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Abstract Structural, electronic and optical properties of
copper, silver and gold sulfides have been analyzed using
density functional theory (DFT). A systematic study of all
these properties using different functionals has been carried
out and compared to the performance of more expensive
hybrids functionals (HSE06). On-site Coulomb repulsion
terms (DFT + U) and the inclusion of London disper-
sion forces (B86b-vdW) seem to be crucial for the good
description of these solids, even improving the predictions
of hybrids functionals in some cases. This article describes
how the inclusion of some corrections in GGA functional
makes possible a balanced description of the properties of
this group of complex materials and makes affordable the
future investigation of more complex systems that contain
these solids within a reasonable computational cost.

Keywords Metal sulfides - DFT - Dispersion forces -
Electronic properties
1 Introduction

Copper, silver and gold sulfides belong to I-VI semicon-
ductor materials. These compounds have shown interesting
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properties for various applications such as light captors
in photovoltaic solar cells. Specially, copper and silver
sulfides have been identified as efficient photon absorbers
of solar light, not only in thin films [1, 2], but also forming
quantum dots [3, 4]. Rather than by its electronic proper-
ties, the suitability of gold sulfide as sensitizer is limited
because it is a metastable compound [5]. Band gap values
for gold sulfide are controversial with theoretical estima-
tions varying in the 1.3-2.6 eV range [6]. Different authors,
however, have reported the synthesis and characterization
of Au,S nanoparticles of 2-5 nm in diameter with direct
band gaps in the 1.8-2.5 eV range [7, 8]. These values are
close to the band gap values of cadmium and lead chalco-
genides that have been widely used in photovoltaics [9—12].
The crystal structure and electronic properties of these
compounds have been examined in previous theoretical
studies using different methodologies. For copper sulfide,
Zhang et al. [13] studied the electronic structure of the
antifluorite structure of Cu,S using a variety of function-
als. Also, Xu et al. [14] studied the crystal and electronic
structure of several copper sulfide polymorphs using hybrid
density functional calculations. In the case of silver sulfide,
Kashida et al. [15] carried out a study of the electronic
structure of some polymorphs using the LDA functional.
In the same context, Ben Nasr et al. used the modified
Becke Johnson potential coupled with the LDA functional
(MBJLDA) in order to analyze their electronic and optical
properties [16]. More recently, Lin et al. [17] have ana-
lyzed the electronic structure of Ag,S by using the Perdew-
Burke-Ernzerhof (PBE) functional. Although they obtain
a band gap of 1.0 eV, quite close the to the experimental
value, their computed b cell parameter is largely in error by
about 1.0 A. This is a typical case where the right answer to
a question (here the electronic structure represented by the
band gap value) is obtained by the wrong reasons, a poorly
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represented geometrical structure. Finally, to the best of
our knowledge, only the DFT calculations carried out by
Pryadchenko et al. [18] to interpret the X-ray spectroscopic
features have been reported for gold sulfide.

From a computational point of view, it has been well
established that to render appropriately the electronic
structure, in particular band gaps in metal oxides, hybrid
exchange—correlation functionals are compulsory although
this approach results prohibitive for large systems on a rou-
tinely basis. Alternatively, a less demanding computational
approach makes use of a Hubbard-like term, U, to account
for the strong on-site Coulomb interactions. The choice of
U is a subtle point and usually its value is selected by fitting
a given property [19], from linear-response calculations
[20, 21], or even on a self-consistent basis [22, 23]. On
the other hand, the effect of long-range dispersive forces
has been recognized to play an important role in describ-
ing the structure of molecular solids, although its impact in
the properties of covalent and ionic solids has been often
neglected. Recently, however, the quantitative role of such
interactions in the binding has been receiving much atten-
tion [24, 25].

In the present work, we report a systematic theoretical
DFT study of the crystal structure, electronic and optical
properties of room-temperature-stable polymorphs of cop-
per, silver and gold sulfides. As we will show, the structural
and electronic properties of these sulfides exhibit both the
low band gap and long-range dispersion difficulties inher-
ent to the DFT approach. To tackle these issues, calcula-
tions using a hybrid exchange—correlation functional, the
DFT + U approach, and a functional that includes disper-
sion forces effects have been performed.

2 Computational details

Periodic three-dimensional (3D) calculations were carried
out using the VASP 5.3 code [26-28], with the projector-
augmented wave method (PAW) [29, 30]. In these calcu-
lations, the energy was computed using the generalized
gradient approximation (GGA) of DFT, in particular the
exchange—correlation functional proposed by Perdew,
Burke and Ernzerhof (PBE) [31]. To obtain a more appro-
priate description of the electronic properties of the sulfides
here considered, we also performed reference calculations
using the hybrid functional proposed by Heyd, Scuseria
and Ernzerhof (HSEO06) [32, 33]. It is well known that func-
tionals incorporating some exact exchange are superior, in
particular, in the estimation of the band gaps. However,
the cost of such calculations still is prohibitive for large
systems when a plane-wave basis set is used. For this rea-
son, we also performed PBE calculations incorporating an
on-site Coulomb repulsion U term. Finally, to include the
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effects due to London dispersion forces, a series of calcu-
lations with the functional proposed by Michaelides et al.
[34] (B86b-vdw) and with the DFT-D3 method of Grimme
with Becke-Johnson damping [35] (HSE06+-D3) were also
done. In all cases, electronic states were expanded using a
plane-wave basis set with a cutoff energy of 350 eV. Forces
on the ions were calculated through the Hellman—Feynman
theorem, including the Harris-Foulkes correction to forces
[36]. Iterative relaxation of the atomic positions and lattice
parameters was stopped when the forces on the atoms were
<0.01 eV/A.

The Brillouin zone was sampled using the Monkhorst—
Pack set of k points [37]. The size of the mesh depends on
the size of the unit cell and the functional used. For ani-
lite (Cu;S,), a 4 x 4 x 4 mesh was selected when using
the PBE, PBE + U and B86b-vdw functionals, while a
2 x 2 x 2 set was used when calculations were performed
with the HSEO6 hybrid functional. In the case of acanthite
(a-Ag,S), an 8x4x4 mesh was selected for GGA-pure func-
tionals, while a 4 x 2 x 2 grid was used for the hybrid
HSEO06. Finally, for Au,S, a4 x 4 x 4 mesh was selected
for both the GGA-pure and GGA-hybrid-functional cal-
culations. Relative energies were converged to less than
0.01 eV with these sets of k points.

DFT + U calculations were performed for anilite and
acanthite, where the U parameter was applied on the Cu-3d
and Ag-4d states, respectively. The Hubbard U term was
added to the plain PBE functional using the rotationally
invariant approach proposed by Dudarev et al. [38], in
which the Coulomb U and exchange J parameters are com-
bined into a single parameter U4 = U — J. Optical spectra
were obtained from the frequency-dependent dielectrical
functions as proposed by Gajdos et al. [39].

3 Results and discussion
3.1 Anilite (Cu,S,)

Several polymorphs of copper sulfide, of general formula
Cu,S (1 < x < 2), have been characterized. In these struc-
tures, the location of Cu atoms in the close-packed S lat-
tice is not well identified and their positions change as a
function of the composition (x). In a copper-rich environ-
ment, the experimentally identified stable compounds of
Cu,S are chalcocite (Cu,S) [40, 41], djurleite (Cu,¢,4S)
[41], digenite (Cu, ¢S) [42] and anilite (Cu, ;5S) [43], all
of which are p-type semiconductor due to the presence of
holes in their valence bands. All of them have band gap val-
ues of about 1.1 eV [14]. It has been established that the
stoichiometric polymorph chalcocite is not stable under
Cu-rich conditions because of the spontaneous formation
of Cu vacancies, while the non-stoichiometric polymorph
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anilite is the most stable one [14]. Anilite is a bluish gray
solid that belongs to the orthorhombic crystal system with
space group Pnma. The unit cell, shown in Fig. 1, contains
four formula units (28 Cu and 16 S) with 7 of the 28 cop-
per atoms in a 42 oxidation state [43]. The presence of this
amount of Cu®** cations makes the anilite a heavily hole-
doped material.

Starting with the DFT calculations, we first refer to the
electronic and structural properties. Plain PBE calculations
give optimized cell parameters of a = 7.91 A, b = 8.00 A
and ¢ = 10.89 A, in reasonable agreement with the experi-
mental data reported in Table 1. In contrast, the estimated
band gap was 0.5 eV far from the 1.2 eV experimentally
reported. This underestimation of the band gap is a gen-
eral issue in plain GGA DFT calculations [44]. Like tran-
sition metal oxides, copper sulfide shows a complex elec-
tronic structure, hard to describe because of the strongly
correlated nature of the Cu-3d electrons. This issue can
be solved, at least partially, by using hybrid function-
als or perturbative methodologies such as GW [45, 46].
In the present case, the HSE06 hybrid exchange—correla-
tion functional leads to a much better band gap of 1.4 eV.
Though the improvement is noticeable, the computational
cost of this approach when is associated to a plane-wave
basis set, makes it unsuitable for being systematically
applied to larger systems with low symmetry. That is why

Fig. 1 Crystal structure of anilite. Atom colors: Cu, brown; S, yellow

Table 1 Cell parameters and band gap values obtained with different
functionals and experimental values for anilite

Functional a(A) b(A) c(A) E, (eV)
PBE 7.91 8.00 10.89 0.50
PBE4+UWU=T7) 7.86 7.85 10.87 1.09
B86b-vdW 7.84 7.92 10.76 0.57
HSE06 7.87 7.81 11.05 1.40
Experimental 7.89 7.84 11.01 1.10

we explored a DFT + U approximation that incorporates a
Hubbard-like term to account for the strong on-site Cou-
lomb interactions for the 3d levels. As mentioned in the
introduction, the choice of the U parameter is a delicate
point: the U parameter has to be large enough to properly
localize the 3d electrons without introducing undesired
artifacts. In fact, the optimal U parameter can be different
for different properties. In order to choose the appropriate
value of the parameter U, we studied how a set of proper-
ties changes when the value of U is modified. We chose to
study the cell parameters (a, b, c¢), the value of band gap
(Eg) and the energy of formation (Ej,,,) due to the avail-
ability of experimental data in the bibliography.

In the case of parameter a, it can be seen in Fig. 2a
that for a U value between 0 and 3 eV the theoretical
value is almost constant, but it decreases rapidly when
it is increased. A value of U = 4 eV gives a theoretical
value of ¢ = 7.89 A which is in perfect agreement with
the experimental one. The parameter b (see Fig. 2b) is
strongly dependent on the U value: the larger the U value,
the smaller the parameter b; the experimental value being
attained between U = 7 and U = 8 eV. Finally, concern-
ing the parameter ¢, we found that the experimental value
cannot be reached even with values as large as 8 eV. As
observed in Fig. 2c, the parameter ¢ is almost constant
with an average value of 10.87 A. The dependence of the
band gap on the value of U is depicted in Fig. 2d. It can
be observed that there is an almost linear dependence, and
the band gap steadily increases with the value of U. The
experimental band gap is reached between U = 7 and
U = 8 eV. Finally, we analyze the effect of the U parameter
on the energetics of the system. The value reported in the
literature for the energy of formation of Cu,S is —0.824 eV
[47]. The evolution of the theoretical energy as a function
of U is plotted in Fig. 2e. As can be observed, it decreases
when U increases, reaching the experimental value when
U = 7 eV. In summary, after comparing the results, the
value U = 7 eV seems to be the most appropriate for ren-
dering this set of properties and therefore was chosen for
the following PBE + U calculations. This value of U is
similar to data previously reported for other copper oxides
[48].

Structural data obtained from optimizations using PBE,
PBE + U and HSEOQ6 functionals are reported in Table 1.
As can be seen, the HSEO6 approach gives crystal param-
eters in excellent agreement with experiment, while
PBE + U calculations appear to be a good compromise. On
the other hand, in order to check the effect of long-range
interaction on the computed structure, optimizations per-
formed using the B86b-vdW functional were also carried
out. In contrast to what we will see in the case of silver
sulfide, the correction does not seem to improve the plain
PBE answer.
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Fig. 2 Anilite: cell parameters (a, b, ¢), band gap (E,) and formation
energy (Eq,,,) as a function of U. Horizontal lines refer to the corre-
sponding experimental values

Density of states (DOS) and band structure using the
PBE + U approach were calculated and reported in Fig. 3.
Three different bands can be observed in the DOS plot. The
first one, with energy values about —13.0 eV, corresponds
mainly to S-3s states with minor contributions of Cu-4s
and Cu-3d. The second, the valence band, located approxi-
mately between —6.3 and 0.5 eV, is dominated by Cu-3d
with minor contributions of S-3p orbitals. Finally, the
conduction band can be assigned to both copper and sul-
fur levels. As shown in the DOS plot, the Fermi level does
not match with the maximum energy value of the valence
band, which is consistent with the non-stoichiometry of
the material and the presence of a large amount of holes.
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Fig. 4 Absorption spectra of anilite, acanthite and gold sulfide

The nature of the band gap might be established examining
the band structure. It can be observed that anilite is a direct
band gap semiconductor at the I" point in good agreement
with previous studies [14]. Finally, the calculated absorp-
tion spectrum is reported in Fig. 4. The lowest energy band,
very intense (see inset for a full view of the spectrum) and
centered at 0.2 eV, arises from electron transitions involv-
ing the Cu 3d band and the holes of the material, i.e., exci-
tations within the valence band. The absorption observed
beyond 2.3 eV is assigned to excitations toward the con-
duction band.

3.2 Acanthite (¢-Ag,S)

Below its melting point (1115 K), Ag,S exists in two poly-
morphic forms a-Ag,S and B-Ag,S. The low-temperature
form, a-Ag,S, also called acanthite, belongs to the mono-
clinic crystal system and is essentially stoichiometric,
whereas the high-temperature form, f-Ag,S or argentite,
can dissolve excess Ag and S and belongs to the cubic
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Fig. 5 Crystal structure
of acanthite. a Unit cell; b

supercell showing the laminar
arrangement. Atom colors: Ag,
silver; S, yellow

Table 2 Cell parameters and band gap values obtained with different
functionals and experimental values for acanthite

Functional a(A) bA A B E, (eV)
PBE 432 7.78 9.34 12271 115
HSEO06 428 7.18 9.62 12720 1.40
B86b-vdW 423 6.93 9.60 12448  0.70
HSE06+D3 4.24 6.89 9.45 12679  1.16
Experimental 4.23 6.93 9.53 125.48 1.10

crystal system. a-Ag,S is a thorn-shaped, black solid with
space group P2,/c. The unit cell, Fig. 5a, contains four for-
mula units (8 Ag and 4 S) [49].

Bulk geometry optimizations were performed with
different functionals, and the results are summarized in
Table 2. As can be seen, the PBE calculations produce cell
parameters noticeably larger than the experiment, in par-
ticular for b that is overestimated by 0.85 A. Hybrid HSE06
calculations improve the description, but the cell param-
eters still are overestimated, which is at variance with that
found in the case of anilite, where the agreement with the
experiment was much better. Yet, the laminar arrangement
of acanthite, clearly observed in Fig. 5b, suggests the con-
tribution of van der Waals interactions to the stability of the
structure. Indeed, including the effect of London disper-
sion forces, through the B86b-vdW functional, leads to a
dramatic lowering of the b parameter value, with an overall
geometrical description now in good agreement with the
experiment. The same is observed if the dispersion forces
corrections are added to the HSEO6 functional through the
approach developed by Grimme (HSE06+D3) with a simi-
lar overall agreement for the geometrical cell parameters.
While the calculated band gap falls short of the experi-
mental value when the B86b-vdW functional is used, the
HSEO06+D3 approach results in much better agreement.
However, in this case, the calculations are computationally
highly expensive compared to the B86b-vdW functional
(about 70 times) and cannot be proposed at this point as
a practical approach to study larger systems (like Ag,S
nanoparticles).
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Fig. 6 Total and partial densities of states and band structure for
acanthite calculated with B86b-vdW. Fermi level is set at zero
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Fig. 7 Silver sulfide band gap (E,) as a function of U value using the
B86b-vdW + U functional. Horizontal line experimental band gap

Considering now the electronic properties, Fig. 6 shows
plots of DOS and band structure obtained for a-Ag,S using
the B86b-vdW functional. As in the case of anilite, three
regions might be differentiated. The lowest band, located
around —13.0 eV, is derived almost completely from the
S-3s levels. The valence band extends from —6.0 eV to the
Fermi level, has a major contribution of the Ag-4d levels at
the center of the band and higher mixing of Ag-4d and S-3p
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states both at the top and at the bottom of the band. Finally,
the conduction band is contributed by both silver and sulfur
electronic states. From the examination of the band struc-
ture, it results that a-Ag,S is a direct gap semiconductor at
the I point, in agreement with other data available in the
literature [15, 16], with an estimated band gap of 0.7 eV
that, not surprisingly, is smaller than the experimental
value, 1.1 eV [4]. Adding the on-site Coulomb correction
to the B86b-vdW functional and reoptimizing the geom-
etry does not improves the situation. The value of the b cell
parameter decreases from 6.93 A when no U correction is
applied to 6.33 A when U = 6.0 eV. At the same time, as
illustrated in Fig. 7, the band gap shows an almost invariant
behavior for values of U raising up to 6 eV.

However, if the cell parameters are not reoptimized from
those obtained with the B86b-vdW functional, the com-
puted band gap increases linearly with the value of the U
parameter and the experimental gap of 1.1 eV is recovered
for U = 3.0 eV, as illustrated also in Fig. 7. Analysis of the
evolution of the DOS with increasing U parameter shows
that, as expected, the occupied Ag 4d levels are displaced
toward lower energies, resulting in lower mixing with Ag
Ss and S 3p states at the top of the valence band. The bot-
tom of the conduction band shows a higher contribution
of S 3p and Ag 5s states and is only indirectly affected by
the increasing U parameter through their mixing with Ag
4d states. This causes the erratic behavior of the band gap
with U when the cell parameters are reoptimized. Although
this strategy is not the most desirable from the theoretical
viewpoint, one may assume that, unless proved otherwise,
it should work in a similar way in Ag,S-related systems.
Of course this approach should be tested against the much
more expensive HSE06+D3, if possible.

Finally, the calculated absorption spectrum, obtained
with the B86b-vdW functional, is also reported in Fig. 4.
It can be observed that acanthite is optically active in a
wide range of the visible spectrum with a maximum value
of absorbance about 2.7 eV, which agree with experimental
results [50].

3.3 Gold sulfide (Au,S)

Au,S presents only one polymorph, a brownish-black,
metastable cuprite-type compound belonging to the cubic
crystal system with space group Pn3m whose unit cell
contains two formula units (4 Au and 2 S, see Fig. 8) [5].
Structural properties obtained with PBE, B86b-vdW and
HSEQO6 functionals are reported in Table 3. In contrast
with copper and silver sulfides, we found out that chang-
ing the functional does not affect significantly the com-
puted cell parameter that is systematically overestimated.
With respect to the band gap, as far as we know, experi-
mental data for bulk gold sulfide have not been reported.

@ Springer

Fig. 8 Crystal structure of Au,S. Atom colors: Au, blue; S, yellow

Table 3 Cell parameter and band gap values obtained with different
functionals and experimental values for Au,S

PBE B86b-vdW HSEO06 Experimental
a(A) 5.34 5.30 5.32 5.02
E, (eV) 1.94 2.06 3.00 1.3-2.6
6 Vi r
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Fig.9 Total and partial densities of states and band structure for
Au,S calculated with PBE. Fermi level is set at zero

The optical band gap of colloidal gold sulfide nanoparticles
is estimated to be 1.8 &= 0.2 eV [7], which falls within the
theoretically proposed range of 1.3-2.6 eV [6]. The value
computed at the HSEO06 level is 3.0 eV, clearly overesti-
mated. In contrast, PBE plain calculations lead to a band
gap of 1.94 eV that falls within the proposed range. Hence,
we can conclude that in this case the PBE functional is well
adapted to describe this sulfide.

Total and partial DOS as well as the band structure of
gold sulfide calculated with the PBE functional are reported
in Fig. 9. As in the case of copper and silver sulfides,
three regions can be observed. The first one is centered at
—13.0 eV and again mainly corresponds to S-3s states. The
valence states, localized between —6.5 and Fermi level,
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are dominated by Au-5d states, incorporating small contri-
butions of Au-6s and S-3p levels. Finally, the conduction
band, beyond ~2 eV, can be assigned to both gold and sul-
fur levels. The band structure shows that Au,S is a direct
band gap semiconductor at the I' point. The absorption
spectrum reported in Fig. 4 shows that Au,S is optically
active in the visible spectrum, with a maximum value of
absorbance about 4.0 eV, which justifies its brownish-black
color.

4 Conclusions

In conclusion, the results exposed in the preceding para-
graphs allow us to rationalize the trends observed in the
description by different DFT functionals of the geometric,
electronic structure and optical properties of copper, silver,
and gold sulfides.

Concerning the copper sulfide, anilite, it has been found
that plain DFT calculations produce optimized cell param-
eters in reasonable agreement with available experimental
data. In contrast, the computed band gap is quite below the
experimental reported data. A commonly used strategy to
deal with the electronic structure of highly correlated mate-
rials like those transition metal chalcogenides at a reason-
able computational cost is the DFT 4 U approximation. In
the case of anilite, a value of U = 7 eV is found to correctly
describe both the experimental b cell parameter and the
band gap. However, the a cell parameter is slightly under-
estimated and the c cell parameter is found to be insensitive
to the choice of U in the range U = 0-8 eV. Computation-
ally more expensive, the HSEO6 hybrid density functional
has also been employed in this system, resulting in excel-
lent agreement for geometrical parameters, although it
slightly overestimates the band gap. Finally, the inclusion
of the long-range London forces through the use of a B86b-
vdW functional basically has no effect on the computed
cell parameters and band gap compared to plain PBE cal-
culation. Thus, in this case the HSE06 functional produces
geometrical and electronic structure in substantially good
agreement with experimental available data while the
PBE + U approximation seems to be a good compromise
solution. Anilite is found to have a very intense band cen-
tered at 0.2 eV that arises from electronic excitations of the
Cu 3d electrons within the valence band. Another absorp-
tion band is observed beyond 2.3 eV corresponding to elec-
tronic excitations to the conduction band.

For the silver sulfide, acanthite, the PBE calculations
produce cell parameters that are definitely longer than the
experimental data. This situation is more apparent for the
b cell parameter that is overestimated by 0.85 A. At differ-
ence of what was found for the copper sulfide, the use of
a hybrid HSEO6 approximation does not fully solve this

issue: the cell parameters are still quite longer than the
experimental values. The inclusion of the London disper-
sion forces proves to be crucial in this case, dramatically
improving the geometrical description of the system result-
ing in geometrical parameters that are now in good agree-
ment with the experiment. Concerning the electronic struc-
ture of this system, to correctly reproduce the experimental
band gap, it is necessary to add the on-site correction but
keeping the cell parameters obtained with the B86b-vdW
functional. Acanthite is found to be a direct gap semicon-
ductor and is optically active in the visible region, showing
a broad absorption band centered at about 2.7 eV.

Finally, in the case of gold sulfide, it is found that the
geometrical cell parameters are quite insensitive to the
functional used, being systematically overestimated. Con-
cerning the band gap, the HSE06 hybrid functional pro-
duces a value that is clearly larger than other theoretical
data, while the plain PBE answer is the one that best fits
the available experimental value. As in the case of acan-
thite, Au,S is found to be a direct gap semiconductor that
is active in the visible spectrum showing a broad absorp-
tion that extends above 1 eV and reach a maximum at about
4eV.

Thus, to summarize, the correct description of the geo-
metrical and electronic structure of these materials seems
to be a complex problem that requires diverse solutions.
None of the tested functionals performs satisfactorily for
all three systems. The highly electron deficient copper
sulfide, anilite, is best described by the HSEO6 functional
with the PBE + U as a good compromise solution. Both
silver sulfide and gold sulfide are essentially stoichiomet-
ric materials with filled metal d-shells. In these cases, the
inclusion of on-site Coulomb effects in the metal d—shell
does not improve the computed geometric structure. While
the plain PBE approximation seems to be the best theoreti-
cal description of the electronic and geometric structure of
Au,S, in the case of acanthite, its laminar structure results
from the formation of planes of strong Ag—S bonds glued
together by weaker van der Waals forces. Thus, in this case,
the inclusion of the dispersion forces through the use of a
B86b-vdW functional is mandatory to adequately describe
the geometric structure of this material.
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