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Effects of grain size on the thermoelectric properties of
CuxSnS3 (CTS): An experimental and first-principles
study
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Paolo Scardi'*

"Department of Civil, Environmental & Mechanical Engineering, University of Trento, Via Mesiano 77,
38123, Trento, Italy

2CRISMAT, CNRS, Normandie Univ, ENSICAEN, UNICAEN, 14000 Caen, France

Abstract:

Cu-Sn-based sulfides are earth-abundant and non-toxic compounds, of special interest for low-cost energy
harvesting applications. In the present work, we have investigated the effect of grain-size on the
thermoelectric properties of CuxSnS3 (CTS). Three dense CTS samples with nanometric grains were
produced by mechanical-alloying combined with Spark Plasma Sintering, preserving the small size of
crystalline domains to 12 nm, 25 nm, and 37 nm, respectively. The experimental results show that the
Seebeck coefficient (S) and electrical resistivity (p) decrease with decreasing domain sizes, while the
thermal conductivity (x) increases. A smaller domain size correlates with a lower resistivity and a
degenerate semiconductor-like behaviour due to higher carrier concentration. At the same time, our
synthesis method leads to materials with very low lattice thermal conductivity thanks to the nanometric size
of grains and structural disorder. As a result, the sample with the smallest grain size exhibits the highest zT'
of ~0.4 at 650 K. First-principles Density Functional Theory (DFT) simulations on various CTS crystallite
surfaces revealed localized states near the Fermi level and the absence of bandgap, indicating the metallic
nature of the surfaces. Various CTS systems were tested by DFT, showing the following order of increasing
formation energy: stoichiometric CTS, Cu-vacancy, Cu-rich, Sn-vacancy, and Sn-rich.

Keywords: Cu,SnS3, grain size effect, DFT, thermoelectric Cu,SnS3, spark plasma sintering, p-type
semiconductor.

Introduction:

Most commercially available thermoelectric (TE) devices use toxic and scarce materials, making them
expensive and potentially hazardous, e.g., SboTes, Bi,Tes, etc. In recent years, the search for high-
performance, non-toxic, eco-friendly, and earth-abundant TE materials has led to the exploration of
multinary sulfides.!? Chalcogenides®, colusites*®, and other metal-based sulfides®® could be viable
alternatives to existing materials.® Cu-based sulfides have low formation energy, so that it is possible to
produce them by short-period reactive milling using a planetary or vibrating mill. As also shown in the
present work, high-energy reactive ball-milling, also called mechanical-alloying, can be employed with
success to synthesize new and disordered phases. In addition, milling offers the advantage of facile and
scalable production for industrial use.!°

The energy conversion efficiency of a TE material is determined by a dimensionless figure of merit (z7)
expressed as zT=S*px*T, where S, p, k, and T are Seebeck coefficient, electrical resistivity, thermal
conductivity, and absolute temperature, respectively. S*/p is referred to as power factor (PF). The Seebeck
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coefficient and electrical resistivity are strongly dependent of the carrier concentration (n), mobility (u),
and effective mass of the charge carriers (m*), (see Equations 1 and 2 below). A low carrier concentration
and high effective mass of charge carriers can increase the Seebeck coefficient, but it also penalizes the
electrical conductivity and vice versa.!!!

xr T 2
S=Am (E)ST -1
o =neu -2
LT
Ke = 7 -3

where A4, e, and L represent a constant, charge of an electron, and Lorenz number, respectively.

Besides high PF, TE materials also require low thermal conductivity (x), composed of a lattice (x;) and an
electronic contribution (&), combined as: ¥ = x; + k.. The lattice contribution can be decreased by
increasing the grain boundary density, vacancies, defects, impurities, strain, etc. Differently, x. shows a
strong dependence on the electrical resistivity, as in the Wiedemann-Franz law (see equation 3).> More
recently, the determination of the thermoelectric quality factor (8) given by S=uomaos*>*/ ki (Where uoand
mdaos* are the non-degenerate mobility and density of state effective mass, respectively) is in practice for
the simultaneous optimization of all TE parameters.!>!3

Cuz2+xSn;S3 (CTS) polymorphs are used in many applications such as photovoltaics, transistors, LEDs,
and thermoelectric materials. A recent study has also suggested a potential use of CTS quantum dots for
photodetector applications.!* CTS polymorphs have been extensively studied as p-type thermoelectric
materials showing moderately high PF with high or low thermal conductivity, depending whether the
crystal structure is ordered or disordered.!>"!” To increase the thermoelectric performance, different cationic
substitutions have been investigated with the aim to tune the carrier concentration and to introduce structural
disorder. Among the various studies, Zhao et al. have reported the highest z7'~0.9 (at 7> 700 K) so far, by
simultaneous cobalt and antimony doping.'®

Zhai et al."® and Shigemi et al.?° have shown that the hybridization of Cu-3d and S-3p orbitals in the valence
band (VB) is responsible for the p-type nature of CTS. Heavy acceptor-doping due to unfilled d-orbitals of
Co?!, Cu??, Ni'®, Fe?’, and Mn** enhance the DOS effective mass of carriers (holes) and electrical
conductivity, resulting in a high PF ~10 uW/cm K2, around 700 K. Cationic substitution also transforms
the CTS crystal structure from ordered (monoclinic Cc)* to tetragonal I-42m?¢ and disordered (cubic: F-
43m)."> In most of the cases, a mixture of the different phases is obtained. Deng et al.?* have shown the
influence of Cu/Sn ratio in Cu2+.Sn;..S3 on the electrical and thermal properties. More recently, V. Pavan
Kumar et al.!” have discovered a new ordered monoclinic structure CusSn»S7 by increasing the Cu/Sn ratio
up to x = 0.15 leading to a specific ordering of Cu and Sn in the structure. In summary, the hole doping in
CTS compounds, induced by the substitution of Cu, Sn or S by aliovalent cations, or by Cu for Sn
substitution, increases the carrier concentration. Disordering phenomena, usually induced by the
cationic/anionic substitution, scatters the phonon waves more effectively, resulting in a higher TE figure of
merit.

The disordered cubic CTS and CuxSnSe; (CTSe) phases can also be produced and stabilized without
chemical alteration.!®2”-?® The optical absorption measurements revealed a lower bandgap for the
disordered CTS/Se polymorphs. The lower bandgap enhances the carrier concentration resulting in a higher
PF compared to its ordered polymorph. Furthermore, in a theoretical study, Baranowski et al. ?° have also



reported band tailing and mid-gap states for the disordered CTS phase. The structural disorder introduces
potential energy fluctuations in the lattice that allow energy levels within the forbidden gap, responsible for
the band tailing and reduced band gap.?”-** Moreover, Dahule et al.** have studied the electronic structure
properties of (200) and (-131) surfaces of monoclinic CTS and shown their metallic character. It is worth
mentioning that the metallic character was confirmed using different potentials, including the Heyd-
Scuseria-Ernzerhof (HSE) potential, which results in a better estimation of the bandgap.

In terms of synthesis, the literature suggests a three-step top-down approach to produce CTS samples for
TE applications. First, CTS is produced from the elemental powders (Cu, Sn, S, and dopant elements) using
an extended high-temperature solid-state reaction.!! In the second step, the grain size is sometimes reduced
by ball-milling. Finally, high-density pellets are produced using spark-plasma-sintering or hot-pressing.
This approach results in highly crystalline materials with average domain sizes ranging from half to several
microns. This synthesis method requires a long annealing time at high temperatures, which is time and
resource-consuming.

Alternatively, CTS compounds, as many other Cu-based sulphides, can be produced by combined high-
energy reactive ball-milling (mechanical alloying) and Spark Plasma Sintering (SPS) or hot pressing.!”-3!
Mechanical alloying allows to produce fine, homogeneous, pre-crystallised and highly reactive powders,
which usually lead to high purity, crystallinity and dense samples after sintering with small grain and
crystallite sizes. Furthermore, a highly dense disordered CTS polymorph can be stabilized without any
chemical substitution.'?

The present work aims to shed light on the degenerate semiconductor-like behaviour of nanocrystalline
CTS samples. Three dense CTS samples were produced using powder synthesized by high-energy reactive
ball milling and SPS. We have investigated the effects of grain size on the thermoelectric properties.
Structural and microstructural analyses suggested a stoichiometry deviation in CTS phases sintered at low
temperature, together with a very small crystallite and grain size. Ab initio calculations using Density
Functional Theory (DFT) indicated the metallic nature of CTS surfaces, leading to a degenerate
semiconductor-like trend with temperature. Further evidence is presented on the formation energies for
various CTS systems with vacancies and chemical deviations.

Materials and methods:

Experimental: Elemental powders (Cu, Sn, and S) were weighted in stochiometric ratio and fed in WC
vials with WC balls. A Fritsch Pulverisette-4 mill was operated for 1h, producing ~6 g of as-milled CTS
powder. The entire production process was performed in a glove box with argon filled environment. During
the milling, no lubricant was introduced to avoid any contamination. The production of CTS powder by
high-energy ball milling of elemental powders and binary sulfides is discussed in detail elsewhere.!5?

The as-milled powder was sintered using a Spark Plasma Sintering (SPS) machine (FCT HPD 25) at various
temperatures and pressures to optimize the sintering conditions (Table 1). Relative density of the samples
is 86, 96, and 94% for sample A, B and C, respectively.

Structural analysis was performed using X-Ray Diffraction (XRD). XRD data were collected in 6/20 Bragg-
Brentano geometry using a Panalytical Xpert Pro diffractometer equipped with Cu-Ka (1=1.5406 A) source.
Micrographs and Electron Dispersive X-ray (EDX) spectroscopy analyses were collected using a JEOL
JSM 7200F scanning electron microscope equipped with EDX X-Flash Bruker detector.



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 (x) was determined as the product of the geometrical density,
the thermal diffusivity, and the theoretical heat capacity using the Dulong—Petit approximation. The lattice
contribution to the thermal conductivity (x7) was determined by subtracting the estimated electronic
component (x.) from the measured total thermal conductivity, . 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.

Hall effect measurements at RT were carried out using a Physical Properties Measurement System (PPMS;
Quantum Design) under an applied magnetic field of 9 T.

Computational:

The electronic structure calculations were performed using DFT as implemented in Vienna ab
initio Simulation Package.’?** The interaction between electrons and ions was described using the
Projector-Augmented-Wave (PAW) method. The Generalized Gradient Approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE)** electron exchange-correlation was used for the calculations.

We have performed the calculations for (001), (010), and (100) slabs of monoclinic CTS, and two
disordered CTS cells with sulfur termination. We considered two cases for the disordered cell, one with the
Cu-rich and the other with Sn-rich atomic layer below the terminating sulfur layer. For all the calculation
CTS stoichiometry was preserved. A vacuum of 15 A was created to minimize the interaction between the
periodic copies. In the disordered cells, the atoms of the lower four layers were fixed in position, whereas
the atoms of the upper four layers were free to move. Relaxation was performed with a plane-wave kinetic
energy cut-off and an electronic convergence of 350 eV and 107 eV, respectively. The involvement of core
electrons was seized by freezing. Only 3d'%4s’, 4d"° 5s° 5p?, and 3s? 3p* electrons were treated as valence
electrons for Cu, Sn and S, respectively. The cell parameters were fixed, whereas the atomic position was
allowed to change for relaxation. The electronic convergence was set to 10 eV for DOS calculations.
Brillion zone sampling was performed on a k-point grid of 9x9x1 and 5x5x1 for monoclinic slabs and
disordered cells, respectively. The k-mesh was reduced for the disordered cell due to its larger size.

The formation energy calculations were performed on Cu-rich, Cu-vacant, Sn-rich, and Sn-vacant cells.
For these calculations, the plane wave kinetic energy cut-off and electronic convergence were changed to
400 eV and 10 eV, respectively. A Monkhorst-Pack®> k-point mesh of 7x7x7 (centered at the gamma
point) was used to integrate the Brillion zone. One atom was removed from the supercell, and the remaining
atoms were allowed to relax for the vacancy calculations. The off-stoichiometry calculations were
performed on a supercell of 72 atoms with stable monoclinic phase, where one Cu atom was replaced by
one Sn atom and vice versa, respectively for the Sn-rich and Cu-rich simulations.

Results and discussion:

XRD patterns collected on as-milled powder with increasing milling times are shown in Figure 1. Due to
its low formation energy, short milling of 15 min led to the formation of binary sulfides, especially CusS.
As the milling time was increased to 30 min, the appearance of diffraction peaks of sphalerite-type structure
can be noticed. However, unreacted SnS and Sn powder were still present in the sample. With the further



increase of milling time to 1 h, the as-milled powder showed four broad diffraction peaks, implying the
formation of a sphalerite-type crystal structure. It is worth mentioning here that, among all the elements,
Sn incorporated last in the CTS system. Broad Bragg-peaks with diffuse backgrounds imply that the one-
hour milled powder consists of low crystalline CTS grains with a small domain size.
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Figure 1. XRD patterns for the powder milled for 15, 30, and 60 min.

SEM-EDX data collected on 60 min milled powder at full-frame image showed the presence of
stoichiometric CTS. On the same sample, various micrographs and EDX data were collected in different
magnifications from different parts of the SEM grid. It indicated that the as-milled powder has a non-
homogeneous chemical distribution with a small domain size, which tend to agglomerate in larger particles
(Figure S1).

High-density bulk CTS samples were produced by SPS under different sintering conditions (listed in Table.
1). Sintered samples maintained the same Bragg-peak positions as the as-milled powder. However, sharper
Bragg peaks for sintered samples indicate an increased crystallinity and crystallite size. XRD line profile
analysis was performed by the Rietveld method® using Topas 7 software’’. We employed the Whole
Powder Pattern Modelling (WPPM) macro®® to simulate the peak profile. The instrumental profile was
obtained from a LaBg standard sample.>*A nine-point Chebyshev polynomial and a //x-function were used
to simulate the background and low-angle intensity, respectively. Subsequently, zero shift and other
parameters were systematically refined*. During the refinement, the variation of the Debye-Waller
coefficients (thermal factors) was restricted between 0 to 2 for all atoms. For all the samples discussed
below, the goodness of fit (gof) was ~1.1-1.3.

Disordered CTS has a Zinc-blende (ZnS) like (cubic) close-packed face centered structure, which arranges
its atoms in the F-43m (216) space group. The 4a Wyckoff position is occupied by Cu and Sn atoms with
occupancy 2/3 and 1/3, respectively, while the 4c site is occupied by S atoms with occupancy 1. The lattice
parameter, phase density, and cell volume determined from Rietveld refinement were 5.43 A, 4.71 g/cm?,
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and 160.50 A3, respectively. No microstrain was observed for any sample. Average domain size and the
weight fraction of CTS and secondary phases are listed in table 1 for the different sintering conditions. All
the samples showed disordered cubic CTS structures. However, a small amount (weight fraction <0.5% )
of SnO; was observed for samples A and C. For sample B (see figure 2a), two Bragg peaks around 26 ~
16° and ~31° were observed. Sample B may have a small amount of monoclinic phase. But the two peaks
are quite broad which makes it hard to quantify the monoclinic phase reliably, and it is certainly below 1%
in weight.

The size of crystalline domains was estimated as 12+10 nm, 2510 nm, and 3710 nm for samples A, B,
and C, respectively. The reported average grain size for high-density CTS samples prepared by the three-
step method (discussed in the introduction) is in the range of 500-600 nm,?® and in some cases, micron-size
grains are also reported.?! In contrast, traditionally sintered samples (without applying pressure) showed
smaller grains, domain size ranging from ~50 nm to a few 100 nm, and low density.'® The mechanical-
alloying combined with SPS method proposed here constrained the grain size below 50 nm,?! while
promoting densification at relatively low sintering temperature.

—A . ©) (ii) Yobs
B o Yecal
+ CTS Difference
. SnO2

.27.0 275 28.0 28.5 29.0 295 300

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

20 30 40 S0 60 70 80 90 20 30 40 S50 60 70 80
20 (°) 26 (%)
Figure 2. (i) XRD pattern of samples sintered on various conditions.; (ii) Rietlveld refinement data
for Sample A (collected (Yobs), calculated (Ycal), difference (Difference) pattern. See Figure S2 for
the Rietveld refinement data for samples B and C.
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Figure 3. (i) SEM micrograph of the surface of SPS sintered sample A
showing compact sample with almost no pores and the presence of
SnS.; (i1) WC particles on one of the samples (bright spots in the
micrograph, identified by EDX); (iii) micrographs of polished samples
A and (iv) B. EDX data are provided in Table S1.

Sample | Sintering Sintering | Sintering Dwell Density Weight Fraction Average
name Die Pressure | Temperature | Time (g/cm?) (+1%) Domain
(MPa) O (min) Disordered Seconda Size
- ry
CTS phase (10 nm)
name

A WC 500 400 60 4.06 99 SnO;-1 12
B Graphite | 64 512 30 4.52 100 25
C Graphite | 64 500 30 4.45 99 SnO;-1 37
Table 1. Sample names, sintering conditions, densities, phase purity, and average grain size for
various CTS samples.

SEM micrographs on bulk samples reveal a dense microstructure, highly intact grains with almost no
porosity (shown in Figure 3, Figure S3, and Figure S4). Unlike the as-milled powder, EDX analysis on the
sintered samples revealed a homogeneous chemical distribution, with the exception of sample A, where a
small amount of SnS was found, likely due to incomplete reaction at 400 °C (Figure 3i, Figure S3 and S5).
Some bright spots in the micrographs revealed traces of WC particles. However, WC and SnS signals were
not observed in the XRD patterns because of their small weight fraction, below the detection limit (<<1%).
Comparative SEM-EDX analysis was performed on samples A and B (before and after polishing), SEM-
EDX data is shown in the supporting information (Figure S3-S6). Sample A has a higher amount of SnS
phase compared to sample B, probably due to a lower sintering temperature. However, the matrix
composition for both samples is similar, suggesting that stoichiometric deviation in CTS grains is quite
small. These micrographs also confirm that the average grain size is much smaller than the magnification
of the microscope allows to see.

Figures 4(1) and 4(i1) show the absolute Seebeck coefficient (S) and resistivity (p), respectively, for the CTS
samples of Table 1. Although there is a variation in the values of S, all the samples show a positive Seebeck
coefficient, increasing with temperature. Sample A, B, and C present S ~100 pV/K, 180 uV/K, 160 pV/K,
respectively, which is lower than the reported room temperature values for CTS compound (S ~500-700
uV/K).!7-2227 A general trend of increasing values of Seebeck coefficient with increasing the sintering
temperature and grain size can be observed. The Cu-Sn-S systems exist in numerous phases, such as
CuzSnS3'%, CusSnS4*, CusSnaS7'7, and CusSn3Sio*, etc.? Mostly, these systems show p-type



semiconducting nature due to the unfilled Cu 3d-orbitals. Additionally, Cu-S bonds in Cu-Sn-S-based
systems form a 3-dimensional conduction network which enhances their electrical conductivity.!'

350

[ A=A (2£100m) () 1000 7 (ii)
2 —@-B (2510 nm) " 750 - MEEEmy -
S 300 _gm (37410 nm) -.I' ] SEmgun®
N L 2 500~ .
‘g 250 g "'/ .x‘.E ) .._.__.——.—.‘.’.
= b I =
g o
2 200 .]‘ e =
Az 4 */* 2 *
3 * = 100 — *
2150 | * z e
8 * 2 1 */*
o * g 75 *
2 100 ** & >
E X
2 1 e
< 50 e 01—
5300 400 500 600 700 07300 400 500 600 700
(iii) (@iv)
*
4 %% 0.6 4
* N
/*/ @ 1 *\
~ 3 el e 054 O *,
g * £ ® Sw
2 - - LGN ~
i el z N
2 2 N
= —0—0—0 = N~
& .—.—‘./. ..--.. E \=:.\
14e®  _guu®® 0.3 "
] -.- ...
ot 02—
300 400 500 600 700 300 400 500 600 700
Temp. (K) Temp. (K)

Figure 4. Temperature-dependent (i) absolute Seebeck Coefficient, (ii)
Resistivity, (iii) power factor (PF), and (iv) diffusivity for sintered samples
A, B, and C.

It is well known that undoped CTS is highly resistive with a non-degenerate semiconductor-like trend in
temperature owing to its low carrier concentration.!® However, samples A and B show a degenerate
semiconductor-like nature, whereas sample C, with the largest S (~320 uV/K, above 650 K), shows a non-
degenerate trend up to ~650 K. As expected, samples with a higher Seebeck coefficient have higher
electrical resistivity and vice versa, but a trend of decreasing electrical resistivity can also be observed with
the decrease in crystalline domain size. It is worth mentioning here that off-stoichiometry in CTS
compounds can lead to similar results, although such deviations should have a Cu/Sn ratio >2. In fact,
Deng et al. ** show that an excess of Cu in Cu2+Sni.S3 (x > 0.016) changes the electrical resistivity from
a non-degenerate to degenerate behaviour. This suggests that CTS phase, especially when sintered at low
T (400°C, sample A), is non-stoichiometric.

In general, a small grain size leads to a higher Seebeck coefficient due to the scattering of charge carriers
by the grain boundary, otherwise known as Energy-filtering.** This, however, decreases the mobility, in
turn, increases the electrical resistivity. The lower grain size is also crucial in the suppression of thermal
conductivity by scattering phonon waves effectively. The results shown here contrast with the energy
filtering mechanism. The samples with smaller domains are more conductive, and we observe a trend of
increasing resistivity with an increase in grain size. Carrier concentration measurements on these samples
revealed that the higher conductivity of samples with small domains correlates with a higher carrier
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concentration, 8.6x10?° cm™ and 7.4x10!° cm™ for samples A and B, respectively. These values are one to
two orders of magnitude higher than the reported values for the CTS?’. However, other Cu-Sn-S based
compounds with higher Cu/Sn ratio presented increasing carrier concentration with increasing Cu/Sn ratio,
ie., 2.6x10%! cm™ and 5.57x10*' cm™ for Cu7Sn3S10** and CusSn»S7'7, respectively. Sample A sintered at
low sintering temperature has a lower carrier mobility (1.2 cm? V™! s71) than sample B (2.1 cm? V7! s71)
which is explained by the larger carrier concentration (increased probability of charge carrier collision) and
lower crystallite size in sample A.

Due to the decreased electrical resistivity, sample A shows the highest PF values of ~ 4.5 uW/K? cm, above
650 K, which is 3-fold and 9-fold higher than cubic (disordered) CTS (PF ~1.5 pW/K? cm)?’ and
monoclinic (ordered) CTS ( PF ~0.47 uW/K? cm)'>, respectively. Samples B and C have comparatively
lower PF of ~1.5 uW/K? cm and ~1.2 uW/K? c¢m, respectively. The thermal diffusivity measurements are
shown in Figure 4(iv). It is evident from the data that samples with smaller domains (more conductive)
have a higher diffusivity. From the above considerations, it appears that the electrical properties are strongly
dependent on the sintering temperature and grain size. Additional results following the same trend of
Seebeck coefficient and electrical resistivity with grain size support this statement (Figure S7). As
mentioned above, a slight stoichiometric deviation can occur in the small grains due to the uncomplete
reaction and crystallisation at low temperature, leading to high carrier concentration and electrical
conductivity. The fast kinetic of reaction and crystallisation during SPS may also lead to variation of
compositions at the grain surfaces and boundaries, which could be highly conductive and possibly injecting
additional charge carriers in the system.

(001) (100) (010)

L0 Energy (eV)

1 4l

Figure 5. Monoclinic (ordered) CTS slabs with orientation (001), (100), and (010), and
corresponding Density of states (DOS) plots. Here, the Fermi level is set to zero. Cu, Sn, and S
atoms are represented by blue, grey, yellow colours, respectively.
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Figure 6. Structures and corresponding Density of states (DOS) for two disordered structures,

where one has Cu-rich and other has Sn-rich layer, just below the terminating sulfur layer. Here,

the Fermi level is set to zero.

To investigate this further, three ordered and two disordered CTS surfaces (shown in figures 5 and 6,
respectively) were studied. The first three images in figure 5 show ordered CTS slabs with (001), (010),
and (100) planes. The other two images show disordered structures consisting of a Cu-rich layer and a Sn-
rich layer, just below the terminating sulfur layer. Please note that the overall chemistry of CTS system was
respected while making all the structures shown in figure 5 and 6. For each structure in figure 5 and figure
6, corresponding DOS are shown with the structures. After minimization, large distortions were observed
for the surface atoms of all the structures. The reason is that surface atoms form incomplete bonds due to
the change in the coordination number caused by the surface termination. The DOS on the VB side is higher
than the CB side showing p-type nature. However, no bandgap was observed suggesting a metallic character
of all the studied structures. The localized states are visible near the Fermi level due to the dangling bonds
on the surface. These dangling bonds provide additional charge carriers (holes), which increase the carrier
concentration leading to the degenerate semiconductor-like behaviour observed in Figure 4. We are aware
that the calculated structures are not an exact model of the grain boundary effects. Since the grains could
terminate with any plane or orientation (favoured by the local environment), these calculations only make
plausible the hypothesis that CTS grains should have dangling bonds, which would lead to localized states
at the Fermi level and increased electrical conductivity. These results are in agreement with a recent report
by Dahule et al.*°, although limited to the monoclinic phase.
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System Configuration Energy of the | Formation | Formation energy
System Energy per unit atom
eV eV eV/atom

CTS 24-Cu, 12-Sn, and 36-S -308.0450 -23.8016 -0.3306

Cu-vacant | 23-Cu, 12-Sn, and 36-S -303.7652 -23.2520 -0.3275

Cu-rich 25-Cu, 11-Sn, and 36-S -307.5523 -23.42630 -0.3254

Sn-rich 23-Cu, 13-Sn, and 36-S -306.7465 -22.38570 -0.3109

Sn-vacant | 24-Cu, 11-Sn, and 36-S -302.2878 -21.8920 -0.3083

Table 2. Energy of system, formation energy, and formation energy per unit atom for various

CTS systems

Table 2 reports the formation energy per unit atom for vacancy and off stoichiometry in CTS, as obtained
from DFT simulations. It is evident from the reported values that after the stoichiometric CTS, Cu-vacant,
and Cu-rich systems are energetically more viable, whereas Sn-vacant and Sn-rich systems seem less likely
to form. Corresponding DOS plots are shown in the figure S6. Thermodynamically, these conclusions could
be generalized to the whole family of Cu-Sn-S systems. In other Cu-Sn-S systems, Cu-vacant and Cu-rich
systems would be more likely to form than Sn-rich and Sn-poor phases. Moreover, in this family of
materials, Cu vacancy, Cu excess, and Sn vacancy would enable p-type doping-like effects, whereas Sn

excess showed n-type behaviour.
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Figure 7. Temperature dependent (i) total thermal
conductivity (filled markers connected with solid line) and
lattice component of thermal conductivity (empty markers
connected with dashed line), and (ii) figure of merit.

The thermal conductivity and figure of merit are shown in Figures 7 (i) and 7 (ii), respectively. Since we
are considering the heat capacity well above the Debye temperature (6p ~213 K), the total thermal
conductivity was calculated considering a constant value of C, ~0.44 J/g K for all samples. The total thermal
conductivity for all samples decreases with temperature, due to an increased phonon-phonon interaction
(Umklapp process or U-process). The electronic part of thermal conductivity (x.) was estimated according
to the Wiedemann-Franz law (see equation 3), where the Lorentz number (L) was calculated using equation
4%,

1S

L=15+¢ Gi@& 4
where L is in 10 WQ/K? and S in pV/K.
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It is evident from figure 7(i), at higher temperatures, the lattice part of the thermal conductivity is similar
for all the samples, k1 ~0.6 W/m K, above 673 K. This value is comparatively lower than the diamond-like
CuFeS;+.. system, where & ~1.0 W/m K is reported at 650 K.*® However, other Cu-Sn-S based compounds
such as Cu3zSnS4 and CusSnS1o show a similar x; around 650 K, which further decreases to x7 ~0.4 W/m K
at 750 K.*'** The electronic contribution of thermal conductivity is the highest for sample A, and decreases
for samples B and C, respectively. This agrees with the corresponding resistivity and carrier concentration
measurements, as samples A, B, and C have increasing resistivity (decreasing carrier concentration) in the
same order. The figure of merit of samples A, B, and C is equal to 0.40, 0.17, and 0.14 at 673 K,
respectively. Overall, the two-step production method can be used to produce high-density nanostructured
pellets. The experimental results indicate that a similar z7" is reported for Cuz+:Sni.,S3 systems with Sn
substitution (x = 0.2) by Zn'3, Ni'8, In?®, etc.

Conclusions:

We have studied the effects of crystalline domain size on the thermoelectric properties using experimental
analyses and first-principles simulations. A CTS powder was produced from elemental powders (Cu, Sn,
and S) by high-energy reactive ball-milling, subsequently, high-density pellets were produced using spark-
plasma-sintering. This method adds a distinct advantage by maintaining the nanostructure while reaching
the required high density. Rietveld refinement of the XRD patterns revealed average domain sizes below
50 nm for samples sintered in different conditions. Low temperature SPS sintering of mechanically alloyed
powders allows to maintain structural disorder of the CTS phase, while resulting in nanostructured
ceramics. This leads to extremely low lattice thermal conductivity. On the other hand, the sample with the
smallest average domain size also presents the lowest resistivity and Seebeck coefficient, resulting in the
highest power factor. Experimental evidence suggests that S and p correlate with the sintering temperature
which induces stoichiometric deviations and different grain sizes. First-principles (DFT) simulations of
three ordered and two disordered surfaces revealed the presence of dangling bonds and localized states near
the Fermi level. DOS at the Fermi level was continuous i.e., bandgap was absent, suggesting that CTS grain
boundary is conductive. Formation energies for stoichiometric CTS, Cu-vacant, Cu-rich, Sn-vacant, and
Sn-rich CTS are in increasing order, implying stoichiometric CTS is energetically the most favourable,
followed by Cu-vacant and Cu-rich systems. The Cu-vacant, Cu-rich, and Sn-vacant systems increase the
p-type behaviour and carrier concentration, thus explaining the observed low resistivity of the sintered
components. Samples with average domain sizes of 124+10 nm, 254+10 nm, and 37410 nm displayed a figure
of merit z7 of 0.40, 0.17, and 0.14, respectively, around 673 K. The results presented here for various CTS
surfaces, formation energies, and doping effects, can be generalized to a broad family of Cu-Sn-S-based
systems. Our synthesis method also provides an interesting route for many materials to synergistically tune
their electrical and thermal properties.

Associated content:
Supporting information:

SEM-EDX data on 60-min milled CTS powder.

Rietveld refinement data.

Corresponding EDX data for figure 2.

Comparative SEM-EDX data for unpolished and polished sample A and B.
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Temperature dependent absolute Seeebeck coefficient and resistivity for various CTS samples with
increasing average domain size.
Density of States (DOS) for Stoichiometric, Cu-vacant, Cu-rich, Sn-vacant, and Sn-rich CTS systems.
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