbS, and Cu;SbS; and
13-14 electrons A~ for Cu;SbS,. The Sb-Sb and Cu-Cu
bonds for CuSbS, and Cu;SbS;, respectively, lie close to
the point (IVgepl/Gyep=1, Hgcp/pPpcp=0), which corre-
spond to non-localized interactions (weak dipole-dipole
interactions such as for van der Waals). By contrast,
Cu;SbS, does not bare such interactions. These data indi-
cate that the bonding network in Cu;SbS, is more covalent,
hence seemingly less polarizable, than that in CuSbS, and
Cu;SbS;.

The accumulation of electron density at BCP is gen-
erally increased along bond path as the bond length
decreases. This means large overlapping of electron clouds
and increased refractive index of the materials. The optical
properties of the semiconductor materials under incident
photons depend on the electron transition from valence
band maximum to empty conduction band minimum,
attributed in the compounds of interest to mixing of Cu-
3d/S-3p and Sb-5p or Sb-5s/S-3p, respectively. The Sb-S
bonds with a large bond degree revealed a high absorption
coefficient (> 10* cm™!) of Cu-Sb-S materials near the
Fermi level. These results should lead to a lower band gap
of CuSbS, compared to that of Cu;SbS,. However, the
presence of empty Sb-5s orbital in the conduction band
causes a Sb-5s/S-3p hybridization in the case of Cu;SbS,,
which confers it a lower band gap than expected, leading
to a reversed band gap order between CuSbS, and Cu;SbS,
as shown in Figs. 2 and 3.
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Optical Properties of Cu-Sbh-S System Compounds

The valence band maximum (VBM) of Cu-Sb-S structures
is mainly due to the mixing of Cu-3d and S-3p, which can
stabilize the holes and provides high mobility Cu/S frame-
work paths. The optical properties of CuSbS, and Cu;SbS;
were calculated using the TB-mBJ potential functional,
while those of Cu;SbS, were calculated using the HSE06
functional. The refractive index, extinction coefficient,
absorption coefficient, and reflectivity were determined by
utilizing the calculated dielectric function as described in
the computational section. For Cu;SbS, with a tetragonal
structure, the optical functions are analysed along two direc-
tions, namely xx and zz, while for CuSbS, and Cu;SbS; with
orthorhombic and monoclinic structures the optical proper-
ties are analysed according to the three diagonal components
xx, yy, and zz. The dielectric function e(w) characterizes the
collective excitations close to the Fermi-level and depends
strongly on the band structure.*® The calculated dielectric
functions for CuSbS,, Cu;SbS;, and Cu;SbS, are depicted
in Fig. 5, the real parts €,(w) of which are shown in Fig. 5a,
c and e and the imaginary parts &,(w) of which are shown
in Fig. 5b, d and f. The maximum peak values of &;(w) for
CuSbS, (Fig. 5a), Cu;SbS; (Fig. 5c), and Cu;SbS, (Fig. Se)
are in fair agreement with those reported in the literature
(Ref 16 for CuSbS, and Ref 19 for Cu;SbS,). &,(w) becomes
negative above a certain photon energy: about 6 eV for
the CuSbS, and Cu;SbS; compounds, and about 8 eV for
Cu;SbS,. This indicates that the Cu-Sb-S materials have a

metallic character above these photon energy thresholds.'®
At zero frequency limit (o = 0), £,(w) gives the static dielec-
tric permittivity. Lower static dielectric permittivity values
have been obtained for Cu;SbS, indicating lower polarizabil-
ity for this compound. This result agrees with the weighted
average Ggcp/pgcp values (Table S1) since higher Gyp/ppcp
corresponds to lower polarizability.** According to the Penn
model ’ €,(0) is defined as &,(0) = 1+ (ha)/Eg)z, where 7w
is the plasma energy. Hence, the band gap of the Cu-Sb-
S materials should increase when going from Cu;SbS, to
CuSbS, and to Cu;SbS;. This is supported by our band gap
calculations (see "Band Structure of Cu-Sb-S system Com-
pounds" Section). Further, the edge of the optical absorption
that can be seen on Fig. 5b, d and f is located at about 1.1
eV, 1.2eV and 1.1 eV for CuSbS,, Cu;SbS; and Cu,;SbS,,
respectively. Although the structures are not cubic, the
absorption energy threshold does not depend on the crystal
direction. The absorption maxima fall in the domain of the
visible light, around 2 eV, making these compounds poten-
tially suitable for optical applications. Nonetheless, the peak
maximum of &,(w) for Cu;SbS, is significantly lower than
that of CuSbS, and Cu;SbS;, evidencing a lower absorption
efficiency of Cu;SbS,. In addition, along the series CuSbS,,
Cu;SbS;, CusSbS, the decreasing tendency of e,(w) values
and the shift of the peak maximum towards higher incident
energies indicate a decrease of the ability of the Cu-Sb-S
compounds to absorb light. Thus, CuSbS, compound has
the highest ability to absorb the incident light although it has
indirect band gap.** Compared with theoretical data reported
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Fig.5 Real and imaginary dielectric functions of Cu-Sb-S materials: (a, and b) CuSbS,; (c, and d) Cu;SbS;; (e, and f) Cu;SbS,.
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in the literature '*!? for CuSbS, and Cu;SbS,, the follow-
ing comments can be made. For CuSbS, the maximum val-
ues of &,(w) are in fair agreement with ours, the peak being
slightly shifted towards lower photon energies in our case.
The agreement is worse for Cu;SbS, as the peak reported by
Li et al.'? is significantly shifted toward lower photon ener-
gies. This might be explained by their energy band gap for
Cu,SbS,, that they found much smaller (0.39 eV) than us (1.0
eV). As the same HSEO06 functional is used in both investi-
gations, the origin of this difference is not to be found in the
treatment of exchange-correlation, and our structures are the
same, hence this discrepancy is difficult to track down. The
difference in the energy gaps can also explain the differences
observed in the absorption results between our results and
those of Ramasamy et al.® for Cu;SbS, As they mentioned
in their article, the calculated gap is highly overestimated.
Again, the same exchange-correlation functional has been
used in their work as in ours, which makes it difficult to
explain the difference. By contrast for Cu3SbS; both the
energy gap and the absorption spectrum calculated in * are
close to ours.

Comparing with the density of states of the compounds
(Fig. 3), the transitions responsible for the peaks at the
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absorption edge (around 2 eV) in &,(w) are mainly Cu-3d to
Sb-5p for all three compounds. Higher energy peaks (around
5-6 eV) involve deeper valence states and higher conduction
ones (e.g., S-3p to Cu-3d or S-3p to Sb-5p).

The absorption coefficient spectra a(w) of CuSbS,,
Cu;SbS;, and Cu,;SbS, are plotted in Fig. 6a, b, and c,
respectively. As the photon energy increases the absorption
coefficient of these materials increases, showing succes-
sive peaks of increasing intensity, which is a typical fea-
ture of semiconductors. These absorption peaks correspond
to various electronic transitions from the valence band to
the conduction one. The band gaps calculated along the xx,
yy and zz directions are 1.18 eV, 1.09 eV, and 1.16 eV for
CuSbS,, 1.29 eV, 1.30 eV and 1.30 eV for Cu,;SbS;, and
1.01 eV, 1.01 eV and 1.03 eV for Cu;SbS,, respectively.
The absorption coefficient increases sharply above 2 eV,
except for Cu;SbS, for which the increase is smooth and the
first peak is much lower than that of CuSbS, and Cu;SbS;.
These observations are coherent with the previous one on the
imaginary part of the dielectric function. That the absorp-
tion coefficient of Cu;SbS, is smaller than that of the other
compounds could make it less suitable for optical usage.
This property could however be counteracted by reflectivity,
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which is much larger for Cu;SbS, than for the other com-
pounds (see below).

The relative behaviours of CuSbS,, Cu;SbS; and Cu,;SbS,
in terms of their absorption coefficient can be explained in
the light of the chemical bond analysis (vide supra). Indeed,
the Sb-S and Cu-S chemical bonds in Cu;SbS, are more
covalent (i.e., more localized electrons and less polarizable
electron cloud) than their congeners in CuSbS, and Cu;SbS;,
as the IVI/G ratio is larger, the bond degree Hycp/ppcp 18
more negative, and the electron density Laplacian is smaller
for Cu;SbS,. In addition, there are no weak (van der Waals-
like) interactions in Cu;SbS,, which could have made the
electron cloud more polarizable. Overall, the polarizability
of Cu,;SbS, is lower, possibly leading to lower absorption
coefficient.

Figure 7 shows the variation of the extinction coefficient
k(w) with photon energy for CuSbS,, Cu;SbS;, and Cu,;SbS,.
The evolution of the depicted curves of k(w) is fairly close
to that of the corresponding imaginary part of the dielectric
function. This indicates high efficiency of the CuSbS, and
Cu;SbS; compounds and to a lesser extent of the Cu;SbS,
one for photovoltaic applications due to absorption of the
most intense part of the sun radiation. The calculated energy

loss L(w) for CuSbS,, Cu;SbS;, and Cu,;SbS, are shown
in Fig. 8a, b, and c, respectively. The energy loss curves,
which relate to the energy lost by fast-moving electrons in
the material, should provide information about the plasmon
energies hiw,, as the fw, values correspond to the maxima of
the L(w) curves and coincide with both the crossing point
of £,(w) with the x-axis with positive slope and &,(w) hav-
ing negative slope.*® Although the L(w) curves are difficult
to interpret due to their complex shapes, it appears that for
CuSbS, and Cu;SbS, the maxima of L(w) at 8.54 eV and
9.27 eV, respectively, coincide with the features described
for &,(w) and &,(w) and should hence correspond to the plas-
mon energies of these compounds. In addition, the maxima
of the energy loss function provide information about strain
in solid materials.*” Thus, Cu;SbS, and Cu;SbS, compounds
offer better relative stability for photovoltaic applications
compared to CuSbS,.

Figure 9 shows the reflectivity R(w) of CuSbS,,
Cu;SbS;, and Cu;SbS, with respect to photon energy. The
features of R(w) show that a sharp decrease appears at 8.54
eV and 9.27 eV for CuSbS, and Cu;SbS,, respectively,
which can be assigned to the plasmon energies. Above
12 eV, a sharp increase of the curves is observed, which
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Fig.9 Reflectivity of Cu-Sb-S materials: (a) CuSbS,, (b) Cu;SbS; and (c) Cu;SbS,.

shows that in this region the compounds no longer absorb
light. The refractive index values n(w) of CuSbS,, Cu;SbS;
and Cu,;SbS, are depicted in Fig. 10a, b, and c, respec-
tively. At zero frequency limit (w = 0), the average static
refractive index n(0) amounts to 3.40 for CuSbS,, 3.31 for
Cu;SbS;, and 2.32 for Cu;SbS, indicating that the refrac-
tive index of CuSbS, and Cu;SbS; are close to each other,
whereas that of Cu;SbS, is one unit smaller. At finite pho-
ton frequencies the refractive index exhibits a maximum

at around 1.9 eV and then drops to reach about 3, 3.2 and
2.3 for CuSbS,, Cu;SbS; and Cu;SbS,, respectively, at fiw
~ 2.3 eV, which corresponds to the mid spectrum energy
of visible light. Hence, the speed of light in CuSbS, and
Cu;SbS; is substantially smaller than in Cu;SbS, but more
importantly, assuming normal incidence, light is almost
twice more reflected by CuSbS, and Cu;SbS; (29%) than
by Cu;SbS, (16%). The low reflectivity of Cu;SbS, may
counteract the small polarizability of its own bonds, which
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has been assumed to induce lower absorption coefficient
(see above).

Conclusions

The electronic, QTAIM topological, and optical character-
istics of CuSbS,, Cu;SbS;, and Cu;SbS, compounds have
been theoretically explored by utilizing WIEN2k package to
provide fundamental insights and understand their relevance
applicability for photovoltaics. The CuSbS,, Cu;SbS;, and
Cu,;SbS, exhibit band gap energy of 1.18 eV, 1.28 eV, and
1.0 eV, respectively, which are mainly attributed to a strong
Cu-3d and S-3p orbitals hybridization in VBM and Sb-5p/
Sb-5s orbitals and S-3p orbital mixing in CBM. The three
Cu-Sb-S compounds exhibit high absorption coefficient
(> 10* cm™!) with relative stability in visible light region.
The electron density topological studies revealed that the
Cu-S bonds in CuSbS,, Cu;SbS;, and Cu;SbS, have close
bonding characteristics, though not strictly the same due
to the difference in atoms environment. Indeed, the Cu-S
and Sb-S bonds are located in the transit zone according to

@ Springer

Espinosa’s definition, the former bonds being more ionic
in nature and the latter being more covalent, as evidenced
from the bond degree and IVI/G ratio at the bond critical
points. Interestingly, the Cu-S and Sb-S bonds in Cu;SbS,
are more covalent than in the other compounds, as assumed
from smaller electron density Laplacian. In addition, non-
localized interactions prevail in Sb-Sb and Cu-Cu bonds
in CuSbS, and Cu;SbS;, respectively, but no such interac-
tions exist in Cu;SbS,. Overall, these characteristics make
the bonding network more rigid, or less polarizable, in this
compound, which could be correlated to the lower absorp-
tion coefficient of Cu,SbS,. This, in turn, could suggest that
Cu,;SbS, is less suitable for optical applications than CuSbS,
and Cu;SbS;. This study brings new results on electronic
and optical properties of CuSbS,, Cu;SbS;, and Cu,;SbS,
as well as original ones on their bonding characteristics. In
the electronic and optical properties investigations already
published, although the authors used HSEO6 functional, the
band gap was either under- or overestimated in comparison
with experimental data, which could negatively impact the
optical properties. Our work evidences that the HSEQ6 func-
tional yields good electronic gaps and properties, provided
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that well converged technical parameters (plane wave cutoff
energy and k-point grid) are employed. The setting of these
parameters is a limiting factor for DFT investigations. In
future work this study will be extended by combining mac-
roscopic properties with microscopic ones into a quantitative
structure-property relationship model that will allow for the
design of efficient materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-022-09650-3.
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