Downloaded via NORTHWESTERN UNIV on August 11, 2023 at 15:42:10 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

AInSn,S¢ (A = K, Rb, Cs)—Layered Semiconductors Based on the

SnS, Structure

Daniel Friedrich, Michael A. Quintero, Shigiang Hao, Craig C. Laing, Christopher Wolverton,

and Mercouri G. Kanatzidis™

Cite This: Inorg. Chem. 2022, 61, 13525-13531

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: RbInSn,Ss and CsInSn,S, are yellow two-dimensional (2D)
semiconductors featuring anionic SnS,-type layers of edge-sharing
(In/Sn)S¢ octahedra. These structures are directly derived from the
parent structure of SnS, by replacement of Sn*" atoms with A* and In’**
atoms. The compounds crystallize, isotypic to the ion-exchange material
KInSn,Ss. They adopt the triclinic space group R3m (no. 166). The
compounds have similar indirect optical band gaps of 2.31(5) eV for Rb
and 2.47(5) eV Cs. The measured work functions for each material are
~5.38 eV. The density functional theory-calculated effective mass values
exhibit strong anisotropy due to the 2D nature of the crystal structures and
in the case of CsInSn,S4 for hole carriers along the 4, b, and ¢
crystallographic directions are 0.30 m, 0.34 my, and 2.54 m, respectively,
while for electrons are 0.06 my, 0.07 mg, and 0.47 my, respectively.

B INTRODUCTION

Multinary chalcogenide semiconductors are multifunctional
materials with diverse chemical and physical properties and are
promising for various technological applications. Among this
class of solids, quaternary chalcogenide materials A, MM_.'Qq
(A = alkali metal, thallium; M = group 13 metal; M’ = group
14 metal; Q = chalcogen) feature a covalently bonded anionic
framework of [MyM_'Q4]*" of any dimensionality, that is, one-
dimensional (1D), two-dimensional (2D), or three-dimen-
sional (3D), and charge balancing alkali cations.'~” Prominent
examples of these properties are the strong nonlinear optical
(NLO) second-harmonic generation (SHG) of noncentrosym-
metric materials such as LiGaGe,Qg," " AZInZM’Qé,lZ_l6 and
TIGaSn,Qs.'"~** A series of centrosymmetric AGaM'Q, (A =
K, Rb, Cs, TI; M’' = Si; Ge, Sn; Q = S, Se) polymorphs were
reported to exhibit a high NLO third-harmonic generation
scaling inversely with their band gaps following a power-law
behavior.”'#'>*37*> Among 3D quaternary chalcogenides,
the chalcopyrite materials such as Cu(In,Ga)Se,, Cu(In,Ga)
(S, Se),, and Cu,ZnSnS, are currently of great interest as
promising photovoltaics.”*~>® While the covalent anionic
frameworks have optoelectronic functionalities depending on
their composition and structure, the alkali metal counterions
also represent chemical functionality because they often can be
exchanged for other cations, thereby modifying the chemical
composition. The so-called KMS family is a special subclass
with a layered structure and remarkable ion-exchange proper-
ties relevant to environmental remediation.””” > This family
is defined as A,[M,Sn;_,S;], M being a divalent or trivalent
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metal.”” These structures are directly related to SnS, and can
be derived from a fivefold super cell by symmetry trans-
formations. KInSn,S is a member of this family capable of fast
ion exchange with trivalent lanthanide and actinide cations,
promising for treating radioactive wastewater.” In this work, we
present the synthesis and physical characterization of the
analogous RbInSn,S and CsInSn,S,, crystallizing isotypic to
KInSn,Ss.” The crystal structures of these compounds feature
anionic layers of edge-sharing (In/Sn)Sg octahedra similar to
that in layered SnS,. Their electronic structures have been
analyzed by complementary density functional theory (DFT)
calculations. All three 2D sulfides have similar indirect optical
band gaps of 2.2—2.5 eV and feature identical work functions
within error.

B EXPERIMENTAL SECTION

Starting Materials. Commercially available elements potassium
(K, Sigma-Aldrich, 99.95%), rubidium (Rb, Alfa Aesar, 99.5%),
cesium (Cs, Alfa Aesar, 99.5%), indium (In, Chempur, 99.999%), tin
(Sn, American Elements, 99.99%), and sulfur (S, 5 N Plus, 99.999%)
were used as purchased without further purification. The alkali metal
chalcogenides A,Q (A = K, Rb, Cs; Q = S, Se) were prepared by
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Table 1. Crystallographic Data” of AInSn,S, (A = K, Rb, Cs)

compound KInSn,S, (1)
formula weight M/g-mol™ 583.66
color/shape
crystal system, space group
lattice parameters
a/A 3.693(1)
/A 23.466(3)
unit cell volume V/A3 277.1(1)
number of formula units Z
calculated density p/g-cm™ 3.498
diffractometer
temperature T/°C
wavelength A/A
absorption coeff. (Mo Ka)/mm™ 7.973
0 range/° 2.604—26.550
index range —-4<h<3

-4 <k<4
—-28<1<28

no. of reflections collected 1519
Independent reflections 96

Ripw Ry

completeness to 6 = 25°
absorption correction
structure solution
structure refinement
96/0/10
1.175, 264

data/restraints/parameters
GooF, F(000)

Ry, wR, [I > 36(I)]

R, wR, [all data]

extinction coefficient G,
largest diff. peak and hole/e-A™

0.0300, 0.0115

0.0111, 0.0265
0.0111, 0.0265

—0.357, 0.554

RbInSn,Ss (2) CsInSn,S¢ (3)

630.03 677.42
yellow plate
trigonal, R3m (no. 166)
3.693(1) 3.690(1)
24.667(7) 25.910(9)
291.3(2) 305.6(2)
1
3.591 3.681
Bruker Kappa Apex II
20
0.71073
11.376 9.825
2.477-26.293 2.358—26.150
—-4<h<4 —-4<h<4
-4<k<4 -4<k<4
-29<1<30 -23<1<31
1431 280
102 108
0.0402, 0.0154 0.0188, 0.0129
99.9%

numerical (analytical, based on crystal faces), APEX3
intrinsic phasing, ShelXT
ShelXL, full-matrix least-squares on F>
102/0/10
1.277, 282
0.0139, 0.0313
0.0139, 0.0313
0.0039(8)
—0.355, 0.966

105/0/10
1.266, 300
0.0308, 0.0790
0.0319, 0.0805

—0.648, 1.577

“Further details on the crystal structure investigations may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49)7247-808-666; E-mail: crysdata@fiz-karlsruhe.de), on quoting the depository number CSD-2179423 for
KInSnS,S4, CSD-2179424 for RbInSnS,S¢, and CSD-2179422 for CsInSnS,Se.

reacting the alkali metals with the respective chalcogens in liquid
ammonia.”* SnS, was prepared by annealing a stoichiometric mixture
of Sn and S in an evacuated quartz tube at 550 °C for 3 days. In,S;
was prepared by combining stoichiometric amounts of Sn and S in a
fused silica tube, evacuating to ~5 X 10~ mbar, flame sealing, and
heating to 600 °C at a rate of 50°/h, where the tube was annealed for
30 min, after which it was cooled to room temperature.

Synthesis of the Title Compounds. Method 1. The AInSn,S4
compounds (A = K, Rb, Cs) were prepared by a high-temperature
solid-state reaction of stoichiometric amounts of the respective
starting materials in evacuated fused silica tubes. In a typical batch of
1.0 g, stoichiometric amounts of A,S and other precursor materials
were weighed in a fused silica tube (an inner diameter of 8 mm) in a
nitrogen-filled glovebox. For KInSn,S, (1), 0.0944 ¢ (0.85 mmol) of
K,S, 0.1967 g (1.71 mmol) of In, 0.4067 g (3.43 mmol) of Sn, and
0.3021 g (9.42 mmol) of S were used. RbInSn,S (2) was obtained by
combining 0.1611 g (0.79 mmol) of Rb,S, 0.1822 g (1.58 mmol) of
In, 0.3768 g (3.17 mmol) of Sn, and 0.2799 g (8.73 mmol) of S. For
the synthesis of CsInSn,S¢ (3), 0.2198 g (0.74 mmol) of Cs,S, 0.1695
g (1.48 mmol) of In, 0.3504 g (2.95 mmol) of Sn, and 0.2603 g (8.12
mmol) of S were used. The tubes containing the starting mixtures
were evacuated to ~107* mbar, flame-sealed to 10—11 cm long tubes,
and placed in a programmable furnace. The samples were heated to
800 °C with a heating rate of 1 °C/min, annealed at 800 °C for 24 h,
and cooled to room temperature at a cooling rate of 1 °C/min. All
tubes contained a soft, yellow, sintered polycrystalline material that
could easily be crushed in an agate mortar while falling apart into
plate-like crystallites. The phase purity and crystallinity of the solid
products were determined by powder X-ray diffraction (PXRD)
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techniques after the opening of the tubes, and the chemical
composition was verified by scanning electron microscopy/energy-
dispersive system (EDS) analyses of several crystallites (Figure S2).
All samples were single-phase solids unless stated otherwise. The
powdered solids are stable in moist air.

Method 2. The AInSn,S; compounds (A = K, Rb, Cs) can be
equivalently prepared below their respective melting points. In a
typical batch of 1.0 g, stoichiometric amounts of A,S, the Sn powder,
S buttons, and the In,S; powder were massed in a nitrogen-filled
glovebox. For KInSn,S, (1), 0.0944 g (0.85 mmol) of K,S, 0.2791 g
(0.85 mmol) of In,S;, 0.4067 g (3.43 mmol) of Sn, and 0.2197 g
(6.85 mmol) of S were used. RbInSn,S¢ (2) was obtained by
combining 0.1611 g (0.79 mmol) of Rb,S, 0.2586 g (0.79 mmol) of
In,S;, 0.3768 g (3.17 mmol) of Sn, and 0.2036 g (6.35 mmol) of S.
For the synthesis of CsInSn,S, (3), 0.2198 ¢ (0.74 mmol) of Cs,S,
0.2405 g (0.74 mmol) of In,S;, 0.3504 g (2.95 mmol) of Sn, and
0.1893 g (5.90 mmol) of S were used. The above amounts were
ground together in an agate mortar and pestle until homogeneous.
The resultant mixture was loaded into 8 mm inner diameter, 10 mm
outer diameter fused silica tubes that were internally lined with an Al
foil. The Al foil is necessary to protect the region to be sealed from
the powder; without its use, the reactant residue on the glass will react
with silica in the high heat of the torch, producing high-melting-point
silicates in the sealing region, making effective sealing of the ampule
difficult. After loading, the Al foil was removed, and the tubes were
evacuated to ~10~* mbar, flame-sealed to 10—11 cm long tubes, and
placed in a programmable tube furnace. The samples were heated to
700 °C at a heating rate of S0 °C/h and annealed at 700 °C for 24 h,
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after which the furnace was turned off, and the samples were allowed
to cool to room temperature.

Powder X-ray Diffraction. PXRD patterns were collected on a
Rigaku Miniflex600 diffractometer using Cu Kal radiation (4 =
1.540593 A) equipped with a high-speed silicon strip detector. Finely
powdered samples were measured on a flat zero-background Si
sample. The experimental patterns were compared to simulated
patterns based on the experimental CIF files.

Single-Crystal X-ray Diffraction. Plate-shaped single crystals of
the title compounds were selected under a polarizing microscope in
order to find suitable crystals without stacking faults. The selected
crystals were fixed to MiTeGen mounts using silicon grease, and
ambient temperature diffraction data were collected on a Bruker
Kappa APEX II diffractometer equipped with an IuS microfocus X-ray
(Mo Ka radiation, 4 = 0.71073 A) source and an APEX2 charge-
coupled detector. The resulting diffraction data were corrected for
Lorentz and polarization effects, and the absorption was corrected by
a numerical absorption correction (based on the crystal faces) using
the Bruker APEX II software suite.”® All collected data sets had a
completeness of 99.9% within 50° 26. The crystal structures were
solved by intrinsic phasing methods using ShelXT2018/3* and
refined on F* with ShelXL2018/3** using full-matrix least-squares
methods. As In** and Sn** cannot be distinguished using conventional
X-ray diffraction techniques, the occupation factors were set to 33 and
66%, respectively, to ensure charge-balanced structures. The resulting
structure models were checked for missed symmetry and transformed
into the standard setting using the PLATON software package.*’

UV-Vis Diffuse Reflectance Spectroscopy. Optical diffuse
reflectance measurements were performed at room temperature using
a Cary 5000 UV—Vis—NIR double-monochromator spectrophotom-
eter operating from 200 to 2500 nm. BaSO, was used as a
nonabsorbing reflectance reference. The generated reflectance data
were transformed to absorbance via the Kubelka—Munk equation®'
a/S = (1 — R)*/2R, where R is the reflectance and  and S are the
absorption and scattering coeflicients, respectively. The absorption
edge was estimated by extrapolation of the linear regions.

DFT Calculations. DFT calculations within the generalized
gradient approximation (GGA) were used to calculate the electronic
structures of the title compounds.* To yield a band gap with an
accuracy similar to that of the hybrid functional or GW methods and
make it computationally less expensive, we adopted a kind of local
approximation named the modified Becke—Johnson exchange
potential."*** The periodic boundary conditions and a plane-wave
basis set were utilized as implemented in the Vienna Ab initio
Simulation package.” The total energies were numerically converged
to approximately 3 meV/cation using a basis set energy cutoff of 500
eV and dense k-meshes corresponding to 4000 k-points per reciprocal
atom in the Brillouin zone. In order to find proper structure models
for the mixed In—Sn occupation, the lowest energy configuration was
chosen from a vast number of geometrical structures. For the five
structures with the lowest electrostatic energies, further DFT
calculations were performed to identify the most favorable (lowest
energy) configuration.

B RESULTS AND DISCUSSION

Crystal Structure Discussion. The crystal structures of
the new compounds AInSn,S (A = Rb, Cs) (2, 3) were solved
from X-ray single-crystal data and crystallized from the
previously reported KInSn,S4 structure. The potassium
analogue was also remeasured for the sake of completeness
and comparison of these structures. These solids crystallize in
the trigonal space group R3m (no. 166) with unit cell
parameters of a = 3.69(1) A and ¢ = 23.5(1)-25.9(1) A.
Details on the data collection are given in Table 1. The atomic
coordinates of compounds 1—3 are given in Table 2. The
anisotropic displacement parameters and interatomic distances
are given in Tables S1—-S6 of the Supporting Information.

Table 2. Atomic Coordinates and Isotropic Displacement
Parameters Ueq/f\2 for AInSn,S¢ (A = K, Rb, Cs; T = 20 °C)

atom wyck. s.o.f. x y z Ue*
K 6¢ 0.167 0 0 0.1667(2) 0.043(2)
In 3a 0333 0 0 0 0.015(1)
Sn 3a 0.667 0 o o0 0.015(1)
S 6¢ 1 0 0 03951(1) 0.015(1)
Rb 6¢ 0.167 0 0 0.1666(2) 0.050(1)
In 3a 0333 0 0 0 0.015(1)
Sn 3a 0.667 0 0 0 0.015(1)
S 6¢ 1 0 0 0.3922(1) 0.016(1)
Rb 6¢ 0.167 0 0 0.1665(2) 0.071(2)
In 3a 0333 0 0 0 0.021(1)
Sn 3a 0.667 0 0o 0 0.021(1)
S 6¢ 1 0 0 03892(1) 0.021(1)

“U,q is defined as the trace of one-third of the Uj tensors.

The structure of the three isotypic compounds AInSn,S4
(1-3) (A =K, Rb, Cs) features anionic layers of edge-sharing
(In/Sn)S¢ octahedra separated by the alkali metal cations as
seen in Figure la. The In** and Sn* cations occupy one

a)

C|ede|e | drp=5.32(1)A

! El i]% ; des = 5.74(1)A
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Figure 1. Crystal structure of the AInSn,Ss compounds, showing (a)
the unit cell of AInSn,S¢ (note that the alkali metal sites are only
occupied by 16.6%). (b) Section of one anionic 2[InSn,S;] layer. (c)
Coordination environment of the In/Sn site. (d) Coordination
environment of the alkali metal site.

crystallographically independent 3a special site with occupa-
tion factors of 33.3 and 66.7%, respectively. The cations are in
an octahedral environment with six identical distances d(In/
Sn—S) = 2.577(2) A (Figure 1c) observed in all three
compounds. These bond distances align perfectly with the sum
of the ionic radii d(In**-$>7) = 2.64 A and d(Sn**-§*7) = 2.53
A under the assumption that the site is occupied by 2/3 Sn**

https://doi.org/10.1021/acs.inorgchem.2c02157
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Figure 2. Birnighausen tree explaining the symmetry relations between the structures of SnS, (P3m) and KInSn,S; (R3m) as an example of the

AlInSn,S4 compounds.

and 1/3 In*, respectively.”” The axial angles in these
octahedra are 180° and the equatorial angles only differ
from the ideal value of 90° by ~1.5° (slightly more than the
difference of 0.3° observed in SnS,), making these octahedra
the almost ideal octahedra. The In/SnS4 octahedra are
connected by six common edges, forming anionic layers
Oi[InSnZSg] which are also observed in SnS, (Figure 1b). The
alkali metal cations occupy one common 6¢ site with a 16.6%
occupation factor and are in a trigonal prismatic coordination
formed by six $*~ anions (Figure 1d). In KInSn,S, six identical
distances d(K—S) = 3.257(4) A are observed, while the cesium
and rubidium analogues exhibit two marginally different
distances of d(Rb—S) = 3.408(3) A, d(Rb—S) = 3.411(3) A,
d(Cs=S) = 3.573(5) A, and d(Cs—S) = 3.579(5) A,
respectively. These values are only slightly higher than the
sum of the ionic radii of d(K*-$>7) = 3.22 A, d(Rb*-§*7) = 3.36
A, and d(Cs*-87) = 3.51 A.*

The alkali metal cations are located between the anionic
layers with almost identical distances of d(A—A) = 3.690(3) A
in all three AInSn,S¢ compounds. The van der Waals distances
between two anionic layers are 4.925(1) A (KInSn,Sy),
5.320(2) A (RbInSn,S,), and 5.744(4) A (CsInSn,S¢). Due
to the alkali intercalation in between the chalcogenide layers,
these distances are roughly twice as large as those in the parent
structure SnS, with ~2.8 A.

The layered structure of AInSn,S4 does not only show layers
identical to the parent structure SnS,; both structures are
directly related and can be converted into each other by
symmetry relations. Figure 2 shows a Barnighausen tree
explaining these relations. AInSn,S4 crystallizes in the space
group Rm (no. 166) which is a supergroup of Pm (no. 164),
the space group of SnS,, related by a klassengleiche trans-
formation of index 3. This change can also be observed by
comparing the PXRD patterns of the structures with AInSn,Sg
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(A =K, Rb, Cs) only showing 003! reflections compared to the
00! reflections in SnS,. Before transforming the structures,
however, the unit cell of SnS, needs to be enlarged fivefold by
applying a klassengleiche transformation of index 5, multiplying
the c-axis by S5, and dividing all z coordinates by S.
Consequently, the Sn 1a site is split into one 1a and two 2c¢
sites, while the S 2d site is divided into five 2d sites. To
transform the expanded structure of SnS, into the structure of
AlInSn,Sg, the atoms occupying these sites are shuffled. The 1a
Sn site retains Sn** cations, while the 2¢ Sn sites are occupied
by A* and S*7, respectively. Two of the five 2d S sites are
occupied by K* and one by Sn** cations instead of S*~ anions.
Minor differences of the actual values of the z coordinates are
attributed to the influence of the alkali metal cations
contracting or expanding the distance between the anionic
layers.

The thermal properties of AInSn,Ss (A = K, Rb, Cs) are
shown in Figure S3a—c. The differential thermal analysis
(DTA) curves of each material show one prominent thermal
event attributed to melting in their heating curves at ~743 °C
for KInSn,S,, ~735 °C for RbInSn,S;, and ~726 °C for
CsInSn,S,. As the identity of the alkali metal is exchanged from
K — Rb — Cs, a small decrease in the melting point of the
compounds is observed. This trend makes sense as Cs—S
bonds are weaker than Rb—S bonds, which are weaker than
K-S bonds and can be intuited from the general observed
trend in the melting points of the A,S, binaries when
comparing compounds with identical x values. Comparisons
between PXRD patterns taken both before and after the DTA,
see Figure S3d—f, suggest that the compounds melt
congruently as the patterns do not change appreciably. For
both KInSn,Ss and RbInSn,Sg, at least one or more secondary
phases can be observed in their PXRD patterns both before
and after being heated. The relative amounts of these phases
do not appear to change substantially after two heating cycles.

https://doi.org/10.1021/acs.inorgchem.2c02157
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These observations in conjunction with the lack of any other
observed thermal events other than the main melting and
solidification events support the conclusion that both
compounds melt congruently.

Electronic Structure and Optical Properties. The
optical absorption data for compounds 1—3 obtained from
diffuse reflectance measurements are shown in Figure 3a. The
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Figure 3. (a) UV—vis absorption spectra and (b) PYSA of AInSn,S,
(1-3). (c) Band structure and (d) DOS plots of CsInSn,S¢ as a
representative of the AInSn,S, phases (A = K, Rb, Cs).

observed optical band gaps are 2.17(5) eV for KiInSn,S
2.31(5) eV for RbInSn,Ss, and 2.47(5) eV for CsInSn,Sg.
These compare well with the band gap of SnS,, ~2.17 eV, as
the alkali metals do not contribute considerably to the states
near the Fermi level in these and related compounds."”*" ™'
The trend of an increasing band gap upon substitution with
larger alkali metals is reasonable and a consequence of the
increased dimensional reduction coming from a larger
interlayer separation. The increased interlayer distances lower
the overall extent of bonding which results in a blue shift, or
widening, of the band gap in a material.’>>® Figure 3b shows
the photoemission yield spectrum in air (PYSA) for
compounds (1—3). The extrapolated x-intercept of the plot
corresponds to the work function of a given material. It will
thus be sensitive to any changes in the valence band that arise
as a function of chemical substitution. The extrapolated work
function for KInSn,Sg is 5.37(2) €V, for RbInSn,S is 5.39(2)
eV, and for CsInSn,S, is 5.38(2) eV. The work functions for all
materials in the series are identical within error, as expected,
due to there being no substantial change in the orbital
contributions of the valence band upon substitution. With the
work function and the optical band gap in hand, the
conduction band minimums can be derived relative to the
vacuum energy according to the following relation:
Ecgm = Ewr — E,. The conduction band minimums of each
material are then 3.20(5) eV for KInSn,Ss 3.08(5) eV for
RbInSn,S¢, and 2.91(5) eV for CsInSn,S,. These values
indicate that the blue shift observed in the band gaps for these
materials is entirely caused by the movement of the conduction
band minima toward lower values (i.e., closer to the vacuum
energy).

To gain further insights into the electronic structures of
these materials, complementary DFT calculations were
performed. Standard DFT calculations using the GGA™

always resulted in metallic structures with no band gaps. In
order to yield more precise electronic structures of these
semiconductors, a modified Becke—Johnson exchange poten-
tial was used, giving accuracy similar to that of hybrid
functionals or GW methods.*>** These more elaborate
calculations revealed the semiconducting nature of these
materials, with the calculated band gaps being underestimated,
as is expected from such DFT calculations due to the
insufficient description of the electronic states when using
the GGA. The AInSn,S; compounds (1—3) are indirect band
gap semiconductors (Figure 3c), with the states below the
Fermi level being dominated by the In-Sp, Sn-Ss, and S-3p
states (Figure 3d). Contributions of the Sn-Sp and S-3p states
dominate the lowest states in the conduction band. The alkali
metal s-states (K-3s, Rb-4s, and Cs-Ss) have no significant
contributions to the states close to the Fermi level as they are
usually located below —8 eV.

In addition to the band structures, the effective masses of the
electrons and holes for CsInSn,S, were calculated as a
representative of these phases. Because of the 2D nature of
the crystalline structure, the effective mass also exhibits strong
anisotropic properties. For the holes, the effective mass along
a, b, and ¢ directions is, respectively, 0.30 m, 0.34 my, and 2.54
mg. The larger value along the c-axis reflects the 2D nature of
the system. For the electrons, the corresponding effective mass
along 4, b, and c¢ directions is significantly smaller at 0.06 my,
0.07 myg, and 0.47 m,, respectively. Here, the low values for
both holes and electrons in the in-plane directions are
strikingly low, especially for the electrons. This implies that
the charge carriers are expected to move with high mobilities
within the layers. Interestingly, while the holes will have poor
transport properties perpendicular to the layers because of the
very heavy mass of 2.54 m, the electron mass along the same
direction is surprisingly low at 0.47 m, and suggests an
improved and rather fast electron flow along the ¢ direction.
For the density of states (DOSs) effective mass, defined as
my*= (gz-mkx~mky~mkz)l/3, the resulting values of m,* = 0.12 m,
and m,* = 0.63 m, are within expected values for this kind of
structure. These low values indicate that these layered 2D
chalcogenides are potentially very attractive regarding their
electronic transport properties.

B CONCLUSIONS

RbInSn,Ss and CsInSn,S¢, two new quaternary 2D layered
semiconductors in the KMS family, were prepared by solid-
state synthesis and structurally characterized. They crystallize
isotypic to the previously reported KInSn,S,’ and feature
anionic layers of edge-sharing In/SnS4 octahedra. The crystal
structures of these compounds are directly related to the
layered structure of SnS, and can be derived from a fivefold
supercell of the SnS, structure by symmetry transformations.
These yellow semiconductors have indirect optical band gaps
similar to their parent structure, SnS,, and are expected to
exhibit good charge transport properties in addition to the
already demonstrated excellent ion-exchange properties of the
KMS family.
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