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KEYWORDS Abstract The efficiency of NaSbS, is limited by its wide indirect band gap. Alloying is a very effec-
NaSbS,: tive strategy to tune the band gap over a wide range for the mixed-anion NaSb(S,Se), alloys. How-
Ga doping; ever, these compounds are still indirect band gap semiconductors. The influence of Ga doping on

the structure, electronic, and optical properties of NaSbS, is studied for the first time. Our calcu-
lated results show that NaSbS, is an indirect band gap semiconductor, and the difference between
the indirect and direct band gaps is less than 0.1 eV. Moreover, the forbidden transition is discov-
ered for the fundamental direct bandgap of NaSbS,. The results indicate that the NaSb,_.Ga.S,
alloys are predicted to be synthesized in the proper conditions. An indirect-to-direct band gap tran-
sition is observed from NaSbS, to NaSb,_.Ga.S,. The minor Ga doping (less than10 %) has little
effect on the electronic and optical properties of NaSbS,. Importantly, the weak transition of the
fundamental direct bandgap is allowed for NaSb,_.Ga,S,. This study can provide a route to explore
the high efficiency of novel based-NaSbS, materials.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Bandgap transition;
Optical property

1. Introduction

Ternary metal chalcogenides with the formula of ABX; (A = Na, K,
Cu, Ag; B = Sb, Bi; and X = S or Se) have attracted considerable
interest because of their huge potential applications in photovoltaics.
These compounds are non-toxic or less toxic, earth abundant, and
inexpensive. The experimental band gaps of NaBiS, and NaBiSe, are
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in the ideal range (1.20-1.45 eV) and they show great of interest for
applications in solar cells (Rosales et al., 2018). KBiS, and KBiSe,
exhibit remarkable stability and strong optical absorption in the whole
visible range.(Yang et al., 2019) The structure and optoelectronic prop-
erties of ternary metal chalcogenides CuSb(S,Se), (Choi et al., 2015;
Welch et al., 2015) and Ag(Sb,Bi)S, (Ho and Lee, 2013; Huang
et al., 2013) have been studied in the past few years as the potential
alternatives for applications in solar cells. High-throughput calcula-
tions for screening potential photovoltaic absorbers have been per-
formed by computing the band gap and effective mass of carriers
and 31 candidates are identified (Kang et al., 2019). Finally, taking
earth abundance and low cost into account, three compounds GeAs,,
SiAs,, and NaSbS, are considered as promising indirect bandgap semi-
conductors. In addition, the defect properties are studied in order to
provide a guideline for optimizing growth conditions of these
materials.
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NaSbS, is a kind of compound with the excellent properties of non-
toxic, earth-abundant, and good stability. NaSbS, shows an optical
band gap of 1.5-1.8 eV and high absorption coefficient (Bazakutsa
et al., 1975; Rahayu et al., 2016). The initial efficiency of 3.18 %
was achieved in 2016 for the first time (Rahayu et al., 2016). In
2018, the higher efficiency was 4.11 % for NaSbS,. The structural,
thermoelectric, electronic, and optical properties of NaSbS, and
NaSbSe, have been investigated by using first-principles method
(Dai et al., 2019; Khare et al., 2020; Mahmoud et al., 2019; Sun and
Singh, 2017; Zhang et al., 2019). The recent theoretical study indicates
that NaSbS, might be limited for solar cells due to the forbidden tran-
sition of fundamental direct bandgap (Leung et al., 2019). NaSbSe, has
a narrower band gap of 1.48 eV and yields an efficiency of 2.22 %
(Aragaw et al., 2017). The efficiency can be further improved by tuning
the band gap of NaSbS, to the optimal bandgap (~1.4 eV) through
adjusting the NaSb(S,Se), alloy composition (Dai et al., 2019).
Recently, the structural, mechanical, electronic, and optical properties
of Na,_,.Li,SbS, solid solutions have been performed (Liu et al., 2021).
The results show that the suitable band gap of NaSbS, can be achieved
by doping Li and applying moderate pressure. In addition, NaSbX,
and NalnX, (X = S or Se) belong to the hexagonal (space group:
R-3 m) and monoclinic (space group: C2/c) crystal structures, respec-
tively (Hoppe et al., 1961; Olivier-Fourcade et al., 1978). Therefore,
the compound NaBX, (X = S or Se) will undergo phase transition
when Sb is replaced by In with a larger ion radius. The experimental
and theoretical works have confirmed that NaInX, has a broader band
gap than that of NaSbX, (Fukuzaki et al., 2000; Hossain et al., 2021b;
Takahashi et al., 2018). The structural, elastic, and thermal properties
of various NalnS,_Se, compounds have been explored in detail
(Hossain et al., 2021a). Interestingly, three compounds KInS,, RbInS,,
and CsInS, show the monoclinic crystal structures with space group
C2/c (Eisenmann and Hofmann, 1991; Zeng et al., 2007), and they
have larger direct band gaps (Bouchenafa et al., 2018).

The crystal structure and optical band gap of NaGaS, was studied
by two research groups for the first time in 2020 (Adhikary et al., 2020;
Klepov et al., 2020). NaGaS, is a monoclinic crystal structure with the
C2/c¢ space group and shows a wide optical band gap (~4.0 eV)
(Adhikary et al., 2020). The recent theoretical calculations show that
NaGas, is a direct band gap compound (Yun et al., 2022). Our calcu-
lated results suggest that NaSbS, is a narrow indirect band gap semi-
conductor (Liu et al., 2021). Therefore, an indirect-to-direct band gap
transition can be achieved from NaSbS, to NaGaS,. Ga and Sb have
similar ionic radii, so it is theoretically feasible to synthesize the
NaSb,_,Ga,S; alloys. It should be pointed out that the doping Ga con-
centration must be controlled because high Ga doping concentration
will lead to a significant increase in band gap of NaSbS,. Here, the
influence of Ga doping on the structure, electronic and optical proper-
ties of NaSbS; is reported based on first-principles calculations. It is
discovered that the Ga minor doping is an effective strategy to obtain
the direct band gap of highly stable NaSbS,. The low concentration Ga
doping has little effect on the electronic and optical properties of
NaSbS,. Moreover, the weak transition is allowed for the fundamental
direct bandgap of NaSb,.,Ga.S,. The present study can inspire exper-
iment research to explore more novel based-NaSbS, materials with
high efficiency.

2. Computational details

All the calculations were carried out via density functional the-
ory (DFT), which was implemented in Vienna ab initio simu-
lation package (VASP) (Kresse and Furthmiiller, 1996). The
generalized gradient approximation of Perdew-Burke-
Ernzerhof (GGA-PBE) (Perdew et al., 1996) was used to deal
with the exchange—correlation effects. The interactions
between ions and electrons were described by the projector-
augmented wave (PAW) (Blochl, 1994) method with an energy

cutoff of 350 eV. The valence electron configurations for Na,
Sb, Ga, and S were 2p°®3s!, 5s25p>, 4s%4p', and 3s%3p?, respec-
tively. The geometry optimization convergence criteria were
set to 1.0 x 107> ¢V and 0.01 eV/A for total energy and the
force on each atom, respectively. A 6 X 6 X 6 k-point mesh
was employed for NaSbS, and NaSbg ;5Gag,5S,. 3 x 3 x 3,
6 x 3 x 3,and 6 x 6 x 3 k-point meshes were selected for
NaSb,_.Ga,S, with three doping concentrations
of x = 0.03125, 0.0625, and 0.125, respectively.

3. Results and discussions

3.1. Structural properties

The monoclinic phase with space group C2/c of NaSbS, is cho-
sen as the object of this study. The crystal structure of NaSbS,
is depicted in Fig. 1. The calculated lattice constants of NaSbS,
area = 824 A, b = 840 A, and ¢ = 6.91 A, which are in good
agreement with the experimental data (Olivier-Fourcade et al.,
1978). In order to explore the impact of Ga doping on the
physical properties of NaSbS,, different supercells are mod-
eled. The doping concentration is related to supercell size.
There are four formula units (16 atoms) for the pristine
NaSbS,, so the NaSbg 75Gag 5S>, compound is simulated by
substituting one Ga atom for one Sb atom. Accordingly, the
NaSb;_..Ga,S, (x = 0.03215, 0.0625, and 0.125) compounds
are simulated by 2 x 2 x 2,1 x 2 x 2,and 1 x 1 x 2 supercells
when one Sb atom is replaced by one Ga atom. The local struc-
tural variation of NaSbS, is caused by the introduction of Ga
atoms. For instance, the bond length is significantly shortened
from Sb — S to Ga — S due to the smaller ionic radius of
Ga®". According to our recent theoretical study (Sa et al.,
2022), NaSbS, exhibits high stability. The thermodynamic sta-
bility of compound can be evaluated by calculating the forma-
tion enthalpy (AH). The stability of NaSb;_.Ga,S, is assessed
in the present work by the following equation:

AH(NaSh,_.Ga,S,) = E(NaSb,_,Ga,S,) + E(Sb)
— E(NaSbhS,) — E(Ga) (1)
where E(NaSb,_,Ga,S,), E(NaSbS,), E(Sb) and E(Ga) refer
to the total energies of compounds and the energies of solid
state Sb and Ga atoms, respectively. The calculated AH value

of NaSb,..Ga,S; is displayed in Fig. 2. The negative AH value
confirms the stability of NaSb;_.Ga,S,. It can be seen that
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Fig. 1

Crystal structure of NaSbS,.



An indirect-to-direct band gap transition of NaSbS,

3

-0.6

NaSb, . Ga S,

AH (eV)

0.0

0.03215 0.0625 0.125 0.25

X

Fig. 2 The formation energies of the NaSb;_.Ga,S, compounds.

there is no difference in the stability of NaSbS, with low con-
centration Ga doping. Moreover, the stability of NaSbS, is
slightly reduced when the concentration of Ga doping is high.

3.2. Electronic structure

The band structure and density of states of NaSbS, are ana-
lyzed, as shown in Fig. 3. The indirect band gap nature of
NaSbS, is observed because the valence band maximum
(VBM) and conduction band minimum (CBM) are located at
the high symmetry Z and t points, respectively. Several theo-
retical reports suggest that NaSbS, is an indirect band gap
material (Kang et al., 2019; Mahmoud et al., 2019; Sun and
Singh, 2017; Xia et al., 2017), while another theoretical
study describes this compound to have a fundamental direct
band gap (Leung et al., 2019). The indirect and direct band
gaps are 0.88 and 0.98 eV for NaSbS,, which is much smaller
than the previous experimental data (Leung et al., 2019;
Rahayu et al., 2016). The energy difference between the indi-
rect and direct band gaps is small (only 0.1 eV). It is well
known that the GGA-PBE method usually underestimates
the band gap of semiconductor material. More accurate band
gap can be obtained for NaSbS, from hybrid functional
HSEO06 (Liu et al., 2021). The band gap variation trend with

Energy (eV)

various components from both PBE and HSE06 methods is
similar (Fang et al., 2019). Therefore, the band gap underesti-
mated by the DFT method has no effect on the trend of band
gap variation of materials with various components. In addi-
tion, the HSE06 method is not suitable for calculating the
band structure of NaSbS, with minor Ga doping. The trend
of band gap variation of NaSb, .Ga,S, is predicted by the
DFT method in the present study. In NaSbS,, the VBM is
mainly dominated by the S-3p orbitals, while the CBM are
contributed from the Sb-5p and S-3p orbitals. It is noted that
Na has no contribution to the band edges. Moreover, the flat
CBM and slope VBM indicate that the effective mass differ-
ence between electron and hole is significant, and NaSbS, is
actually a p-type semiconductor.

Fig. 4 shows the band structure and density of states of
NaSb,_.Ga,S, with different Ga concentrations. It can be seen
from Fig. 4 that all the Ga-doped compounds are direct band
gap semiconductors at the T point. The results indicate that the
transition from an indirect-to-direct band gap for NaSbS, can
be realized by doping Ga. The flat CBM and VBM imply that
the large effective masses for electron and hole will exist, which
is not preferred for thin-film solar cell applications. The contri-
bution of the Ga-4 s and Ga-4p orbitals is negligible for the
band edges when the doping Ga concentration is low. There-
fore, it is speculated for NaSb;_.Ga,S, with x = 0.03125-0.
125 that the small band gap variation may be caused by local
structural changes. However, the CBM of NaSbg 75Gag »5S, is
derived from the Sb-5p, Ga-4 s, and S-3p orbitals, and the
VBM is still from the S-3p orbitals. It is clear that the interven-
tion of the Ga-4 s orbitals is related to the larger bandgap of
NaSbg 75Gag25S,. The band gap variation trend for NaSbS,
with various components is displayed in Fig. 5. An enlarged
band gap is found for NaSbS, when the doping Ga concentra-
tion increases. There is no obvious effect on the band gap of
NaSbS, when the doping Ga concentration is less than
10 %. The band gap increases by 0.5 eV from NaSbS, to
NaSbg 75Gag »25S,. The results show that it is indeed an effec-
tive strategy to achieve the transition from an indirect to direct
band gap for NaSbS, with maintaining the initial electronic
properties through the low concentration of Ga doping.

The effect of parity-forbidden transition for halide per-
ovskites was systematically reported in the previous theoretical
study (Meng et al., 2017). For example, CsBI; (B = Ge, Sn,
Pb) with a direct band gap shows no parity-forbidden transi-
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Fig. 3  Band structure (left) and density of states (right) of NaSbS,.
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Fig. 4 Band structure (left) and density of states (right) of NaSb,_.Ga,S, with different Ga concentrations: (a) 3.125%, (b) 6.25%, (c)
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Fig. 5 The band gap value of NaSb,_.Ga,S, as a function of Ga
concentration.

tions at the R point. The transition probability between the
VBM and CBM can be revealed by calculating the transition
dipole moment (TDM). The computed TDM values of
NaSbS, and NaSby 75Gag»5S, at various k points are shown
in Fig. 6(a-b). It is clear that the calculated TDM value is zero
at the t point, which indicates that the transition is forbidden

at the 1 point. The direct allowed band gap of NaSbS, at the Z
point is 0.48 eV larger than the direct forbidden band gap at
the t point. It is observed from Fig. 6(b) that the transition
is allowed at the 1 point for NaSbg 75Gag »5S,. Fig. 6(c) shows
the calculated TDM value of NaSb,..Ga.S, at the t point as a
function of Ga concentration. The results suggest that with the
increase of low Ga content, the TDM value is small and
increases slowly. The weak transition is allowed for NaSb_,-
Ga,S, when it has a direct band gap at the t point. The strong
transition will be allowed for NaSby ;5Gag»5sS, with a large
TDM value. However, the band gap is greatly increased by
doping high concentration of Ga. Therefore, the doping Ga
concentration needs to be controlled reasonably for NaSbS,
in order to balance the values between TDM and band gap.

3.3. Optical properties

The optical properties a(®) can be calculated by the real g;(®)
and imaginary &y(®) parts of dielectric function g(®). Two
parameters €;(®) and &,(®) are related to each other through
Kramer-Kronig relation (Gajdos et al., 2006). The calculated
optical absorption spectra of NaSb, ,Ga,S, is presented in
Fig. 7. The optical absorption is directly related to the band
gap of the compound. The low concentration Ga-doped
NaSbS, and pure NaSbS, show similar optical properties.
The light absorption capacity of NaSbg g75Gag. 1255, is slightly
reduced compared to pure NaSbS,. The optical absorption
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Fig. 7 Computed optical absorption spectra of NaSb,_.Ga,S;
with x = 0-0.25.

coefficient of NaSb, 75Gag »5S, is lower than that of NaSbS, in
the range of 300—500 nm, which is attributed to the larger band
gap. The relationship between the optical properties and band-
gap is inversely proportional, and the decrease of optical
absorption is mainly located near 400 nm. Therefore, it is
expected to improve the photovoltaic performance of NaSbS,
with the help of the low concentration Ga doping.

4. Conclusion

In summary, the present work is performed to discover the impact of
Ga doping on the structure, electronic, and optical properties of
NaSbS,. NaSbS, is an indirect band gap compound, and the energy
difference between the indirect and direct band gaps is small. The for-
bidden transition is found for the fundamental direct bandgap of
NaSbS,. The negative AH values indicate that the NaSb,..Ga,S, alloys
can be synthesized and confirm their thermodynamic stability. An
indirect-to-direct band gap transition is discovered from NaSbS, to
NaSb;_,Ga,S,. The effect of low concentration Ga doping (less
thanl0 %) is negligible for the electronic and optical properties of
NaSbS,. However, the band gap of NaSbS, is greatly increased when
the concentration of Ga doping is high. Furthermore, the weak transi-
tion of the fundamental direct bandgap is allowed for NaSb,..Ga.S,.

Therefore, this finding makes NaSbS, more favorable for solar cells.
Our study will contribute to improve the efficiency of based-NaSbS,
materials in the future.
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