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ABSTRACT: Nine new chalcogenide semiconductors AInM’'Q,
(A* = K%, Rb*, Cs*, TI'; M'* = Ge*, Sn*"; Q%™ = §?7, Se?*”) have
been prepared by solid-state syntheses and structurally charac-
terized by single-crystal X-ray diffraction techniques. These new
phases fill in the missing links in these quaternary systems and
crystallize in various two-dimensional layered polymorphs, while
combinations containing large M** and M'*" cations also adopt an
extended three-dimensional (3D) network structure. The
AMM'’Q, materials exhibit a wide range of band gaps with colored
selenides (1.8 eV < E, < 2.3 eV) and mostly white sulfides (2.5 eV
<E, <36 €V). These phases have direct band gaps except for the
thallium analogues and the cubic AGaSnSe,-cP84. First-principles
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theoretical calculations of the electronic band structures reveal critical insight into the structure/property relationships of these
materials. The distinct polymorphism of these quaternary phases is studied by discussing kinetic and thermodynamic factors
responsible for the crystallization, structural considerations, and complementary density functional theory (DFT) calculations.

B INTRODUCTION

Multinary chalcogenide semiconductors are a highly interest-
ing class of materials because of their diverse optical properties.
Among these, the quaternary compounds A,MM'.Q; (A =
alkali metal, thallium; M = group 13 metal; M’ = group 14
metal; Q = chalcogen) can exhibit strong nonlinear optical
(NLO) second-harmonic generation (SHG) of noncentrosym-
metric com;)ounds like LiGaGe,Qq' ™" AJn,M'Q,° " and
TlGaSn,Qg.” "> The centrosymmetric AGaM'Q, (A = K, Rb,
Cs, TI; M’ = Si; Ge, Sn; Q = S, Se) phases have been reported
to have high nonlinear optical (NLO) third-harmonic
generation (THG) properties scaling inversely with the band
gaps following a power-law behavior."* KInSn,S; is capable of
fast ion exchange for the capture of lanthanide ions."* Among
compounds of the composition AMM'Q, (A = K, Rb, Cs, T};
M = Al; Ga, In; M’ = Si; Ge, Sn; Q = S, Se), many have been
experimentally isolated and characterized.'”~>* Most of these,
however, do not simply crystallize in just one structure type
but rather in various polymorphs with two-dimensional (2D)
layered or three-dimensional (3D) network structures.
Following our recent discovery of many new AGaM'Q, phases
and polymorphs, the present work focuses on the correspond-
ing indium phases. We successfully managed to prepare and
structurally characterize the remaining missing links of the
AMM’'Q, phases containing the heavier alkali metals
potassium, rubidium, cesium, and thallium. Furthermore, we
also managed to isolate new crystalline polymorphs of
previously reported compositions. As of this work, a total of
52 different crystalline AMM’'Q, phases have been reported
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and almost all known combinations crystallize in more than
one polymorphic modification. For this reason, we discuss this
structural variety more in depth while presenting certain trends
leading to the formation of the different polymorphs and
complementary total energy density functional theory (DFT)
calculations to study their stability. To properly distinguish
between the crystalline polymorphs, the Pearson symbol (e.g,,
-cP84, -0PS6, -aP28, etc.) is added at the end of the sum
formula as a unique identifier, as suggested by the IUPAC and
IUCr.”* This symbol indicates the crystal system, lattice
centering, and the number of atoms per unit cell, respectively.
The optical properties of the new AInM’Q, materials were also
studied using optical absorption spectroscopy as well as first-
principles quantum chemical density functional theory (DFT)
calculations. A comprehensive study of all known AMM'Q,
polymorphs to date is also presented, which revealed a wide
range of band gaps of these semiconductors, largely depending
on the combination of the elements involved. Colored
selenides absorb light in the infrared (IR)-green region (1.8
eV<E; <23 €V), while the mostly white sulfides absorb light
in the blue-ultraviolet (UV) range (2.5 eV < E, < 3.6 eV).
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B EXPERIMENTAL SECTION

Starting Materials. The commercially available elements
potassium (K, Sigma-Aldrich, 99.95%), rubidium (Rb, Alfa Aesar,
99.5%), cesium (Cs, Alfa Aesar, 99.5%), thallium (TI, Alfa Aesar,
99.99%) indium (In, Chempur, 99.999%), germanium (Ge, American
Elements, 99.99%), tin (Sn, American Elements, 99.99%), sulfur (S,
SN Plus, 99.999%), and selenium (Se, American Elements, 99.999%)
were used as purchased without further purification. Alkali metal
chalcogenides A,Q (A = K, Rb, Cs; Q = S, Se) were prepared by
reaction of the alkali metals with the respective chalcogens in liquid
ammonia.”®

Synthesis of the Title Compounds. All quaternary compounds
discussed in this work were prepared by high-temperature solid-state
reactions of stoichiometric proportions of the respective starting
materials in evacuated fused silica tubes. In a typical 1.0 g batch,
stoichiometric amounts of A,Q and other precursor materials were
weighted in a fused silica tube (inner diameter 8 mm) in a nitrogen-
filled glovebox. These tubes were evacuated to ~10~* mbar and flame-
sealed, and the 10—11 cm long tubes were placed in a programmable
furnace and annealed according to the respective heating programs.
The full details on the syntheses of compounds (1—9) and the
respective temperature programs can be found in the Supporting
Information. Phase purity and crystallinity of the solid products were
determined by X-ray powder diffraction techniques after opening of
the tubes, and all samples are single-phase solids unless stated
otherwise. Single crystals of the materials were obtained from these
batches by carefully crushing the sintered ingots/pellets obtained after
the annealing into larger chunks and checking the surfaces for crystals
under a microscope. As previously observed for the AGaM'Q, phases,
a general rule for the synthesis of AMM'Q, compounds seems that
the layered 2D polymorphs only form at high temperatures or after
cooling of a molten batch, while the 3D network compounds need to
be annealed below the melting point for an extended amount of time.
It should also be noted that all sulfides are stable in moist air, while all
selenides decompose within several minutes and release gaseous H,Se
while turning dark red and finally completely black. All selenides were
therefore stored in a glovebox and only exposed to air for a minimal
time before any characterization.

Single-Crystal X-ray Diffraction. Suitable single crystals of the
title compounds were selected under a microscope and fixed to
MiTeGen mounts using silicon grease. 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 CCD detector. The
resulting diffraction data were corrected for Lorentz and polarization
effects. Absorption was corrected by a numerical absorption
correction (based on the crystal faces) using the Bruker APEX II
software suite.”® All data sets had a completeness of 99.9% within 50°
20. The crystal structures were solved by intrinsic phasing methods
using ShelXT2018/3 and refined on F? with ShelX12018/3 using full-
matrix least-squares methods. Further details on the crystal structure
investigations may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; E-mail: crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-2077324 for RbInSnSe,-cP84 (1),
CSD-2077323 for CsInSnSe,-cP84 (2), CSD-2077327 for RbInGeS,-
oP56 (3), CSD-2077328 for RbInGeSe, (4), CSD-2077322 for
CsInSnS,-0P56 (5), CSD-2077321 for CsInSnSe,-0P56 (6), CSD-
2077329 for KInGeSe, (7), CSD-2077326 for RbInSnSe,-mP56 (8),
and CSD-2077325 for TlInGeSe, (9).

The AInM’Q, compounds in this work have a mixed occupation of
In** and M’# on all respective cation sites. The ideal ratio of In®t/
M'** has to be 1:1 for a charge-balanced AInM’'Q, compound.
Consequently, all initial structure refinements were performed with
the assumption of an ideal equal occupancy of In® and Ge** or Sn**.
The initial refinements of the cubic network structures with only one
In**/M* cation site and the In**/Sn** compounds converged with
good R values and low electron density maxima on the difference
Fourier map. This was to be expected as In** and Sn*" cannot be
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distinguished using conventional single-crystal X-ray diffraction
techniques. The initial refinements of the mixed In®*/Ge**
compounds, however, converged with larger R values and large
electron density maxima on the difference Fourier map. This
indicated a preferred occupation of the cation sites with In** and
Ge*, respectively. This mixed occupation was treated by freely
refining the occupation factors of the cation sites, and all resulting
structure models converged with a total In*/M* ratio of 1:1. All
mixed In/Sn*" sites still converged with marginal differences to the
ideal composition, so the sites in these compounds were fixed at 50%
occupancy for both cations. The mixed In®*/Ge*" structures were
refined with the least amount of restrictions possible, only using free
variables for each site. All refinements converged with an ideal 1:1
ratio of In** and Ge** and a full occupancy of the A* and Q*” sites,
thus not requiring additional constraints like a SUMP command for
charge balance.

The layered compounds AMM'Q,-mPS6 are very prone to stacking
disorders resulting in twinned crystals. This appears to be an intrinsic
phenomenon as all investigated crystals showed minor to severe signs
of twinning. In the compounds KInGeSe, and RbInSnSe,-mPS6,
significantly better solutions could be obtained by introducing a twin
domain with a twin fraction of about 3%. These twin matrices were
obtained with the TwinRotMat program of the PLATON software
package.”” The compound TlInGeSe, crystallizing in the same
structure type, showed the most severe twinning of all our investigated
gallium and indium AMM'Q, phases. This is likely a result of the
structure combined with additional disorder being introduced by the
TI" lone pair. As only severely twinned crystals of the phase could be
obtained, the structure was solved from a well-ordered non-
merohedrally twinned crystal with two twin domains and a twin
fraction of 35%. Figure S8 shows reconstructed hkl planes as well as
the axes of both twin domains of the measured crystal. The twinning
matrix of the two domains was determined using the Cell Now
program of the Bruker APEX II software suite.”® Indexation and a
twin absorption correction were performed by using the programs
SAINT?® in twinning mode and the TWINABS® program of the
Bruker APEX II software suite.”® The structure was solved from the
prepared hklfS file by intrinsic phasing methods using ShelXT2018/
3°" and refined on F* with ShelXL2018/3* using full-matrix least-
squares methods, and the resulting structure model converged with
significantly better R values. Calculations of the volumes of the
tetrahedra were performed with the program IVTON.*

Density Functional Theory (DFT) Calculations. DFT calcu-
lations within the generalized gradient approximation (GGA) were
used to calculate the electronic structures of the title compounds. The
Perdew—Burke—Ernzerhof exchange—correlation functional with
projector-augmented wave potentials was applied to all calculations.**
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 dense k-mesh, corresponding to 4000 k-points
per reciprocal atom in the Brillouin zone, and a basis set energy cutoff
of 500 V. To find proper structure models for the mixed Ga**/M'**
occupation, the lowest-energy configuration was chosen from a vast
number of geometrically distinct Ga**/M'* possibilities. For the 10
structures with the lowest electrostatic energies, further DFT
calculations were performed to identify the most favorable (lowest-
energy) configuration.

B RESULTS AND DISCUSSION

Crystal Structures. Most of the known AInM'Q, (A = K,
Rb, Cs, TI; M’ = Ge, Sn; Q = S, Se)'™'” and AGaSnQ, (A =K,
Rb, Cs, Tl; Q = S, Se)'*'® crystallize in a 3D network structure
in the cubic space group Pa3 (No. 205) with a unit cell
parameter of a & 13 A. The network structure found in these
compounds is identical to the ternary phase BaGa,S,;*
however, half of the Ga®* cations in the structure are replaced
by M'*" (M’ = Ge, Sn) cations, thus allowing only monovalent
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A* (A = alkali metal, TI) cations for a charge-balanced
structure. Basic crystallographic data for AInSnSe,-cP84 (A =
Rb, Cs) (1, 2) can be found in Table 1. The full details of the
data collections, structure refinements, and interatomic
distances can be found in the Supporting Information (Tables
S1-S8).

Table 1. Crystallographic Data” of the Cubic Network
AlnSnSe,-cP84 Compounds

RbInSnSe,-cP84 (1) CsInSnSe,-cP84 (2)

space group Pa3 (No. 205)

a/A 13.9728(1) 14.1932(3)
V/A3 2728.04(6) 2859.2(2)
z 12
Peaca/g-cm™ 4.637 4.755
u#(Mo-K,)/mm™" 26.516 23.990
T/°C 20
Ryu R, 0.0571, 0.0152 0.0525, 0.0118

R, wR, [I > 306(I)]

R,, WR, [all data]

APy AP/ AT
“The full details of the data collection and structural refinement can
be found in the Supporting Information.

0.0128, 0.0276
0.0148, 0.0284
—0.428, 0.462

0.0130, 0.0274
0.0139, 0.0277
—0.548, 0.701

The 3D network structure of these phases is composed of
solely corner-sharing (In/Sn)Se, tetrahedra. For a better
description, the extended structure can be regarded as stacked
layers connected by common chalcogenide anions. A single
layer is composed of corner-sharing (In/Sn);Se, tetrahedra
triplets linked to four other building blocks by common
corners. One such layer in the bc plane with atoms in the
crystallographic a direction ranging from 0 < x <0.5 is shown
in Figure la. It should be noted that these directions can be
exchanged accordingly as the structure crystallizes in a cubic
centrosymmetric space group. The connection between these
layers is realized by condensation of the two unconnected
corners of one (In/Sn);Se, building block, each linking to one

Figure 1. Crystal structure of the cubic 3D network structure showing
(a) a section of one corner-sharing layer in the bc plane; (b) the
extended structure when viewed along (010) with two layers
highlighted by different shades of blue; and (c) the network structure
viewed along (111).
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adjacent layer, thus forming the J [InSnSe, ] network (Figure
1b,c).

The In* and Sn** cations occupy one mixed 24d site with
50% occupation of each cation in this structure type. The
distances d(In/Sn—Se) in both compounds AInSnSe,-cP84 (A
= Rb, Cs) (1, 2) are almost identical in the range from
2.533(1) A < d(In/Sn—Se) < 2.552(1) A. The angles in these
tetrahedra do not differ too much from the ideal tetrahedron
angle of 109.5°. The A" cations are located on two
crystallographically independent sites in the cavities of the
anionic network. The higher-symmetry 4a site located in the
origin of the unit cell is coordinated by 12 Se*” anions in a
slightly distorted cuboctahedral environment with two unique
distances of d(Rb—Se) = 3.858(1) A and 3.885(1) A and
d(Cs—Se) = 3.917(1) A and 4.028(1) A. The lower-symmetry
8c site is 6-fold-coordinated by Se*” in a distorted octahedral
coordination. Two distances observed in these octahedral are
slightly smaller with values of d(Rb—Se) = 3.469(1) A and
3.634(1) A and d(Cs—Se) = 3.619(1) and 3.792(1) A. Within
a sphere of 4.2 A, three additional Se?*~ anions can be found.
The observed interatomic distances are in good agreement
with other related phases and the sum of the ionic radii d(In—
Se) = 2.60 A, d(Sn—Se) = 2.53 A, d(RbSe) ~ 3.6 A, and
d(Cs—Se) ~ 3.8 A.*” The ability of this ternary cubic BaGa,S,
structure type to accommodate isoelectronic but not isovalent
elements in mixed occupation on a single crystallographic site
to give the quaternary phases is a testament to its high stability.
It has the potential to provide a large expansion in composition
space by the elaboration of many possible isoelectronic
substitutions. The previously reported quaternary isostructural
phase $-K,ZnSn;S; involving divalent and tetravalent atoms is
consistent with this expectation.®®

In addition to these 3D structures, other layered 2D
AInM’'Q, phases and lower-symmetry polymorphs of
RbInSnSe, and CsInSnSe, could also be isolated and
structurally characterized. These layered structures are similar
to the analogous AGaM’'Q, (A = K, Rb, Cs, TI; M'= Ge, Sn; Q
=S, Se) and related indium phases.'*~>**’ The new AInM'Q,
phases (3—9) crystallize in the two most common layered
structure types observed for AMM'Q, phases, which are
structurally related to GeS,-mP28,"" the high-temperature
modification of GeS,, but show a slightly different connectivity
of the atoms. This relationship was discussed in more detail in
our work on the gallium compounds,”® and only the relevant
structures will be discussed in this section. Basic crystallo-
graphic data for the new AInM’Se,-0P56 (3—6) and
AInM’Se,-mP56 phases (7—9) can be found in Table 2. The
full details of the data collections, structure refinements, and
interatomic distances can be found in the Supporting
Information (Tables S9—S36).

The phases AInM'Q,-0P56 (A = Rb, Cs; M’ = Ge, Sn; Q =
S, Se) (3—6) crystallize in a 2D-layered structure in the
orthorhombic space group Pnma (No. 62). The same structure
was also reported for the analogous AMM’'Q, compounds
CsInGeQ, (Q = S, Se)'™"” and a series of AGaM'Q,
compounds.'”* The anionic layers found in these structures
are composed of edge- and corner-sharing (In/M’)Q,
tetrahedra. For a better description, these layers can be
regarded as corner-sharing tetrahedra chains, linked by edge-
sharing (In/M'),Qy double tetrahedra units perpendicular to
the chain direction. Each of these linkers is connected to two
consecutive tetrahedra in the chains by four common corners
(Figure 2). For reasons of consistency, the cation sites in the

https://doi.org/10.1021/acs.chemmater.1c02211
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Table 2. Crystallographic Data® of the Orthorhombic and Monoclinic Layered AInM’'Q4 Compounds

RbInGeS,-0P56 CsInSnS,-0PS6

3) RbInGeSe, (4) (5)
space group Pnma (No. 62)
a/A 17.3315(4) 17.9948(6) 18.0138(4)
b/A 7.3884(2) 7.6908(3) 7.6238(2)
c/A 12.2463(3) 12.6003(6) 12.4332(3)
f/deg 90 90 90
V/A3 1568.16(7) 1743.8(1) 1707.50(7)
Z 8 8 8
Peaca/g-cm™ 3.386 4.475 3.848
#(Mo-K,)/mm™" 13.836 28.190 10.705
T/°C

R,y R, 0.0506, 0.0239  0.0491, 0.0227  0.0537, 0.0212

Ry, wR, [I > 30(I)]
R, wR, [all data]

0.0210, 0.0473
0.0244, 0.0498

0.0313, 0.0613
0.0397, 0.0650

0.0259, 0.0624
0.0296, 0.0640

CsInSnSe,-0P56 RbInSnSe,-mPS6
(8)

(6) KInGeSe, (7) TIInGeSe, (9)
P2,/c (No. 14)
18.6650(5) 7.6108(3) 7.8104(2) 7.586(1)
7.8976(2) 12.4473(6) 12.6533(2) 12.134(1)
12.7340(4) 18.0896(8) 18.7062(5) 18.023(1)
90 97.238(4) 96.297(3) 96.037(6)
1877.10(9) 1700.0(1) 1837.52(8) 1649.8(2)
8 8 8 8
4.828 4.239 4.589 5.653
24.361 23.700 26.244 42.739
20
0.0499, 0.0202 0.0534, 0.0308 0.0504, 0.0340 0.0499

0.0219, 0.0529
0.0237, 0.0541

0.0535, 0.1528
0.0692, 0.1641

0.0307, 0.0775
0.0366, 0.0825

0.0525, 0.1098
0.0749, 0.1222

APy Apon/eA™>  —0623,0776  —0.881,1.032  —0922, 1.078 —1.295,1.474 —1.898, 1.311 —1.205, 1.308 —2.289, 3.728
“The full details of the data collection and structural refinement can be found in the Supporting Information.
4 »
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Figure 2. Crystal structures of the layered phases AMM'Q,-0P56 (left) and AMM'Q,-mP56 (right) showing (a, c) the connectivity of the
polyhedral and atoms viewed perpendicular to the layers and (b, d) the unit cells of these phases viewed along the anionic layers.

(In/M'),Qg linkers will be referred to as In/M’1 and In/M'2,
and the sites forming the corner-sharing tetrahedra chain will
be labeled In/M’3 (site labels can also be found in Figure 2),
analogous to our reported gallium compounds. The resulting
layers in the structure run along the ab plane. The In*" and
M'** cations occupy three crystallographically independent
sites, with In/M’1 and In/M'2 on special sites forming the
(In/M’),Q, linkers and the In/M'3 site solely forming the
linear chains (for site labels, see Figure 2).

The distances d(In/M’-Q) in the tetrahedra vary with the
differing connectivity of the tetrahedra among each other. Due
to the connection to four adjacent tetrahedra solely by
common edges, the distances in the In/M'3 are slightly longer
with mean values of d(In/Ge—S) = 2.364(1)A, d(In/Sn—S) =
2.434(1) A, d(In/Ge—Se) = 2.513(1) A, and d(In/Sn—Se) =
2.541(1) A. The distances d(In/M’'1-Q) and d(In/M'2-Q) in
the corner-sharing tetrahedra are slightly shorter with mean
values of d(In/Ge—S) = 2.276(1)A, d(In/Sn—S) = 2.413(1) A,
d(In/Ge—Se) =2.405(1) A, and d(In/Sn—Se) = 2.561(1) A
due to the difference in connectivity and each tetrahedron only
being connected to three adjacent tetrahedra. Interestingly, the
difference in the bond distances is significantly larger in the In/
Ge compounds compared to that in the In/Sn compounds.
This likely results from the preferred occupation of the In/M’1
and In/M’2 sites with more M’'*" cations, which will be
discussed in more detail in the next section. As a consequence
of the differing connectivity, the distances d(In/M’'—In/M’)
are also shorter in the edge-sharing linkers and longer in the
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solely corner-sharing tetrahedra chains. The A* cations (A =
Rb, Cs) are found in the voids in between these anionic layers
and occupy two crystallographically independent sites. Both
these sites are 9-fold-coordinated by the chalcogenide anions
within a sphere of 4.2 A, and the resulting polyhedral cannot
be attributed to a regular coordination polyhedron. The mean
values of the distances d(A-Q) are d(Rb—S) = 3.696(1) A,
d(Cs—S) = 3.819(1) A, d(Rb—Se) = 3.816(1) A, and d(Cs—
Se) =3.929(1) A.

The phases AInM'Se,-mP56 (A = Rb, Cs, TI; M’ = Ge, Sn)
(7-9) crystallize in a 2D-layered structure in the monoclinic
space group P2,/c (No. 14). The same structure was also
reported for KInSnSe,,' KGaSnSe,’® RbGaSnSe,-mP56,,°
and a series of AGaM'Q, compounds.'”*’ This structure
features anionic layers with identical connectivity to the
previously discussed AMM'Q,-0PS6 phases; however, due to
the reduced symmetry, the corner-sharing chains in these
polymorphs are formed by two common crystallographic sites
In/M’3 and In/M'4, rather than one special site (Figure 2).
The decreased symmetry of the structure results in the layers
becoming slightly distorted compared to the perfectly straight
layers in the orthorhombic polymorphs (Figure 2). Similar to
the orthorhombic, layered phases, the distances d(In/M’—Se)
are longer in the double tetrahedra linkers, with mean values of
d(In/Ge—Se) = 2.502(1) A and d(In/Sn—Se) = 2.559(1) A,
compared to those of d(In/Ge—Se) = 2.412(1) A and d(In/
Sn—Se) = 2.542(1) A in the edge-sharing tetrahedra. These
distances interestingly do not differ significantly from the

https://doi.org/10.1021/acs.chemmater.1c02211
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AMM'Qy4-0P56 phases, and minor differences can be attributed
to the different A* cations. Just like in the orthorhombic
polymorphs, however, larger differences for the distances d(In/
M'-Q) are observed in the In/Ge phases due to the preferred
occupation of the cations, which will be discussed in the next
section. In these monoclinic polymorphs, the A" cations also
occupy two crystallographically independent sites. These sites
are still 9-fold-coordinated by the chalcogenide anions within a
sphere of 4.2 A; however, the coordination is more akin to a 7
+ 2-fold coordination with seven shorter distances d(A-Q) < 4
A and two slightly longer distances 4 A < d(A-Q) < 4.2 A. The
mean values of the distances d(A-Q) with values of d(K—Se) =
3.580(1) A, d(Tl-Se) = 3.561(1) A, and d(Rb-Se) =
3.705(1) A are slightly shorter than in the orthorhombic
polymorphs due to the slight change in the coordination.

Mixed Occupation of M** and M’#*. A problem during
the refinement of the crystal structures of the new AInM’'Q,
compounds was the occupation of the mixed cation sites with
In* and Ge* or Sn*'. Like in the Ga/Ge phases, it is not
possible to properly distinguish In** and Sn*" using conven-
tional X-ray diffraction techniques. Similar to our previously
reported Ga/Ge phases, all occupation factors in the In/Sn
compounds converged with an almost exact ratio of 1:1 and
were therefore fixed to this ideal ratio. In the In**/Ge*" phases,
the cations are not evenly distributed but prefer to occupy
specific sites. Out of the sites that make up the anionic layers,
the In/Gel and In/Ge2 sites and the In/Ge3 (and In/Ge4
sites in the monoclinic structures) basically have the same
environment and connectivity, respectively. In general, the
edge-sharing In/Gel and In/Ge2 tetrahedral sites are
preferably occupied by the M'** cations, while the M>* cations
mostly occupy the corner-sharing In/Ge3 (and In/Ge4) site.
Interestingly, for all four new compounds, almost identical
values for the In*" and Ge* occupation are observed, with
~75% In>* on the In/Ge3 and In/Ge4 sites, 80% Ge*" on the
In/Gel, and 60% Ge* on the In/Ge2. This difference in the
occupation factors is also reflected in the bond lengths and
volumes of the M/M'Q, tetrahedra of all layered AMM'Q,
polymorphs, so this can be considered an intrinsic phenom-
enon for these layered phases. The average tetrahedra volumes,
however, are very similar for a given combination of main
group metals and chalcogens (Table S37).

Polymorphism and Stability of AMM’'Q, Compounds.
One fascinating fact about the AMM'Q, (A = Na, K, Rb, Cs,
TL; M = Ga, In; M’ = Ge, Sn; Q = S, Se) is that almost all
compositions crystallize in more than one structure type. This
polymorphism results, e.g., in one given compound crystalliz-
ing in a 3D network structure or a 2D-layered structure. Even
among the phases crystallizing solely in layered structure types,
different structures (i.e., crystal symmetry) can be observed. As
of this work, at least one crystalline structure of all possible
combinations AMM'Q, (A = K, Rb, Cs, TI; M = Ga, In; M’ =
Ge, Sn; Q = S, Se) has been reported. For the 32 different
element combinations, a total of 52 different polymorphs have
been reported. The only exceptions are TIInSnQ, (Q =S, Se),
which rather form various solid solutions of Sn** in layered
TIInQ, (TlGaSe, structure type).*'~* A similar situation has
been reported for TlInGeSe,.”* However, we still managed to
isolate a quaternary phase from several batches. It should be
noted, however, that these batches always contained small
impurities of GeSe,, indicating that the formation of such
stable quaternary thallium phases becomes more difficult as the
atomic radii of the involved elements become larger. Figure 3
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shows a schematic overview of all known quaternary AMM'Q,
phases with the different polymorphs observed in each case.

Li Na

GaGeS,

GaGeSe,

GaSnS,

GaSnSe,

InGeS,

InGeSe,

InSnSe,

B AMM Q,-cP84
B AMMQ,-mP28

B AMM Q,-0P56
B AMM Q,-aP28

B AMM'Q,-mP56
[ other

Figure 3. Schematic overview of all known AMM'Q, compounds
sorted by the A" cation size. The individual polymorphs are color-
coded: AMM'Q,-cP84 (red), AMM'Q,-0P56 (blue), AMM'Q,-mP56
(green), AMM’'Q,-aP28 (orange), AMM'Q,-mP28 (purple),
AMM'Q,-cP84 (red), and other (gray). Metastable quaternary phases
obtained from ion-exchange reactions are excluded.

Most of the structure types observed for the AMM'Q,
phases are two-dimensional; among them, the four most
prominent are AMM’'Q,-0P56, AMM’'Q,-mP56, AMM'Q,-
mP28, and AMM’Q,-aP28 polymorphs. For larger M*" and
M'* cations, 3D network polymorphs AMM'Q,-cP84 can also
be observed. Due to this vast variety of structures, it is
desirable to find certain trends to help better understand this
structural variety, which could also be applied to other related
systems. For this reason, we looked at thermodynamic/kinetic
factors leading to the formation of certain polymorphs as well
as geometrical considerations and theoretical DFT calculations
for the stability of the individual phases.

One major example of the polymorphism of the AMM'Q,
phases is the occurrence of the 3D network polymorphs
AMM' Q,4-cP84. At first glance, it is apparent that this structure
is only favored for larger M** and M'*" cations as at least one
element from the fifth row of the periodic table must be
present for this structure to be realized as no Ga/Ge phase
could be isolated. The A" cation appears to have no significant
influence on the formation of these 3D network phases as they
usually are observed for all A* cations for a given combination
of M**/M'**. Curiously, no AlnGeSe,-cP84 phase could be
isolated either, despite all respective sulfides crystallizing in this
structure type. This is likely a result of the large difference in
the ionic radii of In** and Ge*" of 43%, which is considerably
larger than the difference of ~10% observed for all other
combinations.”” Apparently, the 3D network structure cannot
be stabilized if there is a too large difference in the involved
tetrahedra cations and a softer, more polarizable selenide
environment, favoring other lower-symmetry polymorphs.
These cubic 3D structures rarely are the only crystalline
polymorph observed for a given element combination and only
reproducibly form if a mixture is annealed for an extended
amount of time below the melting point. This makes these
polymorphs the thermodynamically controlled crystallization
product in these systems.

https://doi.org/10.1021/acs.chemmater.1c02211
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Figure 5. Birnighausen trees showing the symmetry relations of the layered phases

AMM'Q,-aP28.

AMM'Q,-0P56, AMM'Q,-mP56, AMM'Q,-mP28, and

Melting of a quaternary mixture during the heat treatment
and subsequent (slow) cooling of the batch lead to the
crystallization of 2D-layered polymorphs rather than the 3D
network structure. These layered phases are a kinetic
crystallization product rather than the most thermodynamically
stable structure. Besides the two layered polymorphs
AMM'Q,-0P56 and AMM'Q,-mPS6, which were already
discussed for some of our newly characterized indium
compounds, two additional layered phases, monoclinic
AMM'Q,-mP28 and triclinic AMM'Q,-aP28, are also known.
For these two polymorphs, however, significantly fewer
examples with seemingly nonobvious trends have been
reported.' ' Figure 4 shows a comparison of the anionic
layers observed in the four predominant layered polymorphs of
the AMM’'Q, compounds.

The four predominant layered structures of the AMM'Q,
compounds are all related to the structure of the layered high-
temperature modification of GeS, (GeS,-mP48 using the
Pearson symbol).*” Substitution of half of the M'** cations
with trivalent group 13 M*" cations results in anionic layer
2 [MM’'Q, "] with alkali metal countercations filling the voids
in between the anionic layers to preserve charge balance. As
discussed in the crystal structure part of this work, all of these
layers are composed of condensed corner-sharing tetrahedra
chains linked by edge-sharing Ge,S4 double tetrahedra units
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perpendicular to the chain direction, with each linker being
connected to two consecutive tetrahedra in the chain by four
common corners. The connectivity of the atoms in a layer is
identical in GeS,-mP48 and the AMM’'Q,-mP28 and
AMM'Q,-aP28 polymorphs. In AMM'Q,-mP56 and
AMM'Qy-0P56, a slight change in the connectivity in the
anionic layers occurs, with the linkers no longer being
staggered like in GeS,-mP48 but perfectly aligned along a
crystallographic axis. Monoclinic AMM'Q,-mP56 can be
considered a disordered version of orthorhombic AMM'Q,-
0P56, with the atoms in the corner-sharing chains being slightly
displaced resulting in a slightly distorted look.

A look at our overview in Figure 3 reveals a clear trend for
the two more prominent layered polymorphs AMM'Q,-mPS6
and AMM'Qg-0P56. The monoclinic structure is mostly
favored for smaller A" cations, while the orthorhombic
structure is mostly formed in compounds featuring large A"
cations. Furthermore, the disorder seems to be induced by the
different sizes of the M®>* and M'** cations, which can be seen
from the structure solutions of Ga/Sn and In/Ge compounds,
which revealed that the M** cations preferably occupy the sites
of the corner-sharing chain, while the M'*" cations preferably
occupy the edge-sharing double tetrahedra linkers.

These observations indicate that the larger, more polarizable,
softer A* cations in the voids between the anionic layers can

https://doi.org/10.1021/acs.chemmater.1c02211
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compensate for this disorder, while the smaller, harder A"
cations are unable to compensate for this disorder. This effect
leads to all cesium compounds crystallizing in the ortho-
rhombic AMM'Q-0P56 and all potassium compounds
crystallizing in the monoclinic AMM’'Qg-mP56 structure
type. For the rubidium and thallium phases, compounds
containing tin favor the orthorhombic structure, while
germanium compounds crystallize in the monoclinic structure.
Liu et al. proposed a structure factor F = r(M**) + r(M'**) +
2r(Q*7) — 2r(A*), an equation of the ionic radii of the
elements for the AGaSnS, (A = Rb, Cs) compounds.* If the
value F for a given combination is larger than 1.6 A, the
compound will crystallize in the orthorhombic structure, while
F < 1.6 A will result in the monoclinic structure type. This
equation holds true for some other AMM'Q, combinations;
however, it shows many exceptions.

The equation F = [r(M*) + r(M'*) + r(Q*)]/r(AY)
provides significantly better predictions whether a combination
will result in the monoclinic or orthorhombic structure.
Furthermore, using the ionic radii rather than the crystal radii
results in values more in line with experimental results.”” The
observed threshold value of F is 1.85. Combinations with
values above this threshold crystallize in the AMM'Q,-mP56
structure and those below 1.85 crystallize in the AMM'Q,-
0P56 structure type. All of these calculated values can be found
in the Supporting Information in Table S39. Using this
equation for the AMM’Q,-cP84 phases results in a broad range
of values for F, so this equation can only be used for these
layered phases. The same applies to the other layered
polymorphs.

As previously stated, only few examples of AMM'Q,-mP28
and AMM’Q,-aP28 polymorphs are known, ie., KGaGeS,(-
mP28), CsGaGeS,-mP28, CsGaGeS,-aP28, KGaSnS,-aP28,
and KInGeS,-aP28. At first glance, it might appear that these
low-symmetry structures are more favored for the smaller K*
cation. Our discovery of the polymorphs of CsGaGeS,,
however, indicates that this is not the case or only very
specific combinations of these elements can form these stable
polymorphs. While CsGaGeS,-mP28 crystallizes isotypic to its
potassium counterparts, a strong distortion of the anionic
2[GaGeS, ] layers is observed in CsGaGeS,-aP28, giving
these layers a “wavy” look when viewed perpendicular to the
layer. This change can possibly be attributed to the larger Cs*
cations requiring more space in between the layers, thus
leading to this distortion.

A closer look at the structures of all layered phases revealed
that these similar phases are also closely related crystallo-
graphically. Figure S shows the so-called Birnighausen trees,*’
explaining the symmetry relations between AMM'Qy-0P56 and
AMM'Q,-mP56 as well as AMM'Q,-mP28 and AMM'Q,-
aP28. Using symmetry relations of the respective space groups,
the atomic sites in AMM’'Q,-0P56 can be converted to the
sites observed in AMM'Q,-mP56 by applying the matrix
transformation (0 1 0,00 1, 1 0 0) and subsequent splitting of
each of the three 8d Wyckoff sites into two 4e sites. Similarly,
the structure of AMM'Q,-mP28 can be converted by first
transforming the structure to P112,/a, an alternate setting of
P12,/cl, and subsequent splitting of each 4e Wyckoft site into
two 2i sites, resulting in the triclinic structure of AMM'Q,-
aP28. Smaller differences of the actual atomic coordinates can
be attributed to different elements in these structures and the
increasing degree of deformation in the layers with decreasing
symmetry. It should be noted, however, that a direct
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conversion of the structure of AMM'Q,-mP56 to AMM'Q,-
mP28 is not possible as the necessary unit cell enlargement is
not allowed without breaking the symmetry of P2,/c. This is
not too surprising as the connectivity in the anionic layers of
these phases slightly differs.

For the lighter alkali metal cations, no quaternary phases
besides LilnSnS,,"* crystallizing in the spinel structure, one-
dimensional tetragonal KGaSnSe, with SiS,-type edge-sharing
chains,”” and a series of isotypic AInSnS, phases (A = Na, K)
have been reported.'® The structure of these layered phases is
not related to the GeS, structure but rather the layered SnS,
structure comprised edge-sharing SnSs octahedra. In these
hexagonal AInSnS, phases, half of the Sn*" cations in the
octahedra are substituted by In** and the A* cations are
located between the Z[InSnS,”] layers to ensure charge-
balanced phases. Due to the nature of these layered phases, ion
exchange of the A" cations in solutions is possible, and
therefore, otherwise inaccessible isotypic phases of the heavier
A" cations Rb*, Cs*, and TI" can be obtained postsyntheti-
cally." To this date, this approach appears to be the only way
to prepare T1,In,Sn Q, phases related to the title compounds,
as solid-state reactions of the same stoichiometry always
resulted in mixtures of SnQ, and solid solutions
Tl,_,In,_,Sn,Q,.*' =** This structure type is limited to In/
Sn phases, a result of the similar ionic radii of In*" and Sn*'.

Electronic Structure Calculations, Phase Stability,
and Optical Properties. Complementary DFT calculations
used to predict the most stable quaternary AMM'Q,
polymorphs were also performed. The mixed M**/M'** site
was modeled for a vast number of distinct possibilities, and the
most favorable (lowest-energy) configuration was identified
from the 10 structures with the lowest energies. Calculations of
the relative stability of the five most common AMM'Q,
polymorphs (-cP84, -0PS6, -mPS6, -mP28, and -aP28) should
reveal the thermodynamically most stable polymorph for a
given element combination. The calculations provide more
insight to develop a potential tool to predict the not-yet-
isolated polymorphs. Table S40 lists the values obtained from
the total energy calculations of all element combinations for
these five most common polymorphs. Figure 6 shows a plot of
the total energies for all element combinations for the different
polymorphs.

In all cases, the total energy calculations reveal one
experimentally isolated phase as the most stable polymorph.
In most cases, the thermodynamic crystallization product is
also the lowest-energy structure or only marginally less stable.
The calculations correctly predict the 3D network structure
AMM'Q,-cP84 as the lowest-energy structure in most cases
but also correctly identify layered phases as more stable for
CsGaSnSe,, AGaGeQy, and AInGeSe,. In quaternary systems
with a thermodynamic 3D network structure and a kinetic
layered polymorph, the correct experimentally isolated layered
phase is usually predicted to be the second lowest-energy
structure. For CsGaGeS,, the orthorhombic polymorph
CsGaGeS,-0P56 is also identified as the thermodynamic
product, while the lower-symmetry polymorphs CsGaGeS,-
mP28 and CsGaGeS,-aP28 are only predicted to be slightly
less stable. While the total energies for the polymorphs are all
relatively close, the monoclinic layered phases AMM'Q, are
always calculated to have much higher total energies than all
other polymorphs. This behavior appears to be a systematic
issue for these calculations. All in all, the experimental results
prove that the performed total energy calculations can

https://doi.org/10.1021/acs.chemmater.1c02211
Chem. Mater. 2021, 33, 6572—6583
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Figure 6. Plot of the total energies of different polymorphs for all
AMM'Q, combinations. The values are normalized to the lowest
value for each composition. Experimentally isolated polymorphs are
represented by open circles. The values for AMM'Q,-mPS6
polymorphs are at higher values (10 eV/formula unit and above)
and are therefore excluded from this graph unless the polymorph is
experimentally confirmed. For the gallium compounds, no -cP84
values are shown as there is no experimental proof of any gallium
phase crystallizing in this structure type.

accurately determine stable polymorphs in complex systems
and are a valuable tool for the targeted discovery of new phases
in seemingly well-examined systems.

The optical absorption data for compounds 1—9 and the
determined band gaps are shown in Figure S9 in the
Supporting Information. Figure 7 shows an overview of the
trends of the optical absorption edges observed for different
element combinations for the layered and cubic phases. Band
structure plots of the most important structure types and
combinations are shown in Figure 8. Similar to our reported
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Figure 7. UV/vis absorption spectra of selected layered (a) and cubic
network (b) AMM'Q, phases showing the diversity of optical band
gaps varying with the element combinations. The experimental band-
gap values are given in the legends.
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Figure 8. Band structure plots of selected AMM'Q, phases. Layered
phases are listed on the left side (a—c), and 3D network phases are
listed on the right side (d—f). The band-gap types direct (d) and

indirect (i) are also indicated.

gallium compounds and related AMM'Q, semiconductors, a
clear trend for the band gaps of the respective sulfides and
selenides can be observed. The selenides have significantly
smaller band gaps (1.5 eV < E; < 2.6 eV) than the sulfides (2.3
eV < E; < 3.6 eV). For a comprehensive overview, all
experlmentally determined band gaps of AMM'Q, semi-
conductor polymorphs reported to date are listed in Table 3.
Missing and questionable band-gap data were remeasured for
confirmation and the sake of completeness (Figure S10). A
table of the band gaps sorted by their values can be found in
the Supporting Information (Table S41).

For the alkali metal compounds, only marginal differences in
the reported band-gap values are observed for a given structure
type and element combination. Substitution of the alkali metal
A" does not significantly influence the band-gap values, which
is consistent with the fact that the alkali metal states do not
contribute to the states close to the Fermi level in these and
related compounds.”*”'"'3** However, a red shift of the
band gaps for the thallium sulfide compounds, compared to
that for their alkali metal counterparts, can be observed, which
likely results from the contributions of the electronic states of
the T1" lone pair and empty p-states leading to a shrinking of
the band gaps.

To gain further insight into the electronic structures of these
solids, complementary DFT calculations were performed. As
noticed for the respective gallium compounds that the
electronic structures are not affected by the alkali metal
substitution for a given structure type, only one representative
of an alkali metal compound for a given structure was
calculated. The band structures and density of states (DOS)
for these compounds can be found in the Supporting

https://doi.org/10.1021/acs.chemmater.1c02211
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Table 3. Optical Band-Gap Values E,/eV of All Compounds
1-9 and All Other AMM’Q, Semiconductor Polymorphs
Reported to Date”

band gap band gap
compound  type E,/eV compound type E/eV
KGaSnS - d 260" KInGeS,-aP28 d 334"
aP28
CsGaGeS,- d 301°
aP28
KInGeSe, (7) d 232¢
KGaGeS,- d 356" TIInGeSe, (9) i 193"
mP28
CsGaGeS,- d no data KInSnSe,-mP56 d 180"
mP28
RbInSnSe,- d 218"
mP56 (8)
KGaGeSe, d 2327
TIGaSnS,- i 2.50"? TlInGeS,-0P56 i 2097
mP56 2.30'%%
RbGaSnS,- d 296" RbInGeS,-oP56  d  3.33°
mP56 3)
KGaSnSe,- d 173" CsInGeS,-0P56 d 295"
mP56 323"
TIGaSnSe, i 1.95" RbInGeSe, (4) d 22°
mPS6
RbGaSnSe,- d 2.60" CsInGeSe, d 237
mPS6
RbInSnS,-0P56 d 24"
TIGaGeS, d 271" CsInSnS,-0P56 d 292°
(%)
RbGaGeS, d 326" CsInSnSe,0P56  d 215"
(6)
CsGaGeS,- d 318"
oP36
TIGaGeSe, i 221" KInGeS,-cP84 d 3107
CsGaGeSe, d 214" TlInGeS,,-cP84 i 2307
CsGaSnS,- d  3.07%% RbInGeS,-cP84 d 310"
oPS6
CsGaSnSe, d 197" CsInGeS,-cP84 d 310
RbInSnS,-cP84 d 27"
KGaSnS, i 2.10"* CsInSnS,-cP84 d 29"
P84
TIGaSnS,- i 2.50" KInSnSe,-cP84 d 149"
P84
RbGaSnS,- d 298" RbInSnSe,cP84 d  2.10°
P84 (1)
CsGaSnS,- d  3.00%'%%  CsInSnSe,cP84 d  2.02°
P84 (2)
KGaSnSe,- i 2.10"
P84
TIlGaSnSe,- i 1.84"
P84
RbGaSnSe,- i 1.88"
cP84

“These values are sorted by the respective structure types for gallium
(left column) and indium compounds (right column). The band-gap
type (direct or indirect) and respective references are also given for
each compound. bMissing or uncertain data remeasured for this work,
which can be found in the Supporting Information.

Information (Figures S11—S22). These calculations, our
previously reported calculations for the gallium compounds,'”
and other DFT calculations performed on these com-
pounds" ! 135 are very consistent and revealed that all
of the quaternary AMM’'Q, phases are semiconductors.
Differences between the experimental and calculated band-
gap values may result from a different M/M’ disorder used for
the calculations compared to those of the real compounds.

Furthermore, the calculated band-gap values usually under-
estimate the band gaps due to the insufficient description of
the electronic states when using the GGA approximation. The
states below the Fermi level in the AMM'Q, phases are always
dominated by the p-states of the respective chalcogens (S 3p,
Se 4p) and the group 13 metals (Ga 4p, In Sp). For the
thallium compounds, the TI-6s lone-pair states also contribute
to the highest states of the valence band. The alkali metal states
s-states do not contribute to the states close to the Fermi level
and are usually located below —8 eV. Above the Fermi level,
contributions of the chalcogen p-states (S 3p, Se 4p), the
group 14 metal s-states (Ge 4s, Sn Ss), and minor
contributions of the group 14 metal p-states (Ge 4p, Sn Sp)
can be found. The DOS of all AMM'Q, compounds shows
nonbonding Q*>~ p-states and the antibonding M'*" s-states
cleanly separated below and above the Fermi level, thus leading
to the optical absorption. The band-gap types (direct or
indirect) calculated for all of the AMM'Q, phases are also
listed in Table 3. For a given structure type, the band-gap type
is not consistent but rather changes with the combination of
the elements involved. However, some trends, especially
regarding the chalcogenides, are involved and the respective
thallium analogues can be observed for a given structure type.
Among the 3D cubic structures AMM'Q,-cP84, all sulfides
have a direct band gap. For the gallium selenides, however,
indirect band gaps are observed. Considering that only Ga/Sn
phases crystallize in this structure type, this change likely
results from the relative differences in energy of the Ga states
to the Ge and Sn states compared to those of its indium
counterparts among the selenides. The isotypic thallium
compounds also exhibit an indirect band gap, which can be
attributed to the influence of the TI-6s lone-pair states to the
highest states of the valence band. The orthorhombic layered
polymorphs AMM'Q,-0P56 all have a direct band gap with the
exception of the thallium compounds TIGaGeSe, and
TlInGeS,-0P56, which again can be attributed to the influence
of the Tl-6s states of the lone pair. All of the other layered
AMM’'Q, solids, triclinic AMM’'Q,-aP28, monoclinic
AMM'Q4-mP28, and monoclinic AMM'Q,-mP56, containing
alkali metal cations also have direct band gaps. The thallium
phases TIMM'Q,-mP56 again have an indirect band gap, a
result of the contributions of the T1-6s lone-pair states. All in
all, these results reveal that a band-gap type is usually dominant
for a given structure type and deviations from this trend are
mostly observed for the respective thallium compounds.
Beyond the band structures, we further evaluated the
effective masses of the six materials shown in Figure 8. For
the density-of-state effective mass, we use mg*= (gz‘mkx~mky-
my,)'/3. The detailed electron and hole effective masses are
listed in Table 4, and the results for the electron effective
masses are within expected values. For the layered material
CsInGeS,-0PS6, it is reasonable that the hole effective mass
(14.1 my) is much larger than for its 3D network analogue
CsInSnS,-cP84 (3.11 m,) due to the very high contributions of
the G—X and G—Z directions. For layered KGaGeSe,-mP56
and TlInGeS,-0P56, the hole density-of-state effective masses
are 2.97 my and 7.45 my, respectively. Both these values are
lower than those for their cubic 3D analogues RbGaSnSe,-
cP84 (6.56 mgy) and TlInGeSe,-cP84 (8.07 m,). For the
effective mass along a specific crystallographic direction, e.g,,
the a direction in KGaGeSe,-mP56, a very large value m,*=
8.01 my is obtained, which is much larger than that in any
direction of cubic phase of RbGaSnSe,-cP84. However, if we
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Table 4. Calculated Values for the Effective Masses of
Electrons m.* and Holes m* in the Compounds Shown in
Figure 8

effective mass electron effective mass hole

compound m*/my my*/my

CsInGeS,-0P56 0.66 14.1

KGaGeSe,(- 1.21 2.97

mPS6)

TlInGeS,-0P56 0.69 7.45
CsInSnS,-cP84 0.33 3.11
RbGaSnSe,-cP84 0.32 6.56
TlnGeSe,-cP84 0.89 8.07

take a high degeneracy factor g = 6 for the cubic phases and a
low g = 1 for the layered phases into account, the overall
density-of-state effective mass for the layered material is even
lower than that of the cubic phase. Thus, the higher symmetry
of the cubic materials, in general, leads to overall higher
effective masses even though layered materials exhibit higher
values along specific crystallographic directions. Coupled with
the fact that some of these semiconductors are direct band gap,
this will have implications on phase selection from this family
of compounds for specific device applications.

Bl CONCLUSIONS

The nine new phases of AInM'Q, (A = K, Rb, Cs, T; M’ =
Ge, Sn; Q = S, Se) constitute the hitherto missing links among
the heavier alkali metal AMM'Q, (M = Ga, In) compounds.
We furthermore isolated new crystalline polymorphs of
previously reported compounds, thus expanding the structural
and compositional varieties of the AMM'Q, family. We find
that the formation of the cubic 3D structures AMM'Q,-cP84
seems to be favored by thermodynamic parameters, while the
various 2D-layered AMM'Q, phases appear to be a kinetic
product. Given that a few polymorphs cannot reliably be
reproduced, they show that the competing thermodynamic and
kinetic parameters are not yet fully understood and some
phases might only form under very specific conditions. A more
in-depth analysis of the various polymorphs of these
quaternary phases revealed certain trends leading to the
crystallization of specific structures. The cubic network phases
AMM'Q4-cP84 are only observed if at least one M or M’
cation from the fifth row of the PSE is present. These cubic
structures also represent the thermodynamic crystallization
product as they reproducibly form only upon long annealing
below the melting point. For each combination of elements
with an AMM'Q,-cP84, there also always exists at least one of
several 2D-layered polymorphs crystallizing as kinetic products
when (slow)cooling a molten batch. Structural considerations
revealed a trend of compounds with smaller A* and M**/M'**
cations of similar size preferably crystallizing in the slightly
disordered monoclinic AMM'Qy-mPS56 polymorphs, while
larger A" cations lead to the ordered orthorhombic
AMM'Q,-0P56 structure type. DFT calculations on the relative
stability of these phases also predict the correct most stable
phases and serve as a useful tool for the prediction of new
compounds. All AMM'Q, chalcogenides are semiconductors
with a wide range of band gaps, depending on the combination
of the elements. The density-of-state effective masses of these
compounds are within expected values with the hole effective
masses for the 3D compounds but it is unusual that they are
generally higher than for the layered phases. The AMM'Q,
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phases exhibit excellent high thermal and optical stabilities and
have predominantly direct band gaps in the UV and vis
regions. Analogous layered thallium compounds and cubic 3D
network polymorphs AGaM’'Q,-cP84 have indirect optical
band gaps in the vis region, thus making them promising
candidate materials for various optoelectronic applications.
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