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Ultralow thermal conductivity in the mixed-anion
solid solution Sn,SbS,_,Se,ls}
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The mixed-anion compounds Sn,SbS,_,Se,ls (x = 0, 0.2, 0.5) and Sn,BiS,ls were synthesized and
characterized. Rietveld refinement, elemental analysis, and diffuse reflectance measurements indicate
successful substitution of Se for S and potential for bandgap tunability. Thermal conductivity
measurements reveal ultralow thermal conductivities as low as 0.22 W m~t K~ at 573 K within this family
of compounds. Such exceptionally low thermal conductivities are anomalous when compared to the
previously reported heavier Pb,BiS,ls (0.7 W m™ K™Y). Computational analysis in the form of electron
localization function and Grlneisen parameter reveal Sn to be the most influential factor that controls
the lattice thermal conductivity, due to its localized antibonding electrons and large contribution to

rsc.li/materials-a structural anharmonicity.

1 Introduction

In the past, materials design has focused largely on cation
substitutions, resulting in structure types often containing
multiple cations. Materials design focusing on multiple anions
and structure-property trends in these mixed-anion materials is
far less established, despite mixed-anion materials providing
a large platform for materials design.*™ For example, substituting
an octahedrally coordinated metal for another metal results in
similar metal octahedra which will serve as the building block for
a solid-state structure. However, with anion substitutions the
options in coordination polyhedra are much more varied, such as
cis-, trans-, fac-, or mer-octahedra."® This allows for a variety of
structural building blocks which can influence materials prop-
erties in unexpected ways. Not only are the coordination envi-
ronments varied, but a degree of polar distortion can also be
introduced to the metal polyhedral building blocks due to the
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differing electronegativities of the anions, adding another
tunable variable to the material design process."*

The diverse structures of mixed-anion materials remain
relatively under explored compared to single anion compounds,
however, they have shown to be promising for energy applica-
tions. The irregular coordination polyhedra of mixed-anion
materials have shown to be reliable building blocks for novel
noncentrosymmetric materials, a prerequisite for second
harmonic generation, as seen in Ba,[GaF,(I0;),](10;),
BaGeOSe,, and Sr3Ge,0,Se;.>” Other examples of intriguing
mixed-anion applications include ionic conductors and ther-
moelectrics. Na,(CBoH;()(CB;1Hi,) demonstrates significantly
improved ionic conductivity compared to the single anion
parent compounds, reaching conductivities 7 x greater than the
well-known superionic conductor Li;(GeP,S;,, while BiCuSeO is
a promising thermoelectric material with ultralow thermal
conductivity achieving 27T values > 1.5

Despite the promising properties and diverse structural
opportunities in mixed anion materials, most work is reported
for oxygen containing materials (oxyhalides, oxychalcogenides,
etc.)."”* However, a recent computational work has shown non-
oxide mixed anion materials can exhibit a much more diverse
set of crystal structures. This is attributed to the high bond
strength of metal-oxide bonds which limit variability compared
to those of sulfides, tellurides, etc.*® Thus, we seek to expand on
the structure-property relationships in non-oxide mixed anion
materials for future materials design.

Given the complexity which can arise in mixed-anion crystal
structures, they can serve as a promising platform for low
thermal conductivity materials. Indeed, some of the studied
mixed-anion materials such as Pb,BiS,I;, BiCuSeO, and Bi,O,4-
SeCl, have exhibited exceptionally low thermal conductivities of
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0.7Wm 'K 05Wm 'K’ and 0.1 W m ' K" respec-
tively.>**** Thermal conductivity can be divided into two
components, electronic («.) and lattice (k;) thermal conductivi-
ties. The reduction of thermal conductivity by extrinsic methods
has been extensively studied as it is easier to manipulate x; by
extrinsic methods, for example, by various
microstructuring*®™*® and/or introducing various defects.
However, intrinsic thermal conductivity is closely related to the
crystal structure and bonding, making it much more difficult to
pinpoint and modify. Commonly, heavy elements in a complex
crystal structure can lead to complex phonon branching, small
phonon velocities and high rates of phonon-phonon scattering,
all of them beneficial for achieving lower lattice thermal
conductivity.”® Other structural factors, such as a large inter-
atomic space, weak bonding, partial occupancy, and bonding
heterogeneity can provide sources of lattice anharmonicity,
further reducing the thermal conductivity.>*>’

With these factors in mind, we consider the large family of
non-oxide mixed-anion Tt,PnCh,I; (Tt = Sn, Pb; Pn = Sb, Bi;
Ch = S, Se) compounds for which thermal conductivity is only
reported for Pb,BiS,I5."***° In general they can be described
as van der Waals layered compounds with I atoms loosely
bonded as bridging atoms within the inter-layer space. Site
symmetry is mostly low, indicating potentially large anhar-
monicity. Furthermore, the large polarizability of iodine can
be expected to introduce additional bonding dynamics and
reduce lattice thermal conductivity.®® These interesting
structural features and the relative lack of experimental
results give us the motivation to investigate into these
compounds.

nano-
19-22

2 Experimental section

2.1 Synthesis

The starting materials, Sn shot (Wako, 99.9%), Sb powder
(Sigma-Aldrich, 99.5%), S flakes (Sigma-Aldrich, 99.99%) Se
shot (Alfa Aesar, 99.999%), Bi granules (5N Plus Inc.,
99.999%), and I, beads (Wako, 99.8%) were used as received.
Stoichiometric amounts of the elements were loaded into
silica ampoules and flame sealed under vacuum. The
ampoules were placed in a muffle furnace and heated to 923 K
over 12 h and annealed at this temperature for 36 h before
allowing the furnace to naturally cool to room temperature.
The resulting products are silvery looking ingots which were
subsequently ground with a mortar and pestle before further
use.

2.2 Powder X-ray diffraction

Powder X-ray diffraction was performed using a Rigaku Smar-
tLab3 with Cu-K, radiation and operating at 40 kV and 40 mA.
Sample powder was prepared using a well holder and com-
pacted using a glass slide. Diffraction patterns were collected in
the 260 range of 5-80° with a step size of 0.01° and scan rate of 2°
per minute. Rietveld refinement was performed using the GSAS-
II software package.*
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2.3 SEM-EDS

Elemental analysis of samples was performed using a FE-SEM
SU8000 (Hitachi) equipped with a Quantax FQ5060 EDS
detector (Bruker). Measurements were performed on polished
pieces of sintered pellets mounted on carbon tape and sput-
tered for 30 s with a carbon coating. Bulk compositions were
determined using an average of 3 spots.

2.4 UV/vis spectroscopy

UV/vis diffuse reflectance spectra were collected using a V-770
UV-vis/NIR spectrophotometer equipped with an integrating
sphere (JASCO) in the range of 500-2500 nm. Samples were
finely ground into powder with a mortar and pestle and pressed
against a glass slide for measurements. Data was then converted
using the Kubelka-Munk function to determine the bandgap.

2.5 Spark plasma sintering (SPS)

High density pellets of 10 mm diameter were sintered using
a SPS-1080 (SPS SYNTEX Inc.). Finely ground powders were
loaded into a graphite die between graphite foil and graphite
plungers. The pellets were sintered by heating to 573 K over 5
minutes and annealing at this temperature for 5 minutes, all
under an argon atmosphere and a uniaxial pressure of 76 MPa.
After sintering, pellets were removed from the graphite die and
polished to remove traces of graphite. The geometrical density
of the resulting pellets was found to be ~96% of their theoret-
ical density.

2.6 Thermal transport properties

For thermal diffusivity measurements samples were cut into
disks of 10 mm diameter with a thickness of approximately 1.5
mm. The thermal diffusivity and specific heat were measured
under a nitrogen atmosphere using a Laser Flash Analyzer (LFA)
467 Hyperflash (NETZSCH) and a Pyroceram standard in the
temperature range of 303-573 K. The thermal conductivity (k)
was then determined by the equation k = pDC,, where p, D, and
Cp, are the sample density, thermal diffusivity, and specific heat,
respectively. Three shots were measured at each temperature and
the average values are shown in this work. Low temperature
thermal conductivity was measured from 6.5 to 300 K using the
thermal transport option (TTO) of a Physical Property Measure-
ment System (PPMS, Quantum Design). For the TTO measure-
ment, we used the four-probe lead configuration with a bar
shaped sample (2 mm x 2 mm x 8 mm, parallel to the sintering
direction) and thermal conductivity was measured automatically
in the continuous mode. We used an emissivity of 1.0 to correct
the strong radiation heat loss occurring above 150 K.

2.7 Quantum chemical calculations

The electronic structure of the compounds was calculated self-
consistently using density functional theory (DFT) with plane
waves, as implemented in the Quantum Espresso (QE)
package.*® We used the generalized gradient approximation
(PBE-GGA) pseudopotential in the projector augmented-wave
(PAW) method.*** Considering the large interatomic

This journal is © The Royal Society of Chemistry 2023
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distances presented in the layered structure, we employed
a non-local correction for the van der Waals interaction (vdW-
DF).*® A cutoff of 140 Ry and 1120 Ry was used for the kinetic
energy and charge density, respectively, and k-grid sampling
was done using a grid of 7 x 3 x 6 in the Brillouin zone of the
primitive cell. Bader's charge analysis was performed using the
Bader code.*” Electron localization function calculation and
wave function projection was performed within QE. VESTA was
used for visualization.

For the phonon calculation, we relaxed the structure until
the force on each atom is smaller than 1.5 x 10> Ry bohr ™.
Interatomic force for the phonon calculation was extracted
using the frozen phonon method as implemented in the pho-
nopy packages.*® A displacement of 0.015 A was used to generate
the displacement pattern in a 4 x 1 x 3 supercell with 384
atoms. Reciprocal space was sampled using I' point only when
calculating the force.

3 Result and discussion

3.1 Crystal structure determination

Within the Tt,PnCh,l; (Tt = Sn, Pb; Pn = Sb, Bi; Ch = S, Se)
family, there are four different reported structural configura-
tions."**?** In the 80's Sn,SbS,1; was reported to crystallize in the
Cmcm space group, based on experiments performed at 293 K and
173 K (Fig. 1a).* In 2007, Doussier et al. reported the crystal
structure of Pb,SbS,I; at 293 K to crystallize in the Cmcm space
group similar to Sn,SbS,I;, but the Sb position for Sn,SbS,I; is
occupied by Pb in Pb,SbS,l;, while the Sn site is split into two
partially occupied overlapping Pb and Sb sub-positions (Fig. 1c).®
Further experiments at 100 K found the structure to crystallize in
the P2,/c space group with distinct separate Pb and Sb sites
(Fig. 1d).*® The room temperature (RT) and low temperature (LT)
phases have similar structures; however, the LT phase eliminates
the observed disorder in the RT structure. Using these structure
models and bond valence analysis, Doussier et al. suggest that the

i

(B~
Pb,SbS,l, (RT)

Cmem

293 K

Fig.1 Reported crystal structures of (a) Sn,SbS;l3, (b) Pb,BiS,ls, and (c
and d) Pb,SbS;ls. Crystal structure configuration in (d) is the theoret-
ically determined structure configuration for Sn,SbS;ls.
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reported Sn,SbS,I; structure to be in error and crystallographic
elemental assignments should be similar to Pb,SbS,I;.>**
Furthermore, Islam et al. more recently reported a fourth struc-
tural arrangement for Pb,BiS,I; and Sn,BiS,I; at 293 K (Fig. 1b).
This crystal structure is nearly identical to that of RT Pb,SbS,I;,
but the original split crystallographic sites are resolved as single
atom positions.* Note that the P2,/c space group is a subgroup of
Cmcm. This group-subgroup relation can be described by
a translationengleich of index 2 (t2) followed by a klassengleich of
index 2 (k2), as seen in Fig. $6.1°>* This relationship is repre-
sented by the following cell transformation:

a -1/2 -1/2 0 a
b = 0 0 1 b
c 2 0 0 c
P2 /c Cmem

The difficulty in experimental crystal structure determination
mainly arises from the fact that X-ray scattering factors of Sn and
Sb (or Pb and Bi) are nearly identical, making their atomic posi-
tions ambiguous and difficult to be truly distinguished by X-ray
diffraction. However, the crystal structure is of crucial impor-
tance for our later theoretical analysis. Therefore, we attempted to
determine the stability of the different possible crystal structures
for Sn,SbS,I; by comparing the energy of different relaxed
structural models from first principles calculation. The structural
models were chosen so that they do not include mixed occu-
pancies (Pb,SbS,I; LT) or split sites (reducing the split sites to
fixed position), which are difficult to treat in DFT calculations.
The key point here is the determination of the positions of Sn and
Sb. We considered three models: (1) the original Cmcm structure
with the split Sb reduced from a half occupied 8f to a fully
occupied 4c site, (2) a P2,/c (lower) symmetry structure with
staggered occupancy of the 8f Sb site and (3) the LT-P2,/c
configuration of Pb,SbS,l;, reported by Doussier et al with
a Sn,SbS,I; composition.”® We denote them as Cmcm-4c, P2,/c-
(Cmcm), and LT-P24/c, respectively. The Cmcm-4c and P24/c-
(Cmcm) are derived from the reported Cmcm structure of Sn,-
SbS,1; but treat the split of the Sb 8f sites in different ways, while
LT-P2,/c represents the configuration in which half the Sn posi-
tions are swapped with the Sb position compared to the reported
structure. Atomic positions and the lattice parameters for each
structure model were optimized using variable-cell optimization
routine implemented in Quantum Espresso while keeping the
symmetry unchanged. The three crystal structures considered,
structure parameters and their respective phonon dispersion are
shown in Fig. S7, S8 and Table S2.f We found the Cmcm-4c
structure is dynamically unstable with the appearance of imagi-
nary phonon modes occurring at most parts of the Brillouin zone,
while the two structures in P2,/c are dynamically stable. DFT
calculations of the ground state energies shows that LT-P2,/c has
the lowest energy, with P2,/c-(Cmcm) and Cmcm-4c being 0.38 eV
and 0.64 eV higher per formula unit, respectively. The calculation
results agree with the bond valence analysis given by the previous
report.”® With these results, we propose that Sn,SbS,I; shares the
same P2,/c structure as Pb,SbS,I; in its ground state (Fig. 1d) and
use it for our later theoretical calculations.

J. Mater. Chem. A, 2023, 11, 10213-10221 | 10215
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3.2 Experimental synthesis

The solid-state synthesis of Sn,SbS,I; was performed similarly
to the procedure reported by Starosta et al.** As the measured
properties within this family of compounds are scarce, in order
to build upon the structure-property relationships in these
mixed-anion materials, we also attempted to synthesize the re-
ported isostructural Sn,SbSe,I; for comparison of anion
effects.” However, the synthesis was heavily contaminated with
the competing Sn;SbSe,I5 phase, thus we resorted to partial Se
substituted Sn,SbS,I; for comparison and extrapolation of the
Sn,SbSe,I; phase.?® A series of samples of Sn,SbS, ,Se,I; (x =0,
0.2, 0.5) were synthesized and are discussed herein. Note that
attempts to synthesize the Sn,SbSSel; composition began to
form significant amounts of undesired side phases.

Powder X-ray diffraction indicates the three sample compo-
sitions are nearly identical and match well with the theoretical
pattern of Sn,SbS,I; (Fig. 2a). Upon closer comparison of the
three experimental patterns, small peak shifts are observed for
certain peaks in the direction of lower 26 with increasing Se
content. This indicates an expansion of the unit cells, consis-
tent with the substitution of the larger Se in place of S.
Furthermore, the magnitude of the peak shift is strongly
correlated to the / index as observed in Fig. 2b, indicating the
unit cell expansion is predominantly along the crystallographic
c-axis. Rietveld refinement and determined unit cell parameters
are shown in Fig. S1 and Table S1.f Compared to the reported
single crystal unit cells of Sn,SbS,I; and Sn,SbSe,I;, the deter-
mined unit cells for Sn,SbS,I; and Se substituted samples are in
good agreement.> The Se substituted samples retain consistent
a- and b-parameters, while a significant increase in c¢ is
observed, which is expected when comparing the pure S and Se
analogs.”

To further ensure phase composition, energy dispersive X-
ray spectroscopy (EDS) was performed. EDS reveals that
although the bulk samples match the nominal stoichiometries
quite well, there are secondary phases present (Fig. S27). This

a)[snasbs sSecdls — Exp b) [sn:S0S: 5820 — Exp.

Sn,SbS, 5Segls — Exp.

I

Sn,SbS,l;

I
Sn;SbS, 5Se0.l; | — Exp

Intensity (a.u.)
Intensity (a.u.)

Sn,SbS, I,

— Exp.
—— Cale.

I g — Exp.
g 3 —— Calc

[—— L AN TR VRV \u/\,ww
. \IML AN PP J b,

10 20 30 40 50 60 70 80 24 25 26 27
20 (deg.) 20 (deg.)

Fig. 2 Powder X-ray diffraction patterns of (a) the as synthesized
Sn,SbS, ,Seyls (x =0, 0.2, 0.5) samples and (b) zoomed in view of the
blue highlighted section in (a) emphasizing observed peak shifts
between samples. The calculated pattern for Sn,SbS;l3 is shown in red
for reference.®
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may explain the abnormally high wR values of the Rietveld
refinements in which some peak intensities are significantly
different, despite factoring in possible preferred orientation
(Fig. S17). However, no possible overlapping binary or ternary
phases (SnS, Sn,S;, Sn,SI,, etc.) could explain the difference in
intensities, even based on measured EDS compositions. It is
possible that the overlapping phase(s) could be related
unidentified ternary or quaternary structures in this complex
system.

3.3 Change in band gap

We characterized the optical band gap using diffuse reflectance
spectroscopy. Fig. 3 shows an indirect bandgap of 1.64(2) eV for
Sn,SbS,1;, in good agreement with the 1.5 eV previously deter-
mined through photoconductivity measurements on a single
crystal.* As Se substitution increases, a reduction of the
bandgap to 1.60(2) eV and 1.55(2) eV are observed for Sn,-
SbS; gSey .15 and Sn,SbS; 5Se, 515, respectively (Fig. 3). This is
consistent with physical inspection of the samples as the
ground parent compound is a dark maroon colour which
progresses to a brown-maroon colour at 0.2 Se, and even further
into a gray-maroon colour at 0.5 Se. This also provides further
evidence of successful substitution of S by Se.

This trend is contradictory to that observed when
substituting Sn for Pb (increase in bandgap), but consistent
with the substitution of Sb for Bi (decrease in bandgap)
observed for related Tt,PnS,I; (Tt = Sn, Pb; Pn = Sb, Bi)
compounds.™ From an electronegativity standpoint, substitu-
tion of S for Se should shift the valence band energy higher and
decrease the bandgap due to the lower electronegativity of Se,
secondly, comparing the DFT relaxed structure with Sn,SbS,I;
and Sn,SbSe,I;, it is found that the difference between the two
in structure mainly come from the components S(Se) and its
nearest neighbours. Apart from the longer interatomic distance
between S(Se) and Sn or Sb, their relative position is also dis-
torted slightly. The change in bandgap is therefore due to both
a change in electronegativity, as well as local structure, and both

——5n,5bS,,
49 ——8n,SbS, 55e, 5l
——5n,SbS, ;Se, o5
3- R

Se Content

Energy (hv)

Fig. 3 Indirect bandgap Tauc plots of solid-state UV-vis Kubelka—
Munk diffuse reflectance spectra for Sn,SbS,_,Se,ls (x = 0, 0.2, 0.5).
Colour gradient in the bottom right illustrates observed sample
colours based on Se substitution amount.

This journal is © The Royal Society of Chemistry 2023
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affect the covalent part of bonding and thus the bandgap. Such
an ability to fine tune the bandgap in this family of materials
may be beneficial as Pb,SbS,I; was recently shown to be
a robust material for solar cell applications.*

3.4 Thermal conductivity

Given the reported thermal conductivity of Pb,BiS,I; ranging
between 0.7 and 1.2 W m~" K™ ' in the temperature range of
373-673 K, the related Sn,SbS,I; is expected to exhibit similarly
low thermal conductivity."* Low thermal conductivities on the
order of 0.5 W m ™" K ' were also recently observed in the mixed
anion compounds MnSbS,Cl and MnBiS,Cl which have similar
elemental composition to the title compounds.** However,
given the lighter elemental composition, thermal conductivity
of Sn,SbS,]1; is expected to be slightly higher to its Pb containing
counterpart.

Thermal diffusivity measurements reveal exceptionally low
thermal conductivity as low as 0.28 Wm ™' K™ for Sn,SbS,I; at
573 K (Fig. 4a). A further reduction of thermal conductivity is
observed with the substitution of Se, achieving 0.22 W m™"
K" at 573 K for Sn,SbS; 5Se, 515 (Fig. 4a). This can be expected
from the increase of structural disorder and phonon scat-
tering from substitution and defects. The measured thermal
conductivity shows a slight decrease with temperature for the
parent sample but a very weak temperature dependence for
the Se substituted samples. This suggests that phonon-

0.36
a) M Sn,SbS,l,(98%)
= @ Sn,SbS,,;Se,,l,(96%)
= A 5n,SbS, Se,.l, (96%)
£ 0324 @ Sn.BiS,1,(97%)
2
o - . L 2
>
T 028 @@ ‘
_§ © ‘ ' |
©
g 024+ A A ® @
2 A A A A
0201 — . .
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0.8
~ b) Sn,SbS,l,
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‘TE 0.71 O Corrected
=
> 0.6
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Fig. 4 (a) High temperature thermal conductivity of Sn,SbS,_,Se,ls (x
=0, 0.2, 0.5) and Sn,BiS;ls with respective pellet densities and (b) low
temperature thermal conductivity for Sn,SbS;ls.
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phonon Umklapp scattering is so strong that the phonon
mean free path reaches the amorphous limit, and the weakly
temperature dependent coherent part of thermal conductivity
plays an important role.**

To confirm such unexpectedly low thermal conductivity
measurements, we conducted two further experiments. First,
we synthesized another member of the Tt,PnCh,I; (Tt = Sn,
Pb; Pn = Sb, Bi; Ch = S, Se) family, namely Sn,BiS,I; for direct
experimental comparison. Using an identical synthesis
procedure used for Sn,SbS,I; similar purity product was
confirmed through Rietveld refinement (Fig. S3t). Phase
composition was confirmed through EDS and the optical
bandgap matches well with previous reports (Fig. S4 and
S51)."* Measured thermal conductivity for Sn,BiS,I; is shown
in Fig. 4a and is of similar scale to Sn,SbS,I;, suggesting this
low thermal conductivity is not specific to the Sn,SbS,_,Se,I;
compositions, but can be observed in other members of the Sn
containing family.

We also used a PPMS as a second method to measure
thermal conductivity as a comparison. The thermal conductivity
of the Sn,SbS,I; sample at low temperature is shown in Fig. 4b.
Initially, an amorphous glass-like behaviour can be observed at
low temperatures, however a T* dependence becomes dominant
at higher temperatures. This suggests significant radiation loss
during heating of the sample, which significantly skews thermal
conductivity data above 150 K.** By applying a correction which
accounts for additional radiative losses, the data collected
above 150 K significantly changes and we observe a maximum
value of thermal conductivity of about 0.54 W m ' K ' at
around 100 K, which slowly decreases with further increase in
temperature (see ESIf for detail of the postprocess correction
method). After applying the correction, the measured thermal
conductivity is approximately 0.49 W m ™' K™, at 300 K. While
still exceptionally low this value is considerably larger than that
observed through the LFA method. This inconsistency may
come from the still existing underestimation of radiation loss,
which is difficult to estimate correctly above 150 K and they are
further enlarged by the non-optimal sample geometry (see
Discussion in the ESIt for estimation of error in thermal
conductivity measurements). Despite the possible errors in this
temperature range, the important information revealed from
the low temperature data is the absence of a well-defined
Umklapp peak and that the thermal conductivity at low
temperature cannot be described by the commonly used Debye
model of lattice thermal conductivity including boundary scat-
tering and phonon scattering, indicating that the assumptions
used in the Debye model, such as the linear phonon dispersion
and dominant acoustic phonon scattering are not sufficient to
describe the actual case.***” Nonetheless, the rounded thermal
conductivity maximum and the rather weak temperature
dependence suggests the early onset of strong phonon scat-
tering from multiple sources.

Electrical property measurements of the samples proved
unsuccessful using ZEM 2 and simple measurements with
a multimeter were unable to produce readings, suggesting high
resistivity. This is consistent with measurements done by Islam
et al. on Sn,BiS,I; and Pb,SbS,1;, which had resistivities above 1
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MQ.*" The high resistivity indicates that the electronic contri-
bution to the thermal conductivity is negligible and that the
total thermal conductivity and lattice thermal conductivity are
nearly identical.

3.5 First principles phonon calculation

Phonon dispersion was calculated for Sn,SbS,I; in the LT-P2,/c
phase (structure as in Fig. 1d) using force constants from the
displacement method. Typical features of phonon dispersion
for heavy, multi-element compounds are present, namely, a low-
lying acoustic phonon branch below 1 THz, and a low optical
phonon frequency with most of the phonon modes concen-
trated near the 2 THz region, mainly from the I vibration, as can
be seen from the phonon density of state in Fig. 5b. Higher
frequency optical phonons mainly come from the motion of S.
These are separate from the lower phonon bands and are
unimportant for thermal transport.

Although defects, mixed and partial occupations that could
be expected in experiment samples should play an important
role in the ultralow thermal conductivity of current series of
compounds, we do not attempt to cover their quantitative
effects. Rather, we focus on the chemical reasoning through the
anharmonicity of the structure, using Griineisen parameter as
an indicator. Griineisen parameter is defined as the change in
phonon frequency corresponding to cell expansion and is
closely related to phonon anharmonicity.**** The Griineisen
parameter of Sn,SbS,I; in the low frequency region is plotted in
Fig. 5d. It is surprising to find the mode average Griineisen
parameter of all low frequency phonon (<1 THz) to be 2.44, with
the highest value reaching over 5 for acoustic modes. This is on
the same level with the calculated Griineisen parameter of the

View Article Online
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strongly anharmonic SnSe (4.1, 2.1, 2.3 for a-, b-, and c-axis,
respectively) and much larger in comparison with conventional
thermoelectric compounds like PbTe (1.45).%°

A microscopic picture of the anharmonicity is revealed by
comparing the projected Griineisen parameter of each atom, ob-
tained by multiplying the mode Griineisen parameter with the
atomic component of phonon eigen-vectors, in the inset of
Fig. 5d. From the projected Griineisen parameter, it is found that
Sn-involving phonon modes show high Griineisen parameters.
Fig. 5b also shows that Sn contributes to the largest phonon
density of states in the lower frequency optical phonon region
(0.5-1 THz). The phonon in these branches should scatter
acoustic phonons effectively.****> Therefore, we can conclude
that Sn atoms are the most important source of the high anhar-
monicity we found in the structure and lead to a low thermal
conductivity. This result also explains the low thermal conduc-
tivity of the Sn containing Sn,BiS,I; measured in the current work.

We attempt to establish the chemical reason for the high
anharmonicity of the Sn atom from electronic structure calcu-
lation. Using the Bader's analysis method, we obtained the
Bader's charge of each atoms Sn*', Sb*"#° 17%% and §~"2°,5-55
Incomplete charge transfer for S and I, compared with their
formal charge of —2 and —1 indicates covalent character, i.e.,
the orbital components from Sn and Sb atoms are also impor-
tant in the valence region. Indeed, the projected electronic
density of state of Sn,SbS,I; in Fig. 5a and b shows the
hybridization of p orbitals in the energy window from —5 to
0 eV. We would like to point out that some density of state
from s orbital of Sn can be seen just below the valence band
maximum. The s component can be identified to be anti-
bonding since the main bonding region of Sn s orbital is

T
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Fig. 5

(a) Projected s components of the electronic density of state for Sn,SbS,ls and (c) projected p components of the electronic density of

state. (b) Projected phonon density of state onto different elements in the low frequency part and (d) Grineisen parameter of each phonon mode
sampled in the Brillouin zone. The inset in (d) projects Grlneisen parameter onto each atom with colours corresponding to (c).
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Fig.6 Electron localization function (y = 0.6 surface) of the calculated
LT-P2;/c structure of Sn,SbS,ls, compared with that of Pb,BiS,ls
counterpart. Sn and Pb atoms are pointed out using black arrows.

below —5 eV in energy as shown in projected density of states.
This antibonding state would involve p orbital of Sn and S along
their bonding direction due to the square pyramid like coordi-
nation of the Sn and stabilized due to the large interatomic
space in the opposite side of S atom.*®

The above anti-bonding Sn s component is exhibited in the
electron localization function plotted in Fig. 6 with surface of
ELF = 0.6.°>*” The crescent moon shaped region near the Sn
atom with high electron localization shows the antibonding
states containing Sn s orbital in real space. Using integrated
local density of state (ILDOS) from —2 to 0 eV, it can be shown
that this electron localized region corresponds to the anti-
bonding s orbital component discussed above (Fig. S971). It is
known that such “lone pair like” localized antibonding elec-
tronic states are important in suppressing lattice thermal
conductivity as they introduce restoring force strongly deviated
from harmonic approximation, thus leading to the large
anharmonicity observed for Sn and the entire crystal structure
of Sn,SbS,15.>**! In comparison, Pb,BiS,I; does not show strong
localized antibonding states both in real space, as shown in
Fig. 6 and in electronic density of states (Fig. S97), highlighting
the important role of the Sn antibonding s states in suppressing
the lattice thermal conductivity.

4 Conclusions

The series Sn,SbS, ,Se,I; (x = 0, 0.2, 0.5) was successfully
synthesized and characterized by UV-vis diffuse reflectance
spectroscopy and thermal diffusivity measurements, revealing
a tunable band gap ranging from 1.55(2) to 1.64(2) eV and
ultralow thermal conductivity in the range of 0.25 W m ' K"
from 303-573 K. Computational efforts elucidate the most
stable crystal structure configuration of Sn,SbS,I; to be in a P2,/
¢ configuration rather than the previously reported Cmcm.

This journal is © The Royal Society of Chemistry 2023
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Further calculations using this model suggest that the ultralow
thermal conductivity is attributed to the Sn atoms, which
contribute largely to structural anharmonicity with localized
antibonding s electrons. Such low thermal conductivity results
for Sn,SbS,I; are counter-intuitive when compared to Pb,BiS,13
(0.7 W m™" K™ !) suggesting that different electronic states can
exist in the same family of compounds due to change in
chemical composition and exploring such multicomponent
systems can provide opportunity for rich chemistry and unique
structure properties relationships.
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