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Abstract

Sulphur-based semiconductors are attracting attention as environmentally-friendly materials for
energy-conversion applications due to their structural complexity and semiconducting properties.
Here, we show that the delicate interplay between chemical composition and cationic
order/disorder allows to stabilize a new sphalerite derivative phase of cubic symmetry in the Cu-
Sn-S diagram: Cu22Sni10S32. Interestingly, its crystal structure is characterized by a semi-ordered
cationic distribution, the Cu-Sn disorder being localized on one crystallographic site in a long-
range ordered matrix. The origin of the partial disorder as well as its influence on the electronic
and thermal transport properties are addressed in detail using a combination of synchrotron
diffraction, Mdssbauer spectroscopy, transmission electron microscopy, theoretical modelling, and
transport properties measurements. These measurements evidence that this compound behaves as
a pseudo-gap, degenerate p-type material with very low lattice thermal conductivity (0.5 W m™! K-
Iat 700 K). We show that localized disorder is very effective in lowering Kk, without
compromising the integrity of the conductive framework. Substituting pentavalent Sb for
tetravalent Sn is further exploited to lower the hole concentration and doubles the thermoelectric
figure of merit Z7 to 0.55 at 700 K with respect to the pristine compound. The discovery of this
semi-ordered cubic sphalerite derivative Cu22SnioSs2 furthers our understanding of the structure-

properties relationships in the Cu-Sn-S system and more generally in ternary and quaternary

copper-based systems.

Keywords: thermoelectric * sphalerite * disorder ¢ degenerate semiconductor ¢ low thermal
conductivity



1. Introduction

Copper tin sulfides (CTS) are an interesting family of compounds with applications in
thermoelectricity and photovoltaic. They are mainly p-type conductors formed with non-toxic, eco-
friendly, and Earth abundant elements.!> Several CTS with chemical formula Cu+.SniS3 have
been synthesized to date and have been shown to exhibit attractive electronic and thermal
properties: CuzSnSs (x = 0),'* Cu7Sn3Si1o (x ~ 0.10),°> CusSn2S7 (x ~ 0.15),° CuszSnSs4 (x = 0.25)73.
The thermoelectric performance of these materials, quantified by the dimensionless thermoelectric
figure of merit ZT = S?T/pk (T being the operating temperature, S the Seebeck coefficient, p the
electrical resistivity, and x the thermal conductivity), is highly dependent on the details of the
chemical bonding as well as the cationic distribution in the CTS conductive framework (order-
disorder phenomena). For instance, the prototypical CuxSnS3 (x = 0) reaches competitive TE
performances when doped with Zn and Co, leading to Z7 values of 0.58 and 0.85 at 723 K,
respectively.* Although all the aforementioned compounds derive from the ZnS sphalerite
structure, they differ from each other by significant structural distortions and cationic orderings
which critically influence their transport properties. In several cases, the structural characteristics
of different compositions in the CTS family are not clearly established and are subject to

controversy in the literature. This is exemplified by the x = 0 composition (Cu2SnS3), which was
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reported to be either tetragonal 142m ° or monoclinic Cc '© at room temperature, while three

polymorphs (cubic F43m, tetragonal 142m, and monoclinic Cc) were found to coexist for 0.016
<x <0.08.!" Importantly, many Cu-Sn-S samples were reported to crystallize in the kuramite type

tetragonal (I142m) structure,®!1214

with various chemical compositions and various cationic
distributions on the crystallographic sites. A common structural feature is that each model assigns

mixed occupancy of the 25 and 4d sites by Cu and Sn atoms, while the 2a site is solely occupied



by Cu atoms. Most of the descriptions correspond to an almost equivalent occupation of the 2b and
4d sites by Cu and Sn atoms, leading to disordered cationic arrangement. This is the case, for
instance, of CuxSnS3  (x = 0) that was reported by Chen et al. as Cuz.67Sn;.33S4.° In fact, the authors
determined that the 25 and 4d sites show mixed occupancies of Cu and Sn atoms (~55% and ~45%,
respectively). Otherwise, some studies reported on preferential occupation of the 25 and 4d sites
by Sn and Cu atoms, leading to more ordered arrangement, as in the case of the x ~ 0.10 compound,
reported as CusSn3Si¢°. In this study, based on the analysis of X-ray powder diffraction (XRPD)
data, Deng et al. considered that Cu and Sn atoms mainly occupy the 4d and 2b site (82%),
respectively, based on the analysis of powder XRD data. However, this conclusion is questionable
since the final refined tin content was significantly lower than the nominal value. To override this
ambiguity, the authors decided to fix the site occupancies in accordance with the nominal

composition.

In a recent investigation of the Cuz+.Sn1..S3 system, a perfectly ordered sphalerite derivative phase,
CusSnzS7, with a monoclinic €2 structure, was synthesized for x = 0.15.° This phase, isotypic to

¢ was shown to be, unlike other

both CusNiSixS7,'> and the homologous selenide CusSn,Sez,!
compositions, a degenerate semiconductor with a high carrier mobility. For an intermediate
composition, x = 0.075 (Cu2.075Sno.925S3), a pure phase was identified,® and similarly to the x ~ 0.10
phase reported by Deng et al., > can be apparently indexed in the tetragonal space group of kuramite
(I142m). As in the case of CusSn»S7, the phase Cuz.075Sn0.925S3 was also shown to be a degenerate
semiconductor with remarkably low thermal conductivity, leading to a significantly higher ZT
value of 0.30 at 700 K compared to the former (Z7 = 0.10 at 700 K).® Similarly to the x ~ 0.10

phase reported by Deng et al.,’ the XRPD pattern of the x = 0.075 sample can be refined by

considering a kuramite structural model (I42m) but leads to important deviation of the refined



chemical composition compared to the nominal one. This suggests that, in addition to the Cu/Sn
ratio, the crystal structure plays a crucial role in the thermoelectric properties of these sphalerite
derivatives. Intrigued by the low lattice thermal conductivity, we revisited Cuz.0755n0.925S3 and
found anomalies in the XRPD data results when refining with the kuramite structural model
(I42m). Reasonably high quality Rietveld refinements can be achieved by considering the
structural model proposed by Deng et al. for x ~ 0.10.5 However, all the compositional refinements
lead to much lower tin content than that of the nominal composition Cuz.075Sn0.925S3. This indicates
that alternative structural models must be considered for the composition range between x = 0.06
and x = 0.15. Our detailed reinvestigation points to a cubic symmetry sphalerite derivative phase
of chemical composition Cu22Sn;0S32 (x = 0.063), whose lattice parameter a. ~ 10.5 A is closely
related to those of the tetragonal kuramite, ac = cr = 2ar, but implying a crystal structure partially-
disordered with space group P43n. Interestingly, the cationic disorder is restricted to only one
crystallographic site within the ordered sphalerite matrix but, nonetheless, influences dramatically

the lattice thermal conductivity of this material.

In the next sections, the careful characterization of the crystal structure, the analysis of the
electronic and vibrational density of states with first principles calculations, and the assessment
with theory and experiments of the microscopic interplay observable in the transport coefficients
are presented for the first time. Guided by those results, we have further investigated the beneficial
role of Sb doping in decreasing the hole concentration to improve dramatically the electronic

transport properties and reach competitive Z7 values.



2. Experimental Section

Materials Synthesis

The polycrystalline sample of CuxSnS3; was synthesized by a two-step solid state reaction in
evacuated silica tubes from the elemental precursors (Cu (99%, Alfa Aesar), Sn (99.85%, Alfa
Aesar), and S (99.5%, Alfa Aesar)). First, Cu, Sn and S were ground in an agate mortar with the
appropriate stoichiometric ratio and compacted into a pellet, sealed in an evacuated silica tube and
heated to 1023 K at a rate of 50 K min'!. The pellet was held at that temperature for 48h followed
by a cooling step down to room temperature at a rate of 50 K min!. Subsequently, the as-prepared
CuSnS3 sample was crushed and the powder was compacted for a second firing carried out at 873
K for 24h with an intermediate step at 673 K for 12h. The same heating and cooling rates of 50 K
min! were used. The obtained sample was once again ground and sieved down to 200 um to remove
large agglomerates.

Cuz+SniS3 (x = 0.075, 0.1, 0.125, and 0.15) and Cu22Sn10,Sb,S32 (y =0, 0.75, and 1.0) samples
were synthesized by mechanical-alloying. All sample preparations and handling of powders were
performed in an argon filled glovebox with oxygen content <l ppm. Stoichiometric amounts of
high purity elements Cu (99%, Alfa Aesar), Sn (99.85%, Alfa Aesar), Sb (99.5%, Alfa Aesar) and
S (99.5%, Alfa Aesar) were loaded in a 25 mL tungsten carbide jar containing 7 balls of 10 mm
under argon atmosphere. High-energy ball-milling was performed in a Fritsch Pulverisette 7
Premium line planetary ball-mill operating at room temperature (RT) at a disc rotation speed of
600 rpm during 6 h. The resulting powders were then ground and sieved down to 150 pm.

The obtained powders of Cuz+SniS3 (x = 0, 0.075, 0.1, 0.125, and 0.15) compositions were then
placed in a graphite die of 10 mm diameter and densified by SPS (FCT HPD 25) at 873 K for 30
min under a pressure of 64 MPa (heating and cooling rate of 50 and 20 K min’!, respectively).

Powders of Cu22Snio-,Sb,S32 (y = 0, 0.75, and 1.0) compositions were densified at 823 K for 30



min under a pressure of 64 MPa. The final dimensions of the pellet are around 8§ mm in thickness
and 10 mm in diameter. Relative densities are about 91-92% for Cuz+,Sni-S3 (x =0.075, 0.1, 0.125,

and 0.15) samples and > 95% for Cu2SnS3 and Cu22Sni0-,Sb,S32 (v =0, 0.75, and 1.0) samples.

X-ray powder diffraction

X-ray powder diffraction (XRPD) data were collected at room temperature using a Bruker D8
Advance Vario 1 two-circle diffractometer (6-20 Bragg-Brentano mode), equipped with a Ge(111)
monochromator (Johansson type) and a Lynx Eye detector, using Cu Ko, radiation (A = 1.5406 A).
Synchrotron XRPD data of Cuz.075Sn0.925S3 sample was collected at room temperature on the end-
station CX2 devoted to the high-resolution XRD measurements of MARS (Multi-Analysis On
Radioactive Samples) beamline at SOLEIL synchrotron (Saint-Aubin, France). The beamline uses
a bending magnet source and the X-rays are monochromatized by a double crystal monochromator
(DCM) equipped with a pair of Si(220) crystals. The second crystal is sagittally bent to perform
the horizontal beam focusing. Higher harmonics rejection and vertical collimation were achieved
using the Pt strip of the two mirrors inserted before and after the DCM with a 3.1 mRad incidence
angle. The incident X-ray energy was calibrated using the absorption K-edge of an Y foil (Eo =
17.038 keV) with a beam sizing about 1000x300 pum (HxV) at the sample position. The station is
equipped by an angular precision two-circle goniometer for the collection of powder diffraction in
Debye-Scherrer geometry. High-resolution data was carried out by the use of a set of 24 detectors
equipped with crystal analyzer Ge(111).!7 Sample was finely ground and inserted in a boron glass
capillary of diameter 0.3 mm in order to avoid the necessity to correct the data for absorption. The
analysis of the diffraction patterns was performed by Rietveld refinement using the FullProf and

WinPlotr software packages.!®!° Background contribution was estimated either manually or using



a polynomial function. Zero-point shift, lattice parameters, peak shape parameters and asymmetry
parameters were systematically refined. Fractional atomic coordinates and isotropic displacement
parameters (i.e. Debye-Waller factors Bis,) were refined for samples free of the monoclinic €2

CusSn2S7 phase, i.e. Cuz.075Sn0.925S3 and Cu22Sni0-,SbyS32 (¥ =0, 0.75 and 1).

Single-crystal X-ray diffraction

Single-crystal X-ray structural analysis of Cu22Sni0S32 compound was carried out at 296 K on
APEX 1II Bruker AXS diffractometer, using Mo-Ka. X-ray wavelength (A = 0.71073 A) at the
Centre de DIFfractométrie X (CDIFX) de I’'Institut des Sciences Chimiques de Rennes. The
structures were solved by direct methods using the SIR97 program,?® and then refined will full-
matrix least-square methods based on F?> (SHELXL-2014)?' through the aid of the WinGX
platform.?> The chemical composition was fixed to that determined by synchrotron X-ray
diffraction analysis and confirmed by scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS) measurements performed at the Centre de Microscopie Electronique a
BAlayage (CMEBA), platform of the ScanMAT unit, UMS 2001, of the University of Rennes 1,
using a JEOL IT 300 LA microscope equipped with a EDS SDD detector and calibrated using
single-crystals of CusSnsSi6. All atoms were refined with anisotropic atomic displacement
parameters. The conditions of data collection and structure refinements are gathered in Table 2
and the refined crystallographic data in Table S1. Interatomic distances and bond angles are

gathered in Table S2.

Transmission electron microscopy



HAADF-STEM, ED studies, and EDXSTEM were performed on JEM ARM200F cold FEG double
aberration-corrected microscope operated at 200 kV and equipped with ORIUS CCD camera, large
angle CENTURIO EDX detector, and GIF QUANTUM.TEM specimen was prepared by grinding

the material in agate mortar in ethanol and depositing suspension on Ni carbon holey grid.

Electrical and thermal properties measurements

The electrical resistivity (p) and Seebeck coefficient (S) were measured simultaneously from 300
K up to 700 K on bar-shaped samples of typical dimensions 2x3x10 mm? using an ULVAC-ZEM3
instrument under partial helium pressure. A NETZSCH LFA-457 apparatus was used for
measuring the thermal diffusivity under argon flow. The thermal conductivity (k) was determined
as the product of the geometrical density, the thermal diffusivity, and the theoretical heat capacity
using the Dulong—Petit approximation. Heat capacity (Cp) measurements have been performed on
Cu22Sni0S32 and Cuz2SneSbiS32 samples to confirm the agreement between experimental and
Dulong-Petit approximation values (Figure S1). The lattice contribution to the thermal
conductivity (k) was determined by subtracting the estimated electronic component (x.) from the
measured total thermal conductivity, x. The measurement uncertainties are estimated to be 6% for
the Seebeck coefficient, 8% for the electrical resistivity, 11% for the thermal conductivity, and
16% for the final dimensionless figure of merit, Z7.%3

An initial assessment of the thermal stability and the reproducibility of the thermoelectric
properties of CusSn>S7 were carried out through TG/DSC (Figure S2) and cycling measurements
of'the electrical transport properties, up to 650 K (Figure S3) and 700 K (Figure S4). No significant
mass loss and decomposition/crystallization phenomena are observed for both compounds up to

700 K. Cycling measurements results show that, up to 650 K, Cu22Sn10S3> remains stable with no



systematic variation in the performances, all being within the experimental uncertainty. There are
very small but systematic variations of the transport coefficient during the stability experiment up
to 700 K. Although the overall performance is not significantly affected, the systematic decrease
in the Seebeck coefficient may indicate some changes in the materials. The exact nature of these

changes will require further experimental investigation.

Hall effect measurements over the temperature range of 5 K to 300 K were carried out using a
Physical Properties Measurement System (PPMS; Quantum Design) under an applied magnetic
field of 9T. Electrical resistivity, Seebeck coefficient and thermal conductivity were
simultaneously measured over the temperature range of 5 K to 300 K using the thermal transport
option (TTO) of the PPMS. Indium contacts were used.

Transverse and longitudinal sound velocities were measured at room temperature by a pulse-echo
technique with piezoelectric transducers on a small piece of the consolidated pellets. A tiny amount

of honey was used to ensure a good contact between the sample and the transducers.

First principles calculations

All the calculations were computed using the quantum ESPRESSO?** package as incorporated in
the high-throughput infrastructure of AFLOW m .2°> Optimized norm-conserving PBE
pseudopotentials,?® well converged basis sets corresponding to an energy cutoff of 150 Ry for the
wave functions and 600 Ry for the charge density, and ACBNO functional approach?’ have been
used to self-consistently determine the values for the Hubbard corrections for each atomic species
of the material. To integrate over the Brillouin zone, a 4 x 4 x 4 (shifted) grid was used. The phonon
calculations use ultrasoft PBE pseudopotentials® (energy cutoff of 60 Ry and a 4 x 4 x 4 (shifted)

grid). Seebeck coefficient S and electrical conductivity ¢ were computed by solving Boltzmann
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transport equation within the constant relaxation time and the rigid band approximation as

implemented in PAOFLOW.?

3. Results and discussion

3.1. Structure analysis in the Cu+xSn;.xS; series (0.075 <x <0.15)

In order to determine the crystal structure of the Cuz.075Sn0.925S3 phase, synchrotron X-ray powder
diffraction (XRPD) data have been recorded. As previously mentioned, apparent high quality
Rietveld refinement (Figure S5) obtained with a kuramite structural model (Figure S6) suggests
in a first approach that the x = 0.075 sample crystallizes in a tetragonal structure. The analysis
provides (i) a ct/ar ratio of 2, (ii) a preferential occupation of the 25 site by Sn atoms (73.4%) and
of the 4d sites by Cu atoms (95.5%), and (iii) a cationic distribution corresponding to the chemical
composition of Cus.18Sno.82S4, i.e. Cuz38Sn0.62S3 (x = 0.38 in the generic formula Cuz+,Sn;..S3).
This Sn content strongly differs from the nominal composition x = 0.075. In addition, according to
our previous study,® this proposed concentration of x = 0.38 is in disagreement with the very narrow
composition window allowing for the stability of this phase. In fact, a higher (Cu2SnS3) and lower
(Cu2.15Sno.85S3) tin content compared to Cuz.075Sn0.925S3 leads to the formation of the mohite
CuzSnS; phase (Cc space group) and the CusSnzS7 phase (C2 space group), respectively. A value
as high as x = 0.38 should induce the formation of Sn-rich secondary phases in the sample. This is
the case, for instance, for x = 0.1 (reported by Deng e al. as single phase Cu7Sn3Si0)° and x = 0.125
samples, both characterized by a mixture of the title phase Cu22Sn10S32 and CusSn2S7 (Figure S7).
Consequently, the structural model of kuramite is not compatible with the x = 0.075 phase. The
fact that the ct/ar ratio is equal to 2 suggests that the Cuz.075Sn0.925S3 phase could crystallize in a

cubic unit cell (ac = 2ar). This is supported by the existence of a weak intensity diffraction peak,
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detected at 260 = 9.44° on the synchrotron XRPD pattern (1 = 0.7273 A). Such a feature is not
compatible with the tetragonal unit cell (Figure S5 and S6) but can be indexed by a cubic unit cell
with a. = 10.8234(2) A (Figure 1), equivalent to four tetragonal unit cells (i.e. ac = 2ar = ct). The
presence of the reflections ikl with h+k = 2n+1, h+l = 2n+1, and k+[ = 2n+1 allows to exclude a
face-centered lattice and of those with A+k+/ = 2n+1 a body-centered lattice. Moreover, the
systematic absence of the reflections ihl with [ = 2n+1, hkh with k = 2n+1, and hkk with h = 2n+1
indicates the presence of n glide planes perpendicular to <100> set directions. Finally, the presence
of reflections 0kl with k + [ =2n+1, h0/ with h + [ =2n+1, and hkO with 4 + k= 2n+1 indicates the
absence of n glide planes perpendicular to <011> set directions. From these condition analyses, the
possible cubic space groups are either P43n or Pm3n. However, from spectroscopy techniques
(Mossbauer and XAS), it is shown that this phase is a sphalerite derivative representative,’ allowing

to exclude the centrosymmetric space group Pm3n, leaving P43n as the only possible solution.
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Figure 1. Synchrotron XRPD Rietveld refinement of the Cu.075Sn0.925S3 sample corresponding to

the Cu225n10S32 phase.
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The structural similarities (space group and unit cell parameter) between this Cuz.075Sn0.925S3 phase
and the colusite Cuz6V2SnsSs32, led us to consider a structural model derived from that of colusite.
Nevertheless, considering that the cation over sulphur ratio is expected to be equal to 1 for the
Cu2.075Sn0.925S3 phase, the 2a crystallographic site (known as the “interstitial” site in colusite) was
kept empty in the structural model. Hence, we have considered that Cu and Sn atoms should be
distributed on 6¢, 6d, 8e, 12f sites, and S atoms should be located on 8e and 24i sites. As clearly
shown on the synchrotron XRPD patterns (Figure 1, Figure S8), the strong intensity of the ikl
reflections with A+k+/ = 2n+1 suggests an important chemical contrast between 6¢ and 64 sites.
From these considerations, we have started the crystal structure resolution of the Cuz.0755n0.925S3
phase by considering (i) the structural model of colusite, (i1) an empty 2a site, and (iii) Sn and Cu
atoms on the 6¢ and 6d sites, respectively. This starting model requires considering a possible
mixture of Cu and Sn either on the 8e site, or 12f site, or on both sites. High quality Rietveld
refinement was finally reached for an occupation of the /2f'site by Cu (~2/3) and Sn (~1/3), the 8e
site being fully occupied by Cu atoms. This suggests that the structural formula of the
Cu2.075S10.925S3 phase is close to Cu22Sni0S32. The crystallographic data of the Cu22Sni10S32 phase,
obtained from Rietveld refinement of the synchrotron XRPD pattern recorded at room temperature,
are gathered in Table 1. Note that contrary to the tetragonal kuramite model, this new cubic
structural model leads to a refined chemical composition, corresponding to x = 0.0625 (i.e.

Cu2.06255n0.9375S3), in agreement with the nominal one.
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Table 1. Crystallographic data of the Cu22SnioS3> phase from Rietveld refinement of the

synchrotron XRPD pattern recorded at room temperature.

P43n,a= 10.8234(2) A, Cua1.80ySni02(1)S32

Atom label Site x y z Biso (A% SOF
Snl 6c 14 172 0 0.72(4)  1.00
Cu2 6d 1/4 0 12 0.41(6) 1.00
Cu3 8e  0.249(2) «x x 0.90(5)  1.00
Cud/Snd  12f 0248(1) 0 0 1347)  0.65(1)/0.35(1)
S e 0.126(1) x X 12134)  1.00
s2 24 0376(1) 0367(1) 0.128(1) 0.11(8)  1.00

3.2. Transmission Electron Microscopy Study of the Cuz.0755n0.925S3 sample

In order to confirm the structural model and to check the homogeneity of the sample, transmission
electron microscopy (TEM) analyses were performed. Electron diffraction (ED) patterns collected
along the main zone axis (Figure 2a) clearly confirmed the cubic P43n structure with a unit cell
parameter ac ~ 10.5 A, in agreement with the synchrotron XRPD study. EDX-STEM elemental
mapping (Figure 2a bottom panels) shows a homogeneous distribution of all the elements. The
quantitative analysis carried out for tens of crystallite gives the following composition Cu-37.9,
Sn-17.2, S-44.9 at.%, which is close to the expected chemical composition.

HAADF-STEM images evidence the good crystallinity of the sample that is free of any structural
modulation and defects. This is illustrated by the high resolution [001] HAADF-STEM image
(Figure 2b). The simulated HAADF-STEM image based on the proposed cubic P43n structure
confirms the partially ordered character of the structure, where pure [001] Cu (Z = 29, less
brightness dots) and Sn (Z = 50, brightest dots) columns alternate with mixed Sn/Cu columns

(bright dots) in agreement with the experimental image.
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Figure 2. a) ED patterns along main crystallographic zone axes of cubic Cux2Sni0S32 structure
indexed based on P43n space group (a = 10.52 A) and EDX-STEM colour elemental mapping
for Sn L (green) Cu K (red), S K (blue) and overlaid image. b) High resolution [001] HAADF-
STEM image of cubic Cu22SnioS32. The simulated and magnified image together with overlaid

structural model are given in the inset (Sn- light blue, Sn/Cu — dark blue, Cu — orange, S- yellow).

3.3. Single crystal X-ray diffraction

The space group and the structural model described above were confirmed by single-crystal XRD
analysis. Single-crystals were extracted from a powder sample Cuz.0755n0.925S3 prepared by
conventional synthesis in sealed silica tube and analyzed by XRD and SEM-EDS. The chemical
composition of Cuz1.77)Sno 85)S32.5(10), determined from SEM-EDS analyses using single-crystals
of CusSnsSi6 (Cuso2)Sneo3)Sis2s)) as standard compound, is in excellent agreement with the
chemical formula refined from synchrotron XRPD data. This composition was then used for the

final refinement of the single-crystal XRD data. The weak residual electronic density determined
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from the refinement suggests that no atoms are located at “interstitial” position of the sphalerite

framework. The conditions of data collection and structure refinement are summarized in Table 2

and the refined crystallographic data in Table S1.

Table 2. Summary of single-crystal data collection and structure refinement conditions at room

temperature of the Cu22Sni0S32 compound

Structural formula Cu22Sn10S32
Space group P43n
Temperature (K) 296(2)
Formula weight (g mol!) 3610.70
Wavelength (A) 0.71073
Crystal system cubic

a(A) 10.8925(18)
V (A%) 1292.4(6)

Z 1
Calculated density (g cm™) 4.639
Absorption coefficient (mm™) 14.863
F(000) 1650
Crystal size (mm) 0.06x0.05%0.04
Crystal color grey

Theta range (°) 2.644-33.087
h min, h_max 0,11

k min, k max 0,11

1 min, 1 max 1,16

R(int) 0.1118
Reflections collected 1236
Reflections unique [I > 26] 345
Completeness 1.000
Data/restraints/parameters 1236/0/27
Goodness-of-fit 0.946

Final R; [1> 20] 0.0759
Final wR2 [1 > 20] 0.1400

Largest difference peak and hole (e A®) 1.015/-1.178

The interatomic distances in the cubic Cu22Sn10S32 phase, calculated from the Rietveld refinement
of the synchrotron XRPD data and from the refinement of the single-crystal XRD data, are gathered
in Table 3 and Table S2, respectively. These values are in agreement with those encountered in
sphalerite derivative copper sulfides, i.e. 2.30 A for Cu-S and 2.43 A for Sn-S.° Moreover, the

average interatomic distances of 2.36 A determined between metals on the 12f'site (i.e. M4) and S
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atoms, intermediate between Cu-S and Sn-S distances, confirm the occupation of the site by both
Cu and Sn atoms. Compared to the monoclinic CuzSnS3 and CusSn,S7 phases,®!? the bond angles
values do not differ significantly from the ideal angle of tetrahedron, indicating a weakly distorted
sphalerite framework in Cu22SnioS32. Nevertheless, the ''°Sn Mossbauer AEq value of 0.90 mm s°
! reported for this cubic phase,® intermediate between those of the monoclinic Cu>SnS3 and
CusSn,S7 phases, suggests a non-negligible local disorder of the sphalerite framework induced by
the mixed occupancy of the 12f crystallographic site. As aforementioned, the original crystal
structure of the cubic sphalerite derivative Cu22Sn10S32 phase, shown in Figure 3, is related to that
of Cu26V2SneS32 colusite with however two main differences: (i) the absence of atoms in the
“Interstitial” position and (ii) the occupancy of the 12f'site by a mixture of Cu and Sn atoms. The
former point implies the absence of tetrahedral-octahedral complexes [7S4]Cus, a structural feature
of prime importance that controls the thermoelectric properties of colusites. The latter point
confirms a cubic sphalerite derivative phase with a partially ordered structure, a structural feature
at the origin of its low lattice thermal conductivity discussed below.

These structural results definitely demonstrate the existence of a new partially ordered cubic
sphalerite Cu22Sni0S32 (x = 0.063) for a narrow compositional range around x = 0.06-0.075 in the
Cuz+:Sn1S3 system. As a consequence, the unsatisfactory structure refinements obtained by Deng

et al [4] for x = 0.10 suggest that the existence of the phase Cu;Sn3Si0 with a tetragonal 1-42m

structure reported by these authors is questionable.
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Table 3. Interatomic distances (A) and bond angles (°) in Cu2Sn;0S32 (x = 0.063, space group

P43n) from Rietveld refinement of the room temperature synchrotron XRPD pattern.

Snl-S2 x4 2.421(6) S2-Snl-S2 x4  108.6(2)
Cu2-S2 x4 2304(6) S2-Snl-S2x2 111.2(2)
Cu3-S1 2.312(20) S2-Cu2-S2 x4 107.6(2)
Cu3-S2x3 2291(19) S2-Cu2-S2x2 113.4(2)
M4-S1 x2  2334(9)  S1-Cu3-S2 x3  109.8(8)
M4-S2 X2 2382(6)  S2-Cu3-S2x3  109.1(8)
2.358 S1-M4-S1 110.9(4)

S1-M4-S2 X2 107.2(3)

S1-M4-S2 X2 110.2(3)

S2-M4-$2 111.202)

dM4-—S

00000
loaoo
olo}o
lcloc
‘e P —b i

@ Cu(6d)/Cu(8e)

Figure 3. Crystal structure representations of the cubic sphalerite derivative semi-ordered phase

Cu22Sn;0S30.

3.4. Low temperature transport properties

Figure 4a and 4b show the electrical resistivity and Seebeck coefficient as a function of
temperature from 5 to 300 K. For comparison purposes, the data measured on Cu>SnS; and
Cu2.15Sn0.85S3 (reported as CusSnaS7) samples have been included. Compared to the stoichiometric

parent compound CuzSnS3 that exhibits nearly-intrinsic semiconducting properties, an increase in
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the Cu-to-Sn ratio results in a progressive shift towards a highly-degenerate p-type semiconducting
behavior. This enhanced metallicity is in agreement with electron counting rules, which predict
that the partial substitution of Cu* for Sn*" leads to the formation of free holes in the valence band.
Consistently, the electronic properties of the x = 0.075 sample are intermediate between the
semiconducting x = 0 and heavily doped x = 0.15 samples. This trend is further supported by Hall
effect measurements that evidence a significant increase in the hole concentration py from
approximately 2.2x10'7 ¢cm™ in CuzSnSs to 4.70x10%! cm™ for x = 0.075 and to 5.75%10?! cm™ for
x=10.15 at 300 K. The weak temperature dependence of py upon cooling to 5 K for x =0.075 and
x =0.15 (reported as CusSn>S7) samples is consistent with their degenerate behavior (Figure S9).

The influence of the partial structural disorder characterizing the x = 0.075 sample is highlighted
by the temperature-dependent behaviors and magnitudes of the Hall mobility py, shown in Figure
S10. At 5 K, uy shows a fifteen-fold increase on going from x = 0.075 to x = 0.15, reaching 8.8
cm? V'!s7tand 140 cm? V! s71, respectively. Of note, for x = 0.075, uy decreases with increasing

1/2

temperature, approximately following a T~ dependence indicative of alloy scattering, a

mechanism typically observed in solid solutions and strongly off-stoichiometric compounds.?%-32
This result is consistent with the semi-ordering cationic arrangement in this compound compared
to its two monoclinic counterparts that possess a distorted but ordered Cu-S framework. The low
Uy values of the x = 0.075 sample and their temperature dependence can be thus ascribed to the
highly-perturbed conductive network formed by CuS, tetrahedra due to the cationic Cu/Sn mixed
occupation of the 12f site.

The temperature dependence of the total thermal conductivity x for Cuz.075Sn0.925S3 sample

(Figure 4c) is comparable to that of CuSnS3 up to about 50 K, a temperature above which a

significant difference between the two samples emerges. The markedly higher values measured in
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the x = 0.15 sample are mostly due to its more conductive nature giving rise to a higher electronic
contribution k,. At 300 K, the monoclinic phase Cu>SnS3 exhibits a relatively low k value of 1.9
W m! K-!, which is in line with the value of 2.4 W m! K-! measured by Shen ef al. in the series
CuzSn;+Zn,S3.! For the Cu-rich samples, x increases gradually with increasing the Cu content to
reach4.3 Wm'!K'and8.6 Wm K at 300 K for the x = 0.075 and x = 0.15 samples, respectively.
The temperature dependence of the lattice thermal conductivity k; = k — k, for Cuz.075Sn0.925S3

sample is shown in Figure Sa. The electronic thermal conductivity k, was calculated using the

Wiedemann-Franz law k, = %, where L is the Lorenz number. The temperature dependence of

L was estimated using a single-parabolic band model with acoustic phonon scattering.>* It must be
noted that the calculated L values for the x = 0.15 sample led to unphysical negative values at high
temperatures. This inadequacy of the present model to calculate L is due to the multiband nature
of the valence band structure of this compound that results in lower L values than those predicted
for a highly-degenerate hole gas using the SPB model. This difficulty in determining the lattice
contribution has been highlighted in several thermoelectric materials, such as SnTe, for which the
presence of several electronic bands tends to lower the L values despite the strongly degenerate
nature of the compound.’*37 The temperature dependence of k;, for the x = 0 sample is
characterized by a pronounced Umklapp peak near 50 K followed by a marked decrease with
increasing temperature, following approximately a T~! dependence that reflects the dominance of
phonon-phonon scattering over other processes. In contrast, the x; values of the x =0.075 sample
are significantly lower compared to CuzSnS; below 200 K and remain almost constant across the
entire temperature range, strongly departing from the T~! law. The absence of the Umklapp peak
is consistent with the reduced cationic order of the x =0.075 sample, evidenced by X-ray diffraction

and TEM analyses, and Hall mobility data. This leads to a strong enhancement of point-defect
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scattering. Such a consideration is supported by the fit of the experimental k; data according to
the Debye-Callaway model (see equations and references in SI). Within this model, the overall
phonon relaxation time is determined by the reciprocal sum of four independent terms describing
grain-boundary, point-defect, Umklapp phonon-phonon processes, and normal scattering in the
low-temperature limit. The importance of low-energy optical phonons, discussed in Section 2.4,
was noted also by Deng et al.”> from the point of view of resonant scattering. The pre-factor of such
a contribution is expected to be proportional to the concentration of atoms associated with the low-
energy phonon modes and was found to be three orders of magnitude higher than values obtained
in skutterudites. Because resonant scattering seems difficult to reconcile with the crystal chemistry
of the present compounds, we rather considered normal phonon-phonon processes that can be a
significant source of thermal resistance if they dominate the scattering at low temperatures.*® In the
case of Cu2SnSs;, the normal scattering term was found to be necessary to describe adequately x;,
with the use of only the first three terms yielding fits of lower quality. As shown in Figure Sb, this
model describes fairly well the experimental data over the entire temperature range. For CuzSnSs,
this model tends to underestimate k; above 200 K where effects of radiation losses may contribute.
These results (see Table S3), nevertheless, show that point-defect scattering is strongly enhanced
in the x = 0.075 sample. In addition, the manifold of low-energy optical modes in the vibrational
spectrum (Figure 7) provides a large momentum- and energy-conserving phase space for three-
phonon Umklapp scattering involving the acoustic modes.>**¢ These scattering events are thus
more easily achieved at low temperatures, further explaining the absence of Umklapp peak in this
sample. These results confirm the critical role of partial cationic ordering in limiting the heat

transport at low temperatures.
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The k; value of around 2.0 W m! K- at 300 K further decreases to 0.55 W m™! K-! upon warming
to 700 K (Figure 10d). These remarkably very low values are similar to those inferred in prior
studies for disordered Cu-Sn-S phases!-® and in other sulfur-based compounds such as tetrahedrites
or strongly-disordered colusites.*’#° At high temperatures, the k; values even drop below the

1

minimum lattice thermal conductivity k,,;, of 0.70 W m™' K'! estimated using the Cahill and

1
- 2
Pohl*® relation K, = %(%)3 kgV 3(2vy + vy) where V is the average volume per atom, kg is

the Boltzmann constant and vy = 2375 m s and v, = 4597 m s’! are the room-temperature
transverse and longitudinal sound velocities of x = 0.075 sample, respectively. This finding,

51,52

observed in only few compounds exhibiting ultralow x;, suggests that the high-temperature

lower bound might be better described by atomic vibrations carrying heat by diffusion. In this
2

diffusive regime, the limit k4;¢; is given by the expression Kgipf = O.76kBV_§%(2vT +v;)

yielding kg4;rf = 0.45 W m™ K, that is, below the inferred x; values.”!

Such low k; values for x = 0.075 sample lead to ZT value of 0.3 at 700K (Figure 10f). This

maximum Z7 remains moderate in comparison to those achieved in optimized tetrahedrites and

colusites, due to the highly metallic character of Cuz.075Sno.925S3 sample. >3-4
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Figure 4. Temperature dependence of (a) electrical resistivity (p) (b) Seebeck coefficient (S), and

(c) thermal conductivity (x) from 5 K to 300 K of Cu2SnS3, Cuz.075Sn0.925S3 and Cuz.15Sn0.85S3.
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Figure 5. a) Lattice thermal conductivity k; from 5 K to 300 K of CuxSnS3 and Cuz.0755n0.925S3
samples. b) x; (T) with the solid lines through the experimental data showing the theoretical fits

according to the Debye-Callaway model.
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3.5. Electronic structure and phonons

In order to properly describe the effect of cationic disorder on the 12f site, three appropriate
different arrangements of 8 Cu and 4 Sn were considered and the properties were described in term
of integrated average quantities such as the electronic density of states (eDOS, Figure 6). Band
structures are very sensitive to compositional variations and structural disorder in the CTS family;
in Cu22Sn10S32 (x = 0.063 in Cuz+,Sni..S3) especially, the states filling the pseudo-gap near the
Fermi level are in large part associated to Sn on the 12fsite (Figure S11); this site is occupied by
Cu and Sn arranged at the vertices of an octahedron in the center and at the corners of the cubic
cell in order to minimize the octahedron-octahedron electrostatic repulsion. Analysis of the electron
localization factor and charge density (Figure S12) points to the local changes in the bonding
features in proximity of the 12f'sites: as expected, the Cu-S bonds are more ionic with respect to

the Sn-S bonds.

—— model 1

model 2
4 —— model 3
—e— Average

.u.)

Density of states (a
N

-10.0 =75 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
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Figure 6. Electron density of states for Cu2Sn10S32 (x =0.063 in Cuz+,Sn1.xS3) computed from first
principles. Three models have been used to account for the effect of disorder influencing the

electronic states near the Fermi level (the energy scale is chosen so that Ep = 0 eV/). Plots are
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aligned with respect to identical core states. Although the DOS does not exhibit a forbidden energy
gap in the proximity of the Fermi level, we used the word “semiconductor” to refer to this material.
This is justified by the presence of a pseudo-gap and the temperature dependence of the transport

coefficients.

The computed values of the Seebeck coefficient (Figure S13, left panel) are in reasonable
agreement with the experimental data; the computed electrical resistivity (Figure S13, right panel)
requires minor changes in the relaxation time to match the low temperature experimental data
(Figure 4a and 4b). The comparison between theory and experiments is strongly dependent on the

theoretical model used to represent the disorder and the fine tuning of the Fermi energy.

VDOS (arb. units)

0 50 100 150 200 250 300 350
Frequency (cm™1)

Figure 7. Phonon density of states for Cu22Sn10S32 (x = 0.063 in Cu2+,SniS3) computed from first
principles. We have used only one model to determine the vibrational spectrum. The main features

are similar to those observed in other sulfides.
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The vibrational density of states of Cu22Sn10S32 (x = 0.063 in Cuz+.Sni..S3) is expected to mimic
the features observed in other copper sulfides, notably including a low frequency manifold centered
at about 60 cm! involving mostly Cu and Sn displacements (Figure 7). The presence of low-energy
optical modes were found in several copper-based sulfides with low K .>#%° The phonon

frequencies have been computed within an accuracy of 2 cm™.

3.6. Cu228n10,SbySs2 series

With the aim to decrease the hole concentration while retaining the semi-ordering character of this
phase beneficial for suppressing the heat transport, we have investigated the aliovalent substitution
of Sb>* for Sn**, as reported recently in CuxSnS3 and CuzSnS4.8°7°% We have fixed the pristine
composition to the one determined from synchrotron X-ray diffraction data, i.e., Cu22SnioS3>
corresponding to x = 0.063 in the Cuz+xSni.xS3 series. For comparison purpose, we also include the
thermoelectric properties of x = 0.075 sample.

The XRPD pattern of Cu22Sni0S32 (x = 0.063 in Cuz+Sni.S3) clearly shows the diffraction peaks
characteristic of a cubic unit cell in space group P43n with a = 10.8322(1) A (see Rietveld
refinement in Figure S14). It suggests that there exists a narrow Cu/Sn solubility window (around
x = 0.063-0.075) where the mixed occupancy on the 12f site allows to stabilize the cubic P43n
crystal structure.

The XRPD patterns of the Cuz2Sn10.,Sb,S32 samples with concentration up to y = 1.0 also evidence
the diffraction peaks characteristic of the cubic unit cell in space group P43n with a = 10.8350(1)
A and 10.8373(1) A for y = 0.75 and 1.0, respectively (Figure 8 and Figure S14). Remarkably,

such features are absent for y = 1.5 (Figure 8), suggesting that this sample crystallizes in tetragonal
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kuramite structure. This indicates that the stability of the cubic Cu22Sni10S32 phase is limited to a
narrow Sb concentration range and that transition from cubic P43n structure to tetragonal [42m
structure is favored by extra chemical disorder. The absence of extra diffraction peaks other than
those allowed by the space group P43n for y < 1 further suggests a high purity of the Cu22Snio.
»SbyS32 samples. There is no variation in the peak intensities for y < 1 consistently with the
isoelectronic substitution of Sn*" by Sb>* cations and in agreement with the high quality of Rietveld
refinements obtained by considering the structural model determined for the cubic Cu22Sni0S32
phase (Figure S14). A preferred crystallographic site for the Sb atoms cannot be unequivocally
determined from XRPD data only. The refined unit cell parameter of the Sb-containing samples
hardly varies upon increasing y, in agreement with the very close ionic radius of Sn*" (0.55 A) and

Sb** (i.e. 0.565 A) in tetrahedral coordination.5$-°
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Figure 8. XRPD patterns of the Cuz2Sni¢.,Sb,S32 samples (y = 0 in red, y = 0.75 in orange, y = 1 in

green, and y = 1.5 in blue) and Bragg reflections of the cubic Cu22Sni0S32 phase (P43n, a. ~10.83

A).
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From a theoretical point of view, the Sb/Sn replacement injects electron into the valence manifold
(22Cuf, +9Sn¥, + Sbhs, + 32S¥ + e') shifting the Fermi level Er upwards in energy. Due to
disorder, few calculations with explicit Sb doping are not representative of the crystal structure
determined experimentally. Thus, we opted to treat the doping implicitly within the rigid band and
constant relaxation time approximations. Figure 9 shows the variation of S and o as Er changes

over a large temperature range, qualitatively capturing the experimental trend (Figure 10).
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Figure 9. Seebeck coefficient (left) and electrical resistivity (right, multiplied by the constant
relaxation time 7) as a function of temperature. The three curves correspond to three different
doping levels (Er = u = 0.0 eV is the theoretical value for CuxSni0S32 and is used as energy
reference). In the rigid band approximation, shifting up the chemical potential is equivalent to
remove holes from the system. We used three different models to simulate disorder: the shaded
regions indicate the dispersion of the transport coefficients as the model to represent the Cu-Sn

disorder changes; the solid lines indicate the averages.

The transport properties measured between 300 and 700 K are shown in Figure 10 for the

Cu2.075Sn0.925S3 and Cuz2Sni10-,Sb,S32 (v = 0, 0.75, and 1.0) compositions. The p-type nature of the
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parent compound remains unaffected by this substitution. The values of p and S, shown in Figure
10a and 10b respectively, increase monotonically with increasing temperature, indicative of
degenerate semiconducting behaviors. Cu2.075Sn0.925S3 exhibits the lowest values of p ~ 0.28 mQ
cmand S~ 35 uV K-!at 300K, consistent with the higher content of copper and its correspondingly
higher number of holes compared to the three other compositions investigated. Upon decreasing
slightly the Cu content in Cu22Sni0S32 (x = 0.063 in Cuz+,Sni..S3), p and S increase to 0.4 mQ cm
and 45 uV K1, respectively, at 300K. At higher temperatures, the latter remains quite low, S ~ 97
uV K- at 700K, owing to a high hole concentration. The hole concentration remains too high to
expect an overall good thermoelectric performance, thus motivating the use of a donor dopant such
as Sb in a +5 oxidation state. The existence of pentavalent Sb in tetrahedral coordination is well
known in famatinite CuzSbS4 *® and colusite compounds, as recently reported in Cuz6Ti2SbsS32 and
Cu26V2GesrSbiS32.°% As anticipated, the substitution of Sb for Sn in Cu22SnioSs> results in a
significant decrease in the hole concentration, reflected by the simultaneous increase in p and S.
p increases from 0.4 mQ cm to 0.95 mQ cm at 300 K, and from 1.0 mQ cm to 1.9 mQ cm at 700

K, for Cu22Sn10S32 and Cu22SngSbS3s, respectively.

In order to clarify the role of Sb on the transport properties, Hall effect measurements were carried
out. The p-type behavior is confirmed from the positive values of the Hall coefficient. The hole
concentration decreases slightly at 300 K with the reduction of copper content, from 4.7x10%! cm
3 for Cu2.075S10.925S3 to 4.2x10?! cm™ for Cu22Sn10S32 (x = 0.063 in Cuz+,Sn;-»S3). With Sb for Sn
substitution, the hole concentration decreases to 3.1x10%' cm™ for Cu22Sn9.25Sbo.75S32 and 1.5x 102!
cm? for Cu2SneSbSs; in agreement with a nominal change from two to one hole per unit cell. This

trend confirms that Sb acts as a donor impurity in these compounds. Concomitantly, uy decreases
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from 4.5 cm? V™! s7! for Cu2.075Sn0.925S3 to 3.7 cm? V™! s7! for Cu22Sn10S32 (x = 0.063 in Cuz+,Sn-
xS3) at 300 K. Meanwhile, Sb doping does not seem to strongly impact py with similar values of
3.5 cm? V! sl and 4.3 cm? V! s7! for CuxnSnoasSbo7sS32 and Cu2SnoSbSs,, respectively.
Consistent with the decrease in the hole concentration, the S values increase from 45 pV K-! for
Cu22Sn10S32 to 73 uV K-! for CuoSnoSbSs» at 300 K. The peak S value of ~ 147 uV K- achieved at
700 K for Cu22SngSbS3; corresponds to a 51% enhancement compared to pristine Cu22SnioS32.
The temperature dependence of the power factor is shown in Figure 10e for the Cu.075Sn0.925S3
and Cu22Snio,SbyS32 (v = 0, 0.75, and 1.0) compositions. The highest PF is achieved for
Cu22Sn925Sbg 75S32 sample with values ranging from 0.67 mW m™' K-2at 300 K to 1.2 mW m™! K2
at 650 K. This higher value is comparable to that recently reported for Cuz.08Sno.92S3,!! i.e. 1.26
mW m! K2 at 700 K and higher than that of Zn- and Co-doped Cu>SnS3 (0.84 and 0.94 mW m'!
K2 respectively).!

Figure 10c and 10d show the temperature dependence of the thermal conductivity x and lattice
thermal conductivity k;, respectively, for the Cuz.075Sn0.925S3 and Cuz2Sni0,Sb,S32 (v = 0, 0.75,
and 1.0) compositions. Cuz.075Sn0.925S3 exhibits k value of ~4.3 W m™! K- at 300 K that decreases
to ~ 2.5 W m! K- upon heating to 700 K. Although quite high, it is worth noting that these values
are twice lower than those observed in CusSn»S7,° in agreement with the existence of intrinsic
partial disorder in the cubic P43n structure. In the case of Cu22Sn19S32 (x = 0.063 in Cuz+,Sn;.1S3),
the x value decreases from 3.5 W m! K!at300 K to 2.0 W m™ K! at 700 K. k further decreases
with increasing the Sb content, reaching the lowest value of 1.47 W m! K at 700 K for
Cu22SnoSbS3;. This reduction in k is mainly caused by a decrease in the electronic contribution
ke. For all the compositions, k; roughly follows a 7! dependence, which indicates that Umklapp

scattering is the main source of phonon scattering, consistent with the low-temperature
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measurements. k; values for Cuz.075Sn0.925S3, Cu22Sni0S32, and Cuz2Sng 25Sbo 75S32 fall within the
same range, between 1.95 and 1.80 W m™! K-'at 300 K. &z does not seem to vary significantly with
the Sb content due to the similar molar mass and ionic radii that result in a marginal enhancement
of point defect scattering. In contrast, Cu2SnoSbS3> exhibits slightly higher values of xz over the
entire temperature range that could be attributed to the presence of larger grains compared to the
other compositions, as observed by SEM (Figure S15). Conversely, Cuz.075Sno.925S3 exhibits the
lowest k; of 0.5 W m! K-!at 700 K, which is quite comparable with the structurally-similar
compounds such as disordered Zn-doped CuzSnS3, Cuz.1SnooSs (reported as CusSn3Sio), and
colusites CuxeT2MS32 (T =V, Nb, Ta, Cr, Mo, W; M = Ge, Sn).!>¢0

The temperature dependence of ZT for the Cu2.075Sn0.925S3 and Cu22Sni0.,SbyS32 (v = 0, 0.75, and
1.0) compositions is shown in Figure 10f. ZT7 values increase monotonically for all the
compositions with increasing temperature and increase significantly with Sb substitution. The
Cu22SnoSbS3, sample exhibits the highest peak Z7 value of 0.55 at 700 K, which is nearly almost
twice as high as the Z7 value of Cuz.075Sn0.925S3, and similar to those measured in Zn and Co-doped
Cu2SnS;3 and Cuz.1Sno 6Ss (reported as Cu7Sn3Sio).1*° Such relatively high ZT value originates from
the combination of low lattice thermal conductivity and high power factor further optimized
through electron doping with Sb>*.

In order to estimate the optimum hole carrier concentration range, the theoretical hole concentration
(p) dependence of ZT has been calculated by using SPB model, as shown in Figure 11. The
predicted optimal carrier concentration corresponding to the maximum ZT is around 5.0x10%° cm-
3 at 600 K. The optimized values are lower than experimentally measured hole carrier concentration
values in the present study, indicating that there is a large room for further improvement of ZT'

values. In order to achieve such optimum values, careful selection of appropriate substituent
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element is necessary. Local disorder must be maintained on the 12f site of the cubic P43n

structure, while maintaining high mobility in the Cu-S conducting network. As shown in
structurally-related colusites,

promote strong phonon scattering through cationic disorder while tuning the carrier concentration

49,61

a fine tuning of the cationic and/or anionic stoichiometries can

and preserving high power factors. This led to record Z7 values in sulfides. Enhanced disorder and

optimized hole concentrations and Z7 have been also recently achieved in Cuz.1Sn 9S3 (reported as

Cu7Sn3S10) through electron doping with CI and Br.?
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Figure 10. The thermoelectric performances of Cuz.0755n0.925S3 and Cuz2Sni0,Sb,S32 (v =0, 0.75,

and 1.0) including (a) electrical resistivity, (b) Seebeck coefficient, (c) thermal conductivity, (d)

lattice thermal conductivity, () power factor and (f) figure of merit, Z7T.
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Cu2Snio,SbyS32 (v = 0, 0.75, and 1.0; filled circle symbols). For comparison, the data of
monoclinic CuxSnS3 (filled bicolor symbol) and CusSn>S; (open circle symbols) have been
included. The two dashed curves show the estimated Z7 values calculated using the SPB model

based on the experimental data (see SI).

4. Conclusion

We have discovered and characterized a new phase in the Cu-Sn-S diagram, namely cubic P43n
Cu22Sn10S32, which exhibits an original crystallographic structure characterized by local disorder
solely on the 12f crystallographic site. We have justified the origin of such feature in terms of
electrostatic repulsion and investigated the interplay between partial disorder and electronic and
thermal transport properties. The extremely low thermal conductivity invites further optimization,
successfully realized through the partial substitution of Sb for Sn. The resulting decrease in the
hole concentration drives the drastic enhancement of the thermoelectric performance by increasing

power factor. ZT values up to 0.55 at 700 K were obtained thanks to electronic optimization that
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mainly lowers the electronic part of the thermal conductivity. The analysis with multiple
characterization methods and modelling further clarifies the sensitivity of materials in the Cu-Sn-
S family to minor changes in the chemical composition and disorder and will provide new

perspectives for the design of CTS materials for energy applications.
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We have discovered a new partially-ordered cubic Cu22SnioS32 phase in the Cu-Sn-S
diagram with intrinsically low lattice thermal conductivity. Our results provide new perspectives
for the design of copper-based chalcogenides for energy applications.

1.2 r T
----300 K .
10F === 600 K KA
4 \
o8| A ]
N ; \  CusSn;S;
/ \ Monoclinic
06} / \c2
/ \
/ ERS
L K P
04 ,/ This work ( 09
Cu,SnS; ./ cubic P-43n q /
0.2 Monoclinic .~ TN 4
Ce el :' '(_\
0.0 f-@=:==—"" « _“%»—'*- .
107 10% 107 0% 108 107 10%

p (cm?)

46





