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Eco-friendly p-type Cu2SnS3 
thermoelectric material: crystal 
structure and transport properties
Yawei Shen1, Chao Li2, Rong Huang2, Ruoming Tian3, Yang Ye1, Lin Pan1,4, 

Kunihito Koumoto3, Ruizhi Zhang5, Chunlei Wan6 & Yifeng Wang1,4

As a new eco-friendly thermoelectric material, copper tin sulfide (Cu2SnS3) ceramics were experimentally 

studied by Zn-doping. Excellent electrical transport properties were obtained by virtue of 3-dimensionally 
conductive network for holes, which are less affected by the coexistence of cubic and tetragonal phases that 
formed upon Zn subsitition for Sn; a highest power factors ~0.84 mW m−1 K−2 at 723 K was achieved in the 
20% doped sample. Moreover, an ultralow lattice thermal conductivity close to theoretical minimum was 
observed in these samples, which could be related to the disordering of atoms in the coexisting cubic and 

tetragonal phases and the interfaces. Thanks to the phonon-glass-electron-crystal features, a maximum 

ZT ~ 0.58 was obtained at 723 K, which stands among the tops for sulfide thermoelectrics at the same 
temperature.

Eco-friendly sul�des have attracted special interests beyond telluride and selenides in various �elds including 
thermoelectrics (TEs) for which a high ZT value termed as thermoelectric dimensionless �gure of merit is desired 
for practical applications of power generation and steady-state cooling (ZT =  S2σT/κ, where S is Seebeck coef-
�cient, σ is electrical conductivity, T is absolute temperature, and κ is thermal conductivity comprising of elec-
tronic component κe and phonon component κlat)

1. Especially encouraging are the recent �ndings in binary 
copper sul�de of Cu1.8S

2 with ZT ~ 0.5 at 673 K and superionic α -Cu1.97S with phonon-liquid-electron-crystal 
(PLEC) behavior3 and a strikingly high ZT ~ 1.7 at 1000 K. Nevertheless, the liquid-like electromigration of Cu 
and the phase transitions would be detrimental for its long-term TE performance4. Alternatively, researches on 
multinary sul�des have demonstrated a much higher structural and electrical stability due to the pinning e�ect of 
atoms other than Cu, indicating their promising prospect as TEs5.

Focused in the present study is a ternary compound of copper tin sul�de, Cu2SnS3 (herea�er CTS), which 
has a melting point of 1129 K6 and a direct band gap of 0.9–1.3 eV7,8. CTS has been reported to adapt three dif-
ferent structures as shown in Fig. 1, including monoclinic (ICSD-91762), cubic (ICSD-43532) and tetragonal 
(ICSD-50965) symmetries that can be viewed as superstructure derivatives from sphalerite type structure. �ese 
CTS structures are all based on corner-sharing tetrahedra with Cu and Sn9,10 positioned at the tetrahedral site 
coordinated with 4 S atoms at the corners and thus are recognized as diamond-like ternary compounds, but the 
arrangement of metal atoms inside the S sublattice is di�erent from each other. In the monoclinic structure of 
CTS, Cu and Sn atoms fully occupy the separated 2a tetrahedral sites orderly. While in the tetragonal structure, 
there are three di�erent occupations for the tetrahedral sites, i.e. the 2a tetrahedral sites (accounting for 1/4 of 
total) are occupied by Cu atoms only, and the 4d and 2b sites (1/2 and 1/4 of total for each) are occupied by the 
composite atoms M1 [43.6(2) at% Sn +  56.4(2) at% Cu] and M2 [46.3(3) at% Sn +  53.7(3) at% Cu], respectively, 
which means a high-degree disordering of Cu and Sn atoms at these sites. For the cubic structure, however, the 
tetrahedral sites become equivalent and are fully occupied by composite atoms M3 (66.7% Cu +  33.3% Sn), cor-
responding to a complete disordering of metal atoms in this structure. Besides, the MS4 tetrahedra are symmetric 
only in the cubic structure, while distorted in the monoclinic and tetragonal ones with di�erent M-S distances 
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and M-S-M bond angles. �e structural anharmonicity features of atoms disordering and structural distortion 
would favor in disrupting the phonon transport to suppress the lattice thermal conductivity10–12, let alone the 
e�ect of interface and boundary in case of multiphase coexistence, which is commonly observed in similar ter-
nary sul�de systems. Moreover, they all possess excellent electrical transport properties due to its 3-dimentional 
conductive network of hybridized 3d(Cu)-3p(S) orbitals and S-S 3p orbitals at the upper valence band, which is 
in favor of p-type TE performance due to its large density-of-states (DOS)13. As a result, the CTS materials can be 
a potential material of phonon-glass-electron-crystal which is an important characteristic of good TEs. By now, 
however, little has been reported in particular on CTS as a TE candidate.

Here, we investigated the pristine and hole-doped CTS in form of bulk ceramics with respect to crystal struc-
ture and TE properties, for which Zn was selected as the acceptor dopant for substituting Sn in view of its sim-
ilar radius (60 pm, C.N. =  4) to that of Sn4+ (55 pm, C.N. =  4) and Cu+ (60 pm, C.N. =  4)14. Results revealed a 
monoclinic-tetragonal and/or cubic crystal structure evolution upon Zn-doping, and a low thermal conductivity 
was obtained in the heavily doped samples, for which the cation disordering in the derived cubic and tetragonal 
phases should have played a primary role. Moreover, the method of Zn-doping led to a signi�cant improvement 
of electrical transport properties, with a maximum power factor of ~0.8 mW m−1 K−2 at 723 K. And as a result, 
a highest ZT of ~0.58 at 723 K was achieved, which stands among the tops of sul�de TEs, suggesting CTS as a 
promising eco-friendly TE material.

Results and Discussion
For the sample pellets sintered by spark plasma sintering (SPS) from synthesized powders, the phase composition 
and crystal structure were analyzed �rst by powder X-ray di�raction (XRD). Results shown in Fig. 2 revealed an 
interesting structural evolution in Cu2Sn1−xZnxS3 with x from 0 to 0.20. As one can see for the pristine (x =  0) sam-
ple, the di�raction patterns are indexed well to the monoclinic structure (PDF#27-0198) in agreement with the pre-
diction by Onoda et al.10, while di�erent from the report by Chen et al.11, presumably due to the di�erent synthetic 
parameters. Upon Zn-doping with x =  0.05, Cu2Sn1−xZnxS3 turned to adopt a cubic structure (PDF#89-2877),  
which is not the case for the model employed in a previous simulation work13 by Zhang et al., where a monoclinic 
symmetry was presumed to be preserved. With x further increasing to 0.20, the XRD patterns of Cu2Sn1−xZnxS3 
were found to be similar to that of cubic one, except for some tiny di�raction peaks due to the tetragonal structure 

Figure 1. Illustration of (a) monoclinic, (b) tetragonal and (c) cubic crystal structures adopted by CTS with 
di�erent metal arrangment.

Figure 2. Powder X-ray di�raction patterns of Cu2Sn1−xZnxS3 samples; the inset shows an enlargement of 
the low-angle (17–19°, 25–32°) region. 
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(PDF#89-4714), e.g. the (101) peak at 18.31° which was absent in the cubic phases (marked with ◆ in the inset 
of Fig. 2), suggesting that in these samples the tetragonal phase may coexist as a secondary phase. Besides, a 
continuous shi� of the (111) and (112) peaks respectively for cubic and tetragonal structures at around 28.3° was 
observed toward the higher 2θ  side with x increasing from 0.05 to 0.20 as shown in the inset, which indicated a 
lattice contraction instead of expansion of a for the two structures, which should be caused by the further ioniza-
tion of Cu+ into smaller-sized Cu2+ as discussed later.

In order to con�rm the crystal structure evolution corresponding to Zn doping, the Cu2Sn1−xZnxS3 ceramic 
samples with x =  0 and 0.05 were selected for transmission electron microscopy (TEM) observation. Figure 3a 
shows a typical selected-area electron di�raction (SAED) pattern of the pristine sample. It can only be indexed 
as the [100] zone axis with monoclinic symmetry. By tilting the sample about 28.5°, another SAED pattern was 
obtained, as shown in Fig. 3b, which was indexed as the monoclinic [110] zone axis. �e SAED pattern obtained 
from the 5% Zn-doped sample (Fig. 3c) exhibits typical di�raction patterns of the cubic [110] direction. When 
tilted about 35.3° to the [111] zone axis, observed is the pattern as shown in Fig. 3d. �ese careful SAED analyses 
unambiguously con�rmed that the pristine sample took the monoclinic structure whereas the 5% Zn-doped 
sample took the cubic structure, consistent with the previous XRD analyses. Figures 3e–h are the corresponding 
high resolution TEM (HRTEM) images of Fig. 3a–d, respectively. �e lattice fringes of the monoclinic (020) 
and (00-1) planes are clearly seen in Fig. 3e, and so are those of the cubic (1–11) and (002) planes in Fig. 3g, 
demonstrating good crystallinity and high quality of the samples. Considering the possible coexistence of mul-
tiphase in Cu2Sn1−xZnxS3 samples with x =  0.10 ~ 0.20, the XRD patterns were analyzed with Rietveld re�nement 
method using program RIETAN-VENUS to deduce the quantitative mass ratio of monoclinic (space group: Cc), 
orthorhombic (space group: I-42 m) and cubic (space group: F-43 m) phases. �e derived index of Rwp was low, 
suggesting good �tting between the experimental and calculated intensities, as shown in Fig. 4. Re�nement results 
(Table 1) show that, with the increase of x, the mole fraction of cubic phase decreased from 54.8% (x =  0.10) to 
about 34% (x =  0.15, 0.20), with an increasing content of tetragonal phase from 24.1% to 60.6% correspondingly, 
while that of monoclinic phase was lowered from 21.1% to ~5%. Although the microstructure features (e.g. lat-
tice defects and strains) of the grain boundaries and interfaces are still unknown, the coexistence of these phases 
should serve to additionally intensify phonon scattering, beside the e�ect owing to disordered arrangement of 
metal atoms, to reach a low lattice thermal conductivity. Nevertheless, due to the similarity of 3-dimensionally 
interconnected conductive network of Cu-S and S-S, the coexistence mainly of cubic and tetragonal structures 
would not a�ect the electrical transport properties severely for the doped samples, as discussed in the following 
contexts.

As to the electrical transport properties, electrical conductivity (σ) and Seebeck coe�cients (S) for all samples 
are shown in Fig. 5. �e pristine CTS exhibits a very low σ, indicative of a non-degenerate state with a low carrier 
concentration. �e σ value increases gradually with increasing temperature from 323 K to 573 K, following strictly 
a small polaron hopping model15, which re�ects the localized states of Cu-3d and S-3p orbitals when the sample 
is undoped and thus essentially non-degenerate. �e increase of σ at temperatures above 573 K should be resulted 
by the intrinsic thermal bipolaron excitation. By contrast, the σ values for the doped compounds decrease with 
increasing temperature, showing a degenerate semiconductor behavior; Moreover, they increase almost lin-
early with the amount of Zn. �ese results can be explained by that the substitution of Zn ([Ar]3d104s2) for  

Figure 3. SAED patters of the undoped sample along the zone axis of [100] (a), and [110] (b), and of the 
5% Zn-doped sample along [110] (c) and [111] (d). (e–h) are the corresponding HRTEM images of (a–d), 
respectively, with a scale bar of 5 nm.
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Sn ([Kr]4d105s25p2) would have introduced acceptor levels within the band gap that trapped the electrons excited 
from the valence band maximum of the hybridized d-p orbitals, forming Cu2+ essentially and leaving behind the 
increased concentration of holes and the metallic electrical properties consequently.

To gain more insight into the transport properties in these CTS compounds, Hall E�ect measurement was 
performed to determine the carrier concentration n and its mobility µ. As shown in Fig. 5b, n of all samples (see 
the inset) remain essentially constant across the whole temperature range of interest, and they increase with the 
Zn content, x, reaching a high level of 1021 cm−3. �e Hall mobility µ decreases proportionally to T−1 as tem-
perature increases above 448 K, which is characteristic of the predominant acoustic phonon scattering16,17. �e 
departure below 448 K reveals that impurity scattering from ionized defects becomes important near the room 
temperature. More importantly, the µ values are very close in the doped cubic and cubic-tetragonal mixed phases 
of CTS, which is caused by that the pathways for holes in these structures are similar, being along Cu-S-Cu chan-
nels 3-dimensionally extending throughout the crystal lattices despite the slight di�erence regarding the coordi-
nation of metal atoms in the di�erent phases, and are less a�ected by the impact of dopant atoms.

Figure 4. Rietveld re�nement results for Cu2Sn1−xZnxS3 samples with x = 0.10–0.20 using Rietan-VENUS 
program, which deduce the mole ratio of the monoclinic, cubic and tetragonal phases. 

x Mole mass ratio

Lattice parameter (Å)

Rwp (%)a b c

0.10

F-43 m (54.8%) 5.432 5.432 5.432

8.17I-42 m (24.1%) 5.493 5.493 11.010

Cc (21.1%) 6.622 11.509 6.477

0.15

F-43 m (33.8%) 5.432 5.432 5.432

9.93I-42 m (60.9%) 5.710 5.710 10.260

Cc (5.3%) 6.208 13.550 6.955

0.20

F-43 m (34.4%) 5.445 5.445 5.445

6.56I-42 m (60.6%) 5.736 5.736 10.273

Cc (4.9%) 6.237 13.571 7.003

Table 1.  Crystal structure parameters of Cu2Sn1−xZnxS3 (x = 0.10, 0.15 and 0.20) obtained from re�nement 
of XRD.
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Shown in Fig. 5c are the p-type Seebeck coe�cients (S) for Cu2Sn1−xZnxS3 (x =  0–0.20) samples. For the pris-
tine CTS, S climbs as temperature rises up to 573 K, the decrease therea�er (see the inset of Fig. 5a) is probably 
due to the intrinsic thermal excitation of electrons from valence to conduction bands, which is in accordance 
with the rapid increase of σ from 573 K. For all the Zn-doped samples, the S values for Cu2Sn1−xZnxS3 decrease 
with increasing x due to the enhanced n, e.g. from 410.0 µ V K−1 (x =  0) to 117.3 µ V K−1 (x =  0.20) at 723 K. �e S 
increases almost linearly with increasing temperature due to the continuous increase of chemical potential, while 
without a perceivable abrupt change which has occurred in Cu1.8S

2, re�ecting the preservation of initial crystal 
structure in the studied temperature range. �is phenomenon is considered bene�cial to improving the structural 
durability of TE devices against temperature �uctuation during the long-term operation. �e S values decrease 
regularly with increasing σ, which seems to suggest that the aforementioned phase change has little in�uence 
on S in agreement with the deduction that the valence band is almost una�ected by the dopant atoms as dis-
cussed above. �e S data are basically comparable with other representative tetrahedron-based sul�des (Cu1.8S

2, 
Cu2ZnSnS4

18) but are a little smaller than that of the state-of-the-art selenides and telluride TEs with a similar 
σ, e.g., Pb1−xNaxSe (~160 µ V K−1)19,20, and Bi0.5Sb1.5Te3 (~240 µ V K−1)21. However, thanks to the signi�cantly 
enhanced σ a�er doping, the power factor (PF) of the Cu2Sn1−xZnxS3 (x =  0–0.20) samples increase largely with 
increasing x. �e highest PF of ~0.84 mW m−1 K−2 at 723 K is achieved in the x =  0.20 sample, which is almost 20 
times larger than that of the pristine CTS (0.047 mW m−1 K−2), and is comparable to that of Cu2−xS.

For further information about the e�ect of crystal structure on electrical transport properties, density-of-states 
(DOS) e�ective mass of carriers (m*) were calculated using the equation based on simple parabolic approxima-

tion22: =
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, where h, kB, ne, Fn and ζ are the Plank constant, Boltzmann constant, carrier concen-

tration, Fermi integral, and chemical potential, respectively (see Supplementary Table S1). �e obtained high m* 
values (2.4–3.0) m0 with a high hole concentration level of 1021 cm−3 for samples with x =  (0.10–0.20) are satisfac-
torily close, suggesting the minor in�uence of the two di�erent crystal symmetries (cubic and tetragonal) on 
electronic structures. �ey are similar to the simulated single parabolic band model results of (2.5–4.2) m0 which 
correspond to carrier concentrations at 1020 cm−3 level13. �e m* value increases with x, from 1.45 m0 at 300 K for 
the x =  0.05 compound to 2.45 m0 for the x =  0.20 sample, close to the reported results in Zn-doped Cu2SnSe3

23, 
and this behavior is qualitatively in accordance with the predicted higher m* at elevated carrier concentrations for 
Cu2SnX3 (X =  S, Se)13.

To clarify the physical mechanism for the increase of m* with x in these samples, �rst principles calcula-
tions were performed and the DOS e�ective mass is calculated by �tting the calculated total DOS using para-
bolic bands. Results (see Supplementary Figure S1) indicate that the valance electronic structures a�er heavy 

Figure 5. TE properties of the Cu2Sn1−xZnxS3 samples: (a) electrical conductivity, (b) hole mobility, (c) Seebeck 
coe�cient, (d) power factor. �e inset in (a) shows the electrical conductivity as a function of reciprocal temperature 
for pristine CTS and the inset in (b) shows the carrier concentration. �e dash line in (b) represents the µ ∝  T−1 
relationship.



www.nature.com/scientificreports/

6Scientific RepoRts | 6:32501 | DOI: 10.1038/srep32501

Zn-doping are not changed substantially except for a shi� of Fermi energy into deeper levels with larger x, which 
re�ects the minor in�uence of acceptor dopant on the band structure of CTS. (�erefore in the following calcu-
lations, the DOS of non-doped Cu2SnS3 unit cell were used to calculate the m* with the Fermi energy determined 
according to the measured carrier concentration.) As can be seen clearly in Table 2, the calculated m* values 
increase gradually with the increase of n and are well in accordance with the results derived from measured 
Seebeck coe�cients. �us, it con�rms that the increase of m* drives from the Fermi energy shi�ing into deeper 
inside the valance band where the multiple hole pockets along the high-symmetry line A-M13 can also be incor-
porated, while without much e�ect due to the crystal structure evolution. �is would be bene�cial for attaining 
high power factor even at heavy Zn-doping levels.

�ermal conductivities (κ) at 323–723 K for all samples are plotted in Fig. 6a. Generally, the κ values decrease 
largely from (2.1 ±  0.5) W m−1 K−1 at 323 K to a low level of (0.9 ±  0.4) W m−1 K−1 at 723 K, basically falling in 
a range for chalcogenide materials reported previously21,24–27. For a detailed inspection into the heat transport 
behavior, the electronic thermal conductivity was evaluated following the Wiedemann-Franz relation28 (κe =  LσT, 
where the calculated Lorenz number, L, are given in Supplementary Figure S2), and the lattice component κlat was 
obtained by subtraction of the total κ with κe. As shown in Fig. 6b, all the κlat values as a whole are relatively low 
(within 1.45–2.38 W m−1 K−1 at 323 K), as a primary result of the so� and inhomogeneous interatomic (Cu-S and 
Sn-S) bonding with di�erent electronic and mass polarity. Approximately, they decrease proportionally to T−1 
with temperature, implying the phonon-phonon Umklapp process dominating in the phonon transport.

Fermi energy (eV)
Carrier concentration 

(1021 cm−3) Calculated m*

m* derived from measured 
Seebeck coe�cients

− 0.08 0.225 1.69 1.45

− 0.25 1.96 2.29 2.39

− 0.28 2.48 2.38 2.45

Table 2.  Calculated DOS e�ective mass (m*). �e Fermi energy is with respect to valance band maximum.

Figure 6. TE properties of the Cu2Sn1−xZnxS3 samples: (a) thermal conductivity, (b) lattice thermal 
conductivity, (c) variation of lattice thermal conductivity with x at 323 K (black diamonds) and 723 K (red 
circles), respectively, with a schematic crystal structure evolution from monoclinic, cubic to coexistent phases, 
which are exactly composed of cubic (major) and tetragonal (minor) for Cu2Sn1−xZnxS3. Dotted lines are 
imaginary tendency of κlat as a function of doping content, and (d) ZT. �e theoretical minimum thermal 
conductivity of CTS at high temperatures (cited from ref. 13) is also plotted in (b) for comparison.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:32501 | DOI: 10.1038/srep32501

More importantly, it shows obviously a large decrease in the κlat for the doped samples from that of pristine 
CTS in the whole temperature range, even approaching the theoretical minimum (0.3 W m−1 K−1) for Cu-Sn-S 
systems at high temperatures13. Meanwhile, for the doped samples, the κlat values are almost constant despite of 
their di�erent doping levels, as shown in Fig. 6c. It has been known that with the structural change from pristine 
monoclinic into the cubic and tetragonal structures of doped samples, the local symmetry of [MS4] are improved 
while the metal atoms are rearranged from an ordered state in the monoclinic structure into a completely disor-
dered state (at the 4a sites) in cubic structure and partially disordered state (at the 2b and 4d sites) in tetragonal 
structure according to the reported crystallographic database. �us it concludes, the random (either completely 
or partially) distribution of Cu, Zn and Sn and vacancies, rather than the local distortion of [MS4] tetrahedra, may 
have played an important role in suppressing the lattice thermal conduction possibly by thoroughly disrupting 
the normal phonon transport5. In addition, the coexistence of cubic and tetragonal and even monoclinic phases 
should be taken into account of phonon scattering at the interfaces and grain boundaries.

�e calculated dimensionless �gure of merit (ZT) of Cu2Sn1−xZnxS3 is shown in Fig. 6d. �e ZTs increase 
with temperature in all samples. �ough the largest PF =  0.84 mW m−1 K−2 is obtained for the x =  0.20 sample, 
its ZT su�ers from the rise of κ by the large electronic contribution. Instead, the highest ZT ~ 0.58 is achieved 
in the x =  0.10 sample, which stands the highest among Pb-free sul�de TE materials except the PLEC Cu2S

3 till 
now, and even surpasses many selenides and tellurides (e.g., Cu1.8S

2 and CuGaTe2
29) at the same temperature (see 

Supplementary Table S2).

Conclusion
Cu2SnS3 (CTS) compounds can be viewed as a good thermoelectric material with structural and electrical features 
of phonon-glass-electron-structure, and can be tuned into excellent p–type TE materials through Zn-doping. 
First of all, CTS is favored by the disordered arrangement of metal atoms in the cubic and tetragonal phases and 
the interfaces and grain boundaries in the multiphase samples which signi�cantly enhance the phonon scat-
tering, leading to an ultralow lattice thermal conductivity. Second, CTS is bene�ted from its special electronic 
nature that is mainly determined by the Cu-3d and S-3p orbitals which is less a�ected by the coexistence of cubic 
and tetragonal phases, and allows relatively independent manipulation of carrier concentration through doping 
without a�ecting the valence band, and meanwhile, the DOS m* that increases with carrier concentration ensures 
high power factor achievable by heavy doping. �ese �ndings are expected to be helpful for further investigation 
into the CTS-like compounds as environment-friendly TE materials. Based on the result that the lattice thermal 
conductivity is readily low at high temperatures, further e�orts should be directed to the enhancement of PF, e.g. 
by way of band engineering or carrier energy �ltering.

Methods
Pristine and heavily hole-doped (by Sn-site-Zn-doping) CTS ingots with nominal compositions of Cu2Sn1−xZnxS3 
(x =  0, 0.05, 0.10, 0.15, 0.20) were �rst synthesized by direct reaction of high purity element powders with a molar 
ratio of Cu:Sn:Zn:S =  2:1− x:x:3 in a sealed silica tube at high temperatures. Powder obtained through grinding 
the corresponding ingot was then consolidated into pellets by spark plasma sintering under 50 MPa at 773 K for 
5 min. Relative density of the as-produced pellets was determined by the Archimedes method to be ~94% of the 
theoretical value for all samples.

Phase composition and crystal structure were checked by X-ray di�raction (XRD) analysis with an ARL 
X’TRA di�ractometer (SmartLab3, RIGAKU, Japan) using Cu Kα  radiation. TEM specimens were prepared 
by a standard procedure which includes mechanical grinding, polishing, precision dimpling, and ion milling. 
SAED analyses and HRTEM observations were performed on an electron microscope operated at 200 kV (JEM-
2100, JEOL, Japan). Seebeck coe�cient and electrical conductivity were measured in the radial direction of a 
bar-shaped sample with dimensions of 10 mm ×  3 mm ×  3 mm by a conventional steady state method and a 
four-probe method, respectively, in a He atmosphere at 323–723 K with a commercial system (LSR-3). Hall e�ect 
measurement for carrier concentration and mobility was conducted with a van der Pauw con�guration under 
vacuum using the ResiTest8300 system (Toyo Tech. Co.) �ermal di�usivity (D) was measured in the axial direc-
tion of a disk-shaped sample of Φ  10 mm ×  1 mm using a Netzsch laser �ash di�usivity instrument (LFA457, 
Netzsch, Germany). �ermal conductivity (κ) was calculated by κ =  DdCp, where Cp is the speci�c heat capacity 
measured by di�erential scanning calorimetry (DSC: 2910, TA instruments), and d is the mass density measured 
using the Archimedes method.

The first principles calculations were performed using the Quantum-ESPRESSO package30, and the 
Garrity-Bennett-Rabe-Vanderbilt (GBRV) high-throughput pseudo-potential library31. Local density approxi-
mation (LDA) was used along with ultraso� pseudopotentials for all the atoms. A plane wave basis with kinetic 
energy cuto� of 600 eV was used to ensure the convergence in all the calculations. A k-point sampling of 3 ×  5 ×  7 
was used for Cu2SnS3 unit cell, and for larger cells the k-mesh are reduced accordingly. �e atomic positions are 
relaxed until all the force components on each atom are less than 10−3 atomic unit. For density of states calcula-
tions, a denser k-point sampling of 5 ×  7 ×  11 was used for Cu2SnS3 unit cell.
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