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We study the structural, electronic, and optical properties of MBiS2 (M=Ag, Na) using the relativistic all-electron
calculations. We find that for both M=Ag and Na, the R3̄m and Fd3̄m superstructures are the lowest-energy
superstructures. R3̄m and Fd3̄m MBiS2 are indirect-band-gap semiconductors with the differences between the
indirect and direct band gaps, ∆, of about 0.5 and 0.1 eV for M=Ag and Na, respectively. R3̄m and Fd3̄m MBiS2

exhibit high absorption coefficients of the order of 105 cm−1. Employing the spectroscopically limited maximum
efficiency as a metric for quantifying the photovoltaic performance, it is found that the power conversion efficiency
in the thick-film limit for M=Na is 32% because of its small ∆ while that for M=Ag is 15% because of its large ∆.

1. Introduction

Over the last few decades, metal chalcogenides have received considerable attention for

applications in photovoltaic technologies. In particular, CdTe and CuInxGa1−xSe2 (CIGS) are

two successful photovoltaic materials widely used in commercialized thin-film solar cells.1,2)

Their main advantages are high power conversion efficiencies (PCE) of over 20%, long-term

stability, low fabrication costs, and short energy payback time. On the other hand, however,

there remain issues to be addressed; they contain toxic elements such as Cd or scarce elements

such as Te or In. Accordingly, it is highly desirable to search for alternative absorber materials

with non-toxic and earth-abundant elements.

To address the toxicity and scarcity issues, significant efforts have been made to find

alternative metal chalcogenides during the last decade. In particular, Cu2ZnSnS4 (CZTS)

and related compounds have been shown to be promising absorber materials composed of

non-toxic and earth-abundant elements;3–9) the electronic and optical properties of CZTS

are similar to those of CIGS and well suited for use as absorber materials in thin-film solar

cells. Also, SnX , Sb2X3, Bi2X3, and CuSbX2 (X=S, Se) have been investigated as promising

candidates for absorber materials composed of non-toxic and earth-abundant elements, and

considerable efforts have been devoted to the development of thin-film solar cells based on
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these materials.10–25)

Recently, a ternary metal sulfide AgBiS2 has drawn much interest for photovoltaic appli-

cations.26–48) Bernechea et al. reported a certified PCE of 6.3% using ultrathin-film colloidal-

nanocrystal solar cells based on AgBiS2 nanocrystals.31) AgBiS2 is not only non-toxic and

earth-abundant but also low-temperature solution processable.26–31,35–41) It has also been

reported that the devices based on AgBiS2 are highly stable without encapsulation under

ambient conditions.31,36, 41) The measured band gap for bulk AgBiS2 is 0.9 eV while that for

AgBiS2 nanocrystals is 1.0 to 1.4 eV;26–31,33, 34, 36–39) the increase in the band gap for AgBiS2

nanocrystals is considered to be due to the quantum confinement effect. Furthermore, the

AgBiS2 thin films exhibit very high absorption coefficient of the order of 105 cm−1.31,37, 40)

At room temperature, bulk AgBiS2 crystallizes in an ordered hexagonal structure with the

space group P3̄m1, while it transforms into a disordered cubic structure with the space group

Fm3̄m above 468 K.49–55) Both the ordered hexagonal and disordered cubic structures are

based on the NaCl-type structure. In these structures, the S atoms occupy the anion sublattice.

On the other hand, in the ordered hexagonal structure, the Ag and Bi atoms alternately

occupy the (111) layers in the cation sublattice while in the disordered cubic structure, the

Ag and Bi atoms occupy the cation sublattice indistinguishably. It is worth mentioning that

the ordered hexagonal phase of AgBiS2 is extremely difficult to obtain because it requires

annealing process for more than two weeks.49,52) This may be one of the main reasons why

AgBiS2 nanocrystals exhibit the disordered cubic structure.26–41) The disordered cubic phase

of AgBiS2 is a consequence of various local superstructures. In the previous theoretical study

by Hoang et al. for the closely related ternary chalcogenides AgSbX2 (X=S, Se, Te), the

relative stability of four superstructures, which are associated with the space groups R3̄m,

Fd3̄m, I41/amd, and P4/mmm, has been investigated.56,57) They found that among the four

superstructures, the R3̄m and Fd3̄m superstructures are the lowest-energy superstructures.

For AgBiS2, however, although the previous theoretical studies investigated the structural,

electronic, and optical properties of some of the four possible superstructures,42–48) there are

few systematic theoretical studies of the properties of its possible superstructures.

Furthermore, another ternary metal sulfide NaBiS2 has also received considerable attention

in recent years.58–66) Although the previous studies have mainly focused on its photocatalytic

properties, NaBiS2 is also a promising candidate for photovoltaic applications because its

structural, electronic, and optical properties are similar to those of AgBiS2. NaBiS2, like

AgBiS2, crystallizes in the disordered cubic structure of NaCl type.67) The measured band gap

of 1.1 to 1.4 eV falls within the ideal range for photovoltaic applications.59–65) As mentioned
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above, the disordered cubic phase is a consequence of various local superstructures.56,57)

Rosales et al. studied the relative stability of possible superstructures of NaBiS2 based on

the density functional theory and found that the R3̄m and Fd3̄m superstructures are the

lowest-energy superstructures.60) These results provide important insights into the structural

properties of NaBiS2. However, there are no thorough theoretical studies of the electronic

and optical properties of the superstructures. Therefore, when considering photocatalytic

and photovoltaic applications, it is still desirable to investigate their electronic and optical

properties more in detail.

In this work, we study the structural, electronic, and optical properties of possible su-

perstructures of MBiS2 (M=Ag, Na) using the relativistic all-electron calculations based on

the density functional theory. In particular, we carry out fully relativistic calculations of their

electronic structures and absorption coefficients using four-component spinors obtained as

the solutions of the Dirac-Kohn-Sham equations, which may be important because MBiS2

contain heavy element Bi. Using the calculated absorption coefficients, we estimate the PCE

of MBiS2 employing the spectroscopically limited maximum efficiency as a metric for quan-

tifying the photovoltaic performance. The method of calculations is explained in Sect. 2. The

results and discussion are given in Sect. 3. Finally, we give the conclusions of this work in

Sect. 4.

2. Method of calculations

The local superstructures for the disordered cubic phase of MBiS2 considered in this work

are those with the space groups of R3̄m, Fd3̄m, I41/amd, and P4/mmm.56,57) These super-

structures are based on the NaCl-type structure. In Fig. 1, we show their schematic diagrams

depicted using VESTA.68) For each of R3̄m, I41/amd, and P4/mmm MBiS2, the left diagram

is the 2×2×2 cubic supercell containing eight NaCl-type unit cells while the right diagram is

its conventional unit cell. For Fd3̄m MBiS2, on the other hand, only one diagram is shown

because its conventional unit cell is identical to the cubic supercell. We refer to the three

directions along the edges of the cubic supercell as the x, y, and z directions as shown in

Fig. 1. The primitive unit cells of R3̄m, Fd3̄m, I41/amd, and P4/mmm MBiS2 contain 4, 16,

8, and 4 atoms, respectively. In all the superstructures, the S atoms occupy the anion sublattice.

The arrangements of the M and Bi atoms in the cation sublattice in these superstructures are

as follows. The cation arrangement in R3̄m MBiS2 is characterized by the stacking sequence

of alternating M and Bi layers with (111) orientation. The Fd3̄m superstructure is obtained

by rotating every other (001) layer in the R3̄m superstructure by 90◦ around the z axis. The
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I41/amd superstructure consists of the square-lattice MBiS2 layers with (001) orientation,

which are stacked in the z direction so as to form a body-centered tetragonal lattice. The

cation arrangement in the P4/mmm superstructure is characterized by the stacking sequence

of alternating M and Bi layers with (001) orientation. The common feature of the the R3̄m and

Fd3̄m superstructures is the existence of the M-S-Bi-S chains along the x, y, and z directions.

In the I41/amd superstructure, there exist the M-S-M-S and Bi-S-Bi-S chains along the x

and y directions together with the M-S-Bi-S chains along the z direction. In the P4/mmm

superstructure, only the M-S-M-S and Bi-S-Bi-S chains exist along the x, y, and z directions,

but M-S-Bi-S chains are absent. It is also worth noting that the S atoms in the R3̄m, Fd3̄m,

and I41/amd superstructures are octahedrally coordinated by three M and three Bi atoms

while the S atoms in the P4/mmm superstructure are octahedrally coordinated by two M and

four Bi atoms or by four M and two Bi atoms.

Fig. 1. (Color online) Schematic diagrams for the (a) R3̄m, (b) Fd3̄m, (c) I41/amd, and (d) P4/mmm

superstructures of MBiS2. For each of the R3̄m, I41/amd, and P4/mmm superstructures, the left diagram is
the 2×2×2 cubic supercell containing eight NaCl-type unit cells while the right diagram is its conventional unit
cell. For the Fd3̄m superstructure, only one diagram is shown because its conventional unit cell is identical to
the cubic supercell.

We carried out all-electron calculations based on the density functional theory.69–75)

The generalized gradient approximation (GGA) to the exchange-correlation energy func-
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tional was adopted using the Perdew-Burke-Ernzerhof form.76) The lattice constants and the

atomic positions were optimized with the scalar relativistic full-potential linear-combination-

of-atomic-orbitals (SFLCAO) method.71) Using the optimized structures, the band structures,

the densities of states, and the absorption coefficients were calculated with the fully relativistic

full-potential linear-combination-of-atomic-orbitals (FFLCAO) method.70,72)

The absorption coefficients were obtained from the optical conductivity calculated within

the independent particle approximation combined with a phenomenological approach.72–75)

The optical transition matrix elements were calculated using the four-component spinors ob-

tained as the solutions of the Dirac-Kohn-Sham equations to take into account all the relativistic

effects including spin-orbit coupling (SOC). Also, the phenomenological relaxation-time pa-

rameter ℏ/τ was used to simulate the lifetime of excitations; for all the materials studied in

this work, ℏ/τ = 0.3 eV was used.

Using the calculated absorption coefficients, we evaluated the PCE employing the spectro-

scopically limited maximum efficiency (SLME) as a metric for quantifying the photovoltaic

performance.77) The SLME is a generalization of the Shockley-Queisser limit.78) One impor-

tant feature of the SLME is that for a material whose fundamental band gap is indirect, the

SLME takes into account the non-radiative recombination by considering∆ = Eda
g −Eg, where

Eg and Eda
g are the fundamental and direct allowed band gaps, respectively. Also, another im-

portant point is that the SLME considers the material-dependent absorption coefficient in the

expression a(E) = 1− e−2α(E)L, where a(E), α(E), and L are the absorptivity, the absorption

coefficient, and the film thickness, respectively. Note that the SLME is sensitive to α(E) be-

cause a(E) depends exponentially on α(E). In calculating the SLME, the standard AM1.5G

solar spectrum is used.79) The atomic orbitals used as the basis functions are as follows: the

1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 5s orbitals of the neutral Ag atom; the 5s, 5p orbitals of the

Ag2+ atom; the 4d orbitals of the Ag4+ atom; the 1s, 2s, 2p, 3s orbitals of the neutral Na atom;

the 3s, 3p, 3d orbitals of the Na2+ atom; the 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4 f , 5s, 5p, 5d,

6s, 6p orbitals of the neutral Bi atom; the 6s, 6p, 6d orbitals of the Bi2+ atom; the 1s, 2s, 2p,

3s, 3p orbitals of the neutral S atom; the 3s, 3p, 3d orbitals of the S2+ atom. It is worth noting

that the use of the atomic orbitals of positively charged atoms along with those of neutral

atoms is crucial to describing the contraction of atomic orbitals associated with cohesion.

The Brillouin zone sampling for the structure optimization was performed using a 4 × 4 × 4

k point grid for the Fd3̄m and I41/amd superstructures while using 185 k points generated

with the good-lattice-point method for the R3̄m and P4/mmm superstructures because of the

relatively small number of atoms in their unit cells.80,81) We used the force criterion of 0.01
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eV/Å to stop the optimization of the atomic positions. We used 185 k points generated with

the good-lattice-point method for calculating the self-consistent potential. We used several

sets of k points generated with the good-lattice-point method for calculating the absorption

coefficients, increasing the number of k points from 185 to 4044 until converged results were

obtained. The band structure of MBiS2 for each superstructure was calculated along the path

connecting the symmetry points in the Brillouin zone given by Hinuma et al.82)

3. Results and discussion

In Table I, for R3̄m, Fd3̄m, I41/amd, and P4/mmm MBiS2, we show the optimized lat-

tice constants, a and c, the M-S and Bi-S distances, and the total energies relative to the

lowest-energy superstructure, ∆E. The experimental lattice constants of the disordered cubic

structures are also shown. The value in the parenthesis immediately after each of a and c is

the corresponding lattice constant of the ideal NaCl-type cubic structure, a0, which is given

as follows:
√

2a and
√

3c/6 for R3̄m, a/2 for Fd3̄m, a and c/2 for I41/amd,
√

2a/2 and c

for P4/mmm. The relative total energies ∆E shown in the table are given in units of meV per

formula unit and calculated using both the FFLCAO method (with SOC) and the SFLCAO

method (without SOC) adopting the structure optimized with the SFLCAO method.

The differences between the calculated a0 and the experimental lattice constants of the

disordered cubic phase are in the range of 1-3%. Also, the calculated Ag-S and Bi-S distances

are in the range of 2.8-2.9 Å, which is consistent with the experimentally measured ones for

the ordered hexagonal phase of AgBiS2: 2.74-2.78 Å for the Ag-S distance and 2.90-2.95 Å

for the Bi-S distance.49) Thus, as far as only the structures are concerned, all of R3̄m, Fd3̄m,

I41/amd, and P4/mmm MBiS2 seem possible as the local superstructures for the disordered

cubic phase. However, the relative total energies ∆E listed in Table I show that the lowest-

energy superstructures are R3̄m and Fd3̄m for both AgBiS2 and NaBiS2. The differences

between the total energies of these two lowest-energy superstructures are considerably small,

less than 8 meV/f.u., regardless of whether or not SOC is considered. On the other hand, ∆E

of I41/amd and P4/mmm MBiS2 are much larger for both M=Ag and Na; ∆E of I41/amd

and P4/mmm AgBiS2 are about 160 and 380 meV/f.u., respectively, and those of I41/amd

and P4/mmm NaBiS2 are about 150 and 440 meV/f.u., respectively. Thus, it is most likely

that the disordered cubic phase observed in the previous experimental studies is dominated

by the local superstructures with the atomic arrangements found in R3̄m and Fd3̄m MBiS2.

These results are consistent with those reported in the previous theoretical study of closely

related ternary chalcogenides AgSbX (X=S, Se, Te),56) Also, the above result obtained for
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NaBiS2 is consistent with the result reported by Rosales et al. that the total energies of R3̄m

and Fd3̄m NaBiS2 are almost the same but lower than that of I41/amd NaBiS2.60)

The ordered hexagonal structure of AgBiS2 observed at room temperature in the previous

experimental studies is associated with the space group P3̄m1;49,52) it was shown that the

structure of P3̄m1 AgBiS2 is slightly distorted from that of R3̄m AgBiS2. To examine the

differences between the properties of P3̄m1 AgBiS2 and those of R3̄m AgBiS2, we also carried

out the calculations for the structural properties of P3̄m1 AgBiS2, as well as its electronic

and optical properties. We found that the optimized lattice constants and atomic positions of

P3̄m1 AgBiS2 are very close to those of R3̄m AgBiS2 in agreement with the experimental

observation; a and c for P3̄m1 AgBiS2 are 4.05 and 19.48 Å, respectively, and the Ag-S and

Bi-S distances are 2.80 and 2.89 Å, respectively. The calculated total energy of P3̄m1 AgBiS2

is slightly lower than that of R3̄m AgBiS2, with a difference of about 12 meV/f.u. Although

the difference is considerably small, P3̄m1 AgBiS2 is found to be the most stable among the

AgBiS2 systems studied in this work. This is in agreement with the experimental observation

that P3̄m1 AgBiS2 is the most stable modification at lower temperatures.49,52) Our calculated

total energy of P3̄m1 AgBiS2 is lower by about 380 meV/f.u. than that of P4/mmm AgBiS2.

This is in agreement with the result of the previous theoretical study reported by Viñes et

al.;42) they found that the total energy of P3̄m1 AgBiS2 is lower than that of P4/mmm AgBiS2

by about 400 meV/f.u.

We also found that the electronic and optical properties of R3̄m AgBiS2 and those of P3̄m1

AgBiS2 are very similar due to the similarity between their structures mentioned above. For

example, the difference between the calculated band gaps of R3̄m and P3̄m1 AgBiS2 is only

0.01 eV. For this reason, in the rest of this article, we will refer only to the results of calculations

for the electronic and optical properties of R3̄m AgBiS2, not to those for P3̄m1 AgBiS2. Note,

however, that we will refer to the results reported in the previous theoretical studies for P3̄m1

AgBiS2 for comparison if necessary.42,45, 47)

We show the band structures and the densities of states of R3̄m, Fd3̄m, I41/amd, and

P4/mmm MBiS2 calculated with the FFLCAO method in Figs. 2 and 3 for M=Ag and Na,

respectively. In the figures, the conduction band minimum and the valence band maximum

are shown by red and green circles, respectively.

It is found that all of MBiS2 are semiconductors with indirect band gaps, except for

P4/mmm AgBiS2, which is metallic in consistent with the results of the previous theoretical

studies.42,48) The indirect band gaps of R3̄m, Fd3̄m, and I41/amd AgBiS2 are 0.26, 0.46, and

0.05 eV, respectively, while those of R3̄m, Fd3̄m, I41/amd, and P4/mmm NaBiS2 are 0.92,
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Table I. Optimized lattice constants a and c (in Å), the M-S and Bi-S distances (in Å), and the total energies
relative to that of the lowest-energy superstructure ∆E (in meV/f.u.). The experimentally measured lattice
constants of the disordered cubic structures are also shown. The value in the parenthesis immediately after each
of a and c is the corresponding lattice constant of the ideal NaCl-type cubic structure (see main text for details).

Material Superstructure a (Å) c (Å) M-S (Å) Bi-S (Å) ∆E (meV/f.u.)
with SOC without SOC

AgBiS2 R3̄m 4.03 (5.70) 19.52 (5.63) 2.80 2.88 8 5
Fd3̄m 11.39 (5.70) 2.80 2.89 0 0
I41/amd 5.70 (5.70) 11.45 (5.73) 2.85, 2.86 2.85, 2.87 152 174
P4/mmm 4.08 (5.77) 5.57 (5.57) 2.79, 2.89 2.79, 2.89 334 421
Expt. 5.648a) 2.74, 2.75, 2.78a) 2.90, 2.91, 2.95a)

NaBiS2 R3̄m 4.08 (5.77) 20.50 (5.92) 2.92 2.89 0 0
Fd3̄m 11.63 (5.82) 2.92 2.89 2 0
I41/amd 5.74 (5.74) 11.93 (5.97) 2.87, 3.09 2.87, 2.87 142 167
P4/mmm 4.11 (5.81) 5.59 (5.59) 2.80, 2.91 2.80, 2.91 407 477
Expt. 5.775b)

a) Ref. 49. b) Ref. 62.

1.23, 0.13, and 0.09 eV, respectively. The differences between the indirect and direct band

gaps, ∆, of R3̄m, Fd3̄m, and I41/amd AgBiS2 are 0.58, 0.46, and 0.002 eV, respectively,

while those of R3̄m, Fd3̄m, I41/amd, and P4/mmm NaBiS2 are 0.08, 0.15, 0.03, and 0.19

eV, respectively. The calculated densities of states of AgBiS2 show that the conduction bands

are dominated by the Bi 6p and S 3p orbitals while the valence bands by the S 3p and Ag

4d orbitals with a slight contribution from the Bi 6s and 6p orbitals. On the other hand, the

densities of states of NaBiS2 show that the conduction bands are also dominated by Bi 6p and

S 3p orbitals while the valence bands by the S 3p with a slight contribution from the Bi 6s

and 6p orbitals. In particular, for R3̄m and Fd3̄m NaBiS2, the Bi 6s contribution is noticeable

at the valence band edge.

The conduction bands of R3̄m and Fd3̄m MBiS2 exhibit several common features. There

exist well-separated three lowest conduction bands of R3̄m MBiS2 consisting of Bi 6p and

S 3p orbitals in the energy region from 0 to 4 eV. The clear separation of the three bands

is a consequence of SOC, which is in agreement with the band structure of P3̄m1 AgBiS2

calculated with SOC reported by Tabeti et al.47) These well-separated three bands for R3̄m

MBiS2 correspond to the three sets of fourfold bands for Fd3̄m MBiS2 located in the same

energy region, also consisting of Bi 6p and S 3p orbitals; the four times difference in the
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number of bands is due to the difference in the number of atoms in the primitive unit cell.

The correspondence mentioned above is recognizable in their densities of states for R3̄m and

Fd3̄m AgBiS2 with three distinct peaks although the three peak structure is not clear for

NaBiS2. On the contrary, the dispersion of the conduction bands for I41/amd and P4/mmm

MBiS2 is much larger than that for R3̄m and Fd3̄m MBiS2, resulting in the reduction of the

band gaps and the considerable overlap between the low-lying conduction bands. Accordingly,

the densities of states for I41/amd and P4/mmm MBiS2 in the energy region from 0 to 4 eV

are more featureless than those for R3̄m and Fd3̄m MBiS2. The differences mentioned above

may be understood as follows. For R3̄m and Fd3̄m MBiS2, only the M-S-Bi-S chains exist

along all the x, y, and z directions without the M-S-M-S or Bi-S-Bi-S chains. On the other

hand, for I41/amd and P4/mmm MBiS2, there exist the M-S-M-S and Bi-S-Bi-S chains. The

presence of the Bi-S-Bi-S chains increases the overlap between the Bi 6p orbitals, thereby

increasing the dispersion of the low-lying conduction bands and resulting in the reduction of

the band gaps.

From now on, we focus on R3̄m and Fd3̄m MBiS2 because they are the two lowest-energy

superstructures and thus expected to be important as the local superstructures related to the

disordered cubic phase observed in the previous experimental studies. As mentioned above,

R3̄m and Fd3̄m AgBiS2 exhibit relatively large ∆ of about 0.5 eV. On the other hand, R3̄m

and Fd3̄m NaBiS2 exhibit smaller ∆ of about 0.1 eV, indicating that their band gaps are nearly

direct. The nearly direct band gap of NaBiS2 is consistent with the result reported by BaQais

et al.;65) as pointed out by the authors, the nearly direct band gap of NaBiS2 is beneficial for

photovoltaic applications because it results in strong optical absorption near the absorption

edge and long photocarrier life time.

We next compare our calculated band gaps of R3̄m and Fd3̄m MBiS2 with those reported

in the previous studies. The experimental band gap of bulk AgBiS2 are 0.9 eV,26) which is

larger by about 0.5 eV than our calculated band gaps of R3̄m and Fd3̄m AgBiS2, 0.26 and 0.46

eV, respectively. The underestimation of our calculated band gaps is due to the well-known

deficiency of the GGA. Our calculated band gap of 0.26 eV for R3̄m AgBiS2 is smaller by

about 0.2 eV than the GGA band gaps of 0.42-0.46 eV calculated for P3̄m1 AgBiS2 reported

by the previous theoretical studies.42,45, 47) Viñes et al. calculated the band gap of P3̄m1

AgBiS2 using the more accurate hybrid exchange-correlation functional, HSE06, and found

the band gap of P3̄m1 AgBiS2 to be 1.54 eV, which is about 70% larger than the experimental

band gap of 0.9 eV.42) As for NaBiS2, since there are no experimental studies of its bulk

band gap, the experimental band gaps available for comparison are only those for NaBiS2
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thin films;59–65) the measured values of the band gaps of the thin films are ranged from 1.1

to 1.4 eV. Our calculated band gaps of R3̄m and Fd3̄m NaBiS2, 0.92 and 1.23 eV, are not

very different from the experimental band gaps of the NaBiS2 thin films. However, this seems

incomprehensible when considering the deficiency of the GGA mentioned above. BaQais et

al. calculated the band gap of NaBiS2 using the HSE06 functional and found it to be 1.37

eV,65) which is larger by 0.1-0.4 eV than our calculated GGA band gaps and falls within the

range of the experimental band gaps of 1.1-1.4 eV.

In Fig. 4, we show the absorption spectra of R3̄m and Fd3̄m MBiS2 along with those of

CuInSe2 for comparison, whose space group is I4̄2d. For R3̄m MBiS2 and CuInSe2, we show

the absorption spectra for the electric field of light perpendicular and parallel to the c axis,

denoted respectively as E ⊥ c and E ∥ c. All the calculated absorption spectra are scissors

corrected using the experimental band gaps of 0.9, 1.1, and 1.0 eV for AgBiS2,26) NaBiS2,61)

and CuInSe2,1) respectively.

The calculated absorption coefficients of R3̄m and Fd3̄m MBiS2 are both considerably

high, of the order of 105 cm−1, in the main part of the solar spectrum. Note that they

are much higher than the absorption coefficients of CuInSe2, which is one of the highest-

performance absorber materials with high absorption coefficients such as CZTS, CdTe, GaAs,

and CH3NH3PbI3.83) For both M=Ag and Na, the absorption coefficients of R3̄m MBiS2

are slightly lower than that of Fd3̄m MBiS2. For M=Na, the absorption coefficient of R3̄m

NaBiS2 for E ⊥ c is slightly higher than that for E ∥ c. The absorption edges of R3̄m and

Fd3̄m AgBiS2 are located at about 1.4 and 1.3 eV, respectively. These values are larger than

the scissors-corrected band gap of 0.9 eV by about 0.5 and 0.4 eV for R3̄m and Fd3̄m AgBiS2,

respectively. This is consistent with the results mentioned above that the differences between

the indirect and direct band gaps, ∆, are 0.58 and 0.46 eV for R3̄m and Fd3̄m AgBiS2,

respectively. Also, the absorption edges of R3̄m and Fd3̄m NaBiS2 are located at about 1.2

and 1.3 eV, respectively. These values are larger than the scissors-corrected band gap of 1.1

eV by about 0.1 and 0.2 eV for R3̄m and Fd3̄m NaBiS2, respectively. This is again consistent

with the results that ∆ are 0.08 and 0.15 eV for R3̄m and Fd3̄m NaBiS2, respectively.

The large absorption coefficients of MBiS2 obtained in this work are consistent with those

reported in the previous studies.31,37, 40, 42, 45, 64, 65) The experimental absorption coefficients

of the AgBiS2 thin films are of the order of 105 cm−1.31,37, 40) The previous theoretical studies

have also shown that the calculated absorption coefficient of P3̄m1 AgBiS2 is of the order

of 105 cm−1.42,45) Yang et al. reported that the synthesized nanocrystals of NaBiS2 exhibit

strong absorption in the visible to near-infrared range.64) BaQais et al. have reported that the
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calculated absorption coefficients of NaBiS2 is of the order of 105 cm−1.65)

In Fig. 5, we show the SLME calculated for R3̄m and Fd3̄m MBiS2. The SLME is

obtained using the calculated absorption coefficients and the differences between the indirect

and direct band gaps, ∆, which is 0.58 and 0.46 eV for R3̄m and Fd3̄m AgBiS2, respectively,

and 0.08 and 0.15 eV for R3̄m and Fd3̄m NaBiS2, respectively. For both E ⊥ c and E ∥ c,

the SLME in the thick-film limit is 15% for both R3̄m and Fd3̄m AgBiS2 while 30% and

27% for R3̄m and Fd3̄m NaBiS2, respectively. The reason why the SLME of AgBiS2 is much

lower than that of NaBiS2 is the large ∆ of AgBiS2. We confirmed this by setting ∆ = 0 in

calculating the SLME. The thus calculated SLME in the thick-film limit was found to be 32%

for both R3̄m and Fd3̄m AgBiS2 and 33% for both R3̄m and Fd3̄m NaBiS2. As expected, the

change in the SLME resulting from setting ∆ = 0 found for AgBiS2 is more pronounced than

that found for NaBiS2.

It should, however, be noted that the PCE for absorber materials with indirect band gaps

may be underestimated when using the SLME as a metric for quantifying the photovoltaic

performance, as pointed out by Bercx et al.84) They found that the calculated SLME for silicon

is unrealistically small and concluded that the origin of this underestimation is its very large

∆ of about 2.23 eV. The large ∆ results in the radiative fraction of the order of 10−38, which

is much smaller than 10−3, a reasonable value expected for silicon. Thus, the relatively large

value of ∆ of about 0.5 eV for R3̄m and Fd3̄m AgBiS2, although not very large compared to

that of silicon, may result in the underestimation of the SLME for these materials. It is safer to

consider that the SLME in the thick-film limit calculated for R3̄m and Fd3̄m AgBiS2 in this

study, 15%, may be a lower bound for the PCE in the ideal conditions assumed in the SLME

formulation.

As shown in Fig. 5, the SLME of both AgBiS2 and NaBiS2 reach 90% of its thick-film-limit

values at the film thickness of less than 100 nm, reflecting their high absorption coefficients.

In particular, only at the film thickness of 50 nm, the SLME of both R3̄m and Fd3̄m AgBiS2

exceed 90% of its thick-film-limit values. Also, at the same film thickness, the SLME of R3̄m

and Fd3̄m NaBiS2 are about 70-80 and 90% of its thick-film-limit values, respectively. The

behavior of the SLME of AgBiS2 obtained in this work is consistent with the experimental

observation by Bernechea et al.31) They reported that the ultrathin-film solar cells based on the

AgBiS2 nanocrystals exhibited a certified PCE of 6.3%. The measured short-circuit current

density of 22 mA/cm2 is significantly high despite that the thickness of the absorber layer is

only 35 nm, indicating that the AgBiS2 nanocrystals with such thin active layers can absorb

the sunlight strongly.
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4. Conclusions

We have studied the structural, electronic, and optical properties of MBiS2 (M=Ag, Na) using

the relativistic all-electron calculations based on the density functional theory. As possible

local superstructures associated with their disordered cubic phases, we considered R3̄m,

Fd3̄m, I41/amd, and P4/mmm MBiS2. It was found that the lowest-energy superstructures

are those of R3̄m and Fd3̄m for both AgBiS2 and NaBiS2. R3̄m and Fd3̄m MBiS2 are

indirect-band-gap semiconductors. The differences between the indirect and direct band gaps,

∆, for R3̄m and Fd3̄m AgBiS2 are about 0.5 eV while those for R3̄m and Fd3̄m NaBiS2

are about 0.1 eV. Using the four-component spinors obtained as the solutions of the Dirac-

Kohn-Sham equations, the absorption coefficients of R3̄m and Fd3̄m MBiS2 were calculated

within the independent particle approximation combined with a phenomenological approach.

It was found that both AgBiS2 and NaBiS2 exhibit high absorption coefficients of the order of

105 cm−1. Using the obtained absorption coefficients, the SLME of R3̄m and Fd3̄m MBiS2

was estimated as a metric for quantifying the photovoltaic performance. The SLME in the

thick-film-limit values for AgBiS2 is 15%; the small value for AgBiS2 is due to its large ∆

of about 0.5 eV. On the other hand, the SLME in the thick-film limit for NaBiS2 is 32%; the

large value for NaBiS2 is due to its small ∆ of about 0.1 eV. For both AgBiS2 and NaBiS2, the

SLME reach 90% of its thick-film limit at the film thickness of less than 100 nm, reflecting

their high absorption coefficients.
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Fig. 2. (Color online) Band structures and densities of states of (a) R3̄m, (b) Fd3̄m, (c) I41/amd, and (d)
P4/mmm AgBiS2. The conduction band minimums and the valence band maximums are shown by red and
green circles, respectively, except for metallic P4/mmm AgBiS2. The zero of the energy is taken at the top of
the valence bands.
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Fig. 3. (Color online) Band structures and densities of states of (a) R3̄m, (b) Fd3̄m, (c) I41/amd, and (d)
P4/mmm NaBiS2. The conduction band minimums and the valence band maximums are shown by red and
green circles, respectively. The zero of the energy is taken at the top of the valence bands.
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Fig. 4. (Color online) Calculated absorption coefficients α of (a) AgBiS2 and (b) NaBiS2 for the R3̄m and
Fd3̄m superstructures. The absorption coefficients for CuInSe2 are also shown for comparison. For the R3̄m

superstructure and CuInSe2, the absorption coefficients are shown by solid and dotted curves for the electric
field of light perpendicular and parallel to the c axis, respectively. All the calculated absorption spectra are
scissors corrected.
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