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properties.[1–3] For examples, the ternary 
Cu2SnS3 has been reported to adapt three 
different structures (monoclinic, cubic, 
and tetragonal symmetries) based on the 
different chemical compositions,[4] hence 
it presents different TE performance for 
each. The compound Cu4Sn7S16, crystal-
lizing in a rhombohedral symmetry,[1,5] 
has several unique cation defects in the 
lattice[5] that could be effectively used to 
engineer the band structures.[6,7]

Chalcogenide Cu3SnS4 belongs to the 
Cu-Sn-S ternary family, and it has an 
energy gap of 1.0–1.8 eV.[8,9] This com-
pound is usually a degenerate p-type 
semiconductor with a high carrier con-
centration (n) (≈6 × 1021 cm−3) and a low 
Seebeck coefficient (a) (60–100 µVK−1).[9] 
Besides, there are two cation–anion 
bonds, CuS and SnS in this com-

pound, with the former bond responsible for the contribution 
to the density of the state (DOS) in the valence band maximum 
(VBM) and the latter those in the conduction band minimum 
(CBM).[10] In order to improve its TE performance (ZT value), 
we have proposed a strategy in recent work:[11] an addition of 
extra Sn to Cu3SnS4, that is, Cu3Sn1+δS4 (the δ in this formula 
is the number of molars for the non-stoichiometric addition 
of Sn), aiming at optimizing both the carrier concentration (n) 
and the Seebeck coefficient. As a result, the ZT value increases 
from 0.27 (δ = 0) to 0.75 (δ = 0.2).[11] Here ZT = a2σT/ κ, σ is 
electrical conductivity, κ total thermal conductivity consisting 
of electronic (κc) and lattice (κL) contributions, and T absolute 
temperature. However, what is unexpected is that the actual 
carrier concentration nH reduces rapidly from 4.30 × 1021 cm−3 
to 4.27 × 1018 cm−3 as δ value increases to 0.3, about 3 orders of 
magnitude reduction.[11] The significant reduction in nH, caused 
by the Fermi level (Ef) unpinning and shifting toward the con-
duction band (CB), not only degrades the electrical property but 
also weakens the phonon scattering by carriers, thus leading to 
an incomplete optimization of electronic and phonon transport. 
Therefore, it is urgent to explore an alternative way to further 
improve its TE performance.

In the last two decades, there were many strategies to engi-
neer the phonon transport, some typical ones include all-scale 
nanostructuring,[12] introduction of liquid-like ions,[13] and 
explorations with strong lattice anharmonicity[14] and low sound 
velocity materials.[15] Recent approaches used in Cu3SnS4 
involve an increase of unit cell volume[16] and complexity of the 

Cu3SnS4 chalcogenide as a low-cost, earth abundant thermoelectric mate-
rial has recently attracted much attention. However, its Seebeck coefficient 
is rather low due to its metallic-like behavior; therefore, substantial work 
is required to enhance its thermoelectric (TE) properties. In this work, an 
alternative method is proposed, that is, a regulation of the crystal structure 
through alloying with Cu3SbSe3. This regulation is realized by the incorpo-
ration of Sb and Se in the Cu3SnS4 host frame with an addition of Cu3SbSe3, 
thus altering the bond lengths (CuS and SnS) and bond angles (SCuS 
and SSnS), and leading to widening of the bandgap and the convergence 
of top valence bands. At the same time, the lattice thermal conductivity 
reduces by ≈50% at high temperatures, mainly triggered by the crystal struc-
ture distortion and introduced point defects. The approach of crystal structure 
regulation may help design the properties of other ternary CuSn(Sb)S(Se) 
compounds for TE applications.
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Crystal Structures

1. Introduction

In recent years, Cu-Sn-S based ternary chalcogenides have 
emerged as promising thermoelectric (TE) materials not only 
for their large abundance and low-toxicity of the elements, 
but also for their diverse structure and interesting transport 
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structure etc.[17] Although these approaches are viable to control 
the phonon transport, they often do not favor (and may even 
degrade) the electrical conductivity. Therefore, there is still 
great potential to optimize the TE performance of Cu3SnS4.

Inspired by the influence of bonding interactions on the band 
structures and phonon transport property observed in quater-
nary Cu2ZnGeQ4 (Q = S, Se),[18,19] we take underlying crystal 
and electronic structure regulations in Cu3SnS4 into considera-
tion. Due to the small difference of radius and electronegativity 
between Sn4+ (0.55 Å, 1.96) and Sb5+ (0.565 Å, 2.05),[20] Sb is 
presumably energetically favorable to Sn site. The cation sub-
stitution changes the bond interaction, thus directly affecting 
the p-d hybridization.[18,21] Besides, as element Se is slightly 
more electronegative, the residing of Se at S site also intuitively 
increases the bond length which results in an increase in the 
bandgap and a broader valence band dispersion.[18,19] In the 
meantime, the hybridization of Cu d-Se p (or Sb p–Se p) orbital 
or the formation of conducting bond network CuSe tends to 
contribute the DOS near the Fermi level (Ef) and, subsequently, 
promotes the transport of carriers.[22,23] In addition to those 
of the above-mentioned, Sb and Se incorporation in Cu3SnS4 
leads to the distortion of the original configuration consisting of 
3D (Cu,Sn)−S framework of [CuS4] tetrahedrons with inserted 
[SnS4] tetrahedrons, thus greatly increasing the lattice strain 
and thereby enhancing the local phonon scattering.[24]

Based on the above proposal, we prepared chalcogenides of 
Cu3SnS4 alloyed with Cu3SbSe3, and then analyzed both the 
crystal and the electronic structures. The first-principles cal-
culations reveal that the alterations in the bond lengths and 
angles leads to the widening of the bandgap and the conver-
gence of top valence bands. Further, the regulation in crystal 
structure scatter phonons effectively, causing ≈50% reduction 
in lattice thermal conductivity at high temperatures.

2. Results and Discussions

2.1. Composition Analyses and XRD

The scanning electron microscopy (SEM) image of the freshly 
fractured surface of the sample at x = 0.3, and five mappings 
of elements (Cu, S, Sn, Sb, and Se) along with the energy- dis-
persive x-ray spectroscopy (EDS) are shown in (Figure S1a–g, 
Supporting Information). The analyzed chemical compositions 

of stoichiometric (Cu3SnS4)1-x(Cu3SbSe3)x (x = 0.3) are shown 
in Table S1, Supporting Information, where the number of 
S moles is normalized to 2.8. From the analyzed results, it is 
observed that there is a slight S evaporation during the mate-
rial preparation process and that the element distributions are 
not uniform in the matrix, mainly due to the precipitation of 
a second phase (discussed below). Besides, the densities of 
the sintered bulks (Cu3SnS4)1-x(Cu3SbSe3)x (x = 0.05–0.4), 
measured by using Archimedes’ method, range from 4.37 × 
10−3 kg cm−3 (x = 0.05) to 5.15 × 10−3 kg cm−3 (x = 0.4) (Table S2, 
Supporting Information), and are a little lower than the theo-
retical one of Cu3SnS4 (4.56 × 10−3 kg cm−3) for the low x value 
compounds. The low density of the materials is detrimental to 
the electrical conductivity, even though it might be helpful to 
scatter phonons with low and middle frequencies.

Figure 1a demonstrates the XRD patterns of the mate-
rials after consolidation (x = 0.05, 0.1, 0.2, 0.3, 0.4), in which 
the main diffraction peaks are consistent with the Cu3SnS4 
(PDF:33-0501, I-42m(121)). At x ≥ 0.3 a visible impurity phase 
CuSe2 (PDF:18-0453) is identified, followed by precipitation of 
another minor impurity phase Sb2Se3 (PDF: 15–0861). Besides, 
the main peaks shift toward the low angle, indicating that the 
guest atoms Sb and Se are incorporated into the host frame, 
which leads to the alteration of the lattice constants. This altera-
tion is described by the linear increase of a and c values with 
the x value increasing at x ≤ 0.3, as shown in Figure 1b, thus 
leading to the expansion of crystal structure. The large deviation 
of a and c off the linear relation at x = 0.4 should be attributed 
to the effect of precipitated impurity phases. Although there is 
an unidentified minor impurity phase at ≈18°, it neither affect 
the incorporation of Sb and Se into the host frame, nor does it 
influence the changes of the crystal and band structures (see 
below).

2.2. Microstructure Observations

In order to further determine the main phase Cu3SnS4 and 
impurity phases for the sample at x = 0.3, we have examined 
the microstructures by using the TEM (HRTEM). Figure S2a, 
Supporting Information is the TEM image, and Figure S2b, 
Supporting Information is the corresponding HRTEM image. 
The upper left inset in Figure S2b, Supporting Information 
is its magnified image of the lower left grain. The d spacing 
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Figure 1. a) X-ray diffraction patterns of (Cu3SnS4)1-x(Cu3SbSe3)x (x = 0.05, 0.2, 0.3, 0.4) powders; b) lattice constants a and c, which increase with x 
value increasing at x ≤ 0.3, and follow Vegard’s law. While at x ≥ 0.3, a visible deviation of a and c value off the linear relation is observed.
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between (101) crystal planes of this grain is 
about 0.303 nm, corresponding to CuSe2 
crystal structure. The lower right inset is the 
magnified image corresponding to the upper 
right Cu3SnS4 grain, which can be confirmed 
by its d spacing (0.314 nm) between (112) 
planes. Figure S2c, Supporting Informa-
tion is its selected area electron diffraction 
(SAED) pattern, and Figure S2d, Supporting 
Information is showing the EDS measure-
ment results. However, we did not identify 
Sb2Se3 at x = 0.3. It is likely that the grain 
size of Sb2Se3 is too small to be detected. 
These observations are in a good agreement 
with the XRD analyses of the powder at 
x = 0.3 (Figure S3, Supporting Information), where the impu-
rity Sb2Se3 was not identified.

2.3. First-Principles Calculations and Measured Bandgap

Since the guest atoms Sb and Se are incorporated into the 
Cu3SnS4 crystal structure at x < 0.3, both the crystal and band 
structures should be modified. Based on the first-principles cal-
culations of (Cu3SnS4)1-y(Cu3SbSe3)y (y = 0, 0.125, 0.25, 0.375), 
it was observed that Sb resides at Sn site and Se at S site, as 
shown in Figure S4, Supporting Information, where the panel 
(a-d) represents the structures for y = 0, 0.125, 0.25, and 0.375 
each. Such substitutions impart Cu 3d–Se 4p and Sb 5p–Se 4p 
hybridization and creates new bonds CuSe and SbSe (see 
circled area in red lines in panel (b-d)). The bond SbSe might 
be more stronger than CuSe, as its bond energy (0.53 eV) is 
higher than that of CuSe (0.16 eV) in Cu3SbSe4.[25] The newly 
created network CuSe is of great significance to act as hole 
conduction paths.[22,26] It is noted upon Sb and Se incorpora-
tion the bond lengths of four bonds (CuS, 
CuSe, SnS, SbSe) alter nearby the Sb 
and Se sites parallel to the b-c crystal plane, 
represented by the slight increase of bond 
lengths SnS (2.476–2.50 Å), CuSe (2.428–
2.450 Å) and SbSe (2.624–2.640 Å). How-
ever, the bond length of CuS (2.30–2.28 Å) 
tend to decrease, see Figure 2a. More details 
on the determination of bond lengths and 
angles are provided in Figure S5, Supporting 
Information. These results correspond to the 
increasing ionic radii from S2− to Se2− and 
slightly more electronegative of Se. Here 
the bond lengths of CuSe and SbSe are 
comparable to those of CuSe (2.43Å) and 
SbSe (2.66Å) in Cu3SbSe4.[27] On the other 
hand, the bond angles of S-Cu-S and S-Sn-S 
increase either, varying from 102.2° to 125.7° 
for the former and from 108.6° to 109.7° 
for the latter, as shown in Figure 2b and 
Figure S5, Supporting Information. At the 
same time, the angle of Cu-Se-Cu decreases 
rapidly with the y value increasing, while that 
of Se-Sb-Se remains almost unchanged. The 

above crystal structure alterations suggest that the above-men-
tioned 3D (Cu,Sn)−S framework of [CuS4] tetrahedrons with 
inserted [SnS4] tetrahedrons are clearly distorted. The distortion 
generates local strain, and significantly increases the phonon 
scattering at high temperatures.[15,22]

Figure 3 represents the band structures for different y values, 
where the lowering of both the conduction band (CB) and 
valence band (VB) was observed when the y value increases. 
However, the lowering of CB is much slower than that of VB, 
leading to the widening of the bandgap (Eg) that varies from 
≈0.2 eV (y = 0) to ≈0.48 eV (y = 0.375). The general trend of 
calculated Eg agrees with that of measured one (see Figure 4), 
where the panel (a) represents the absorption coefficient (A) as a 
function of photon energy (hν) for different x values, and panel 
(b) experimentally determined and calculated bandgap (Eg) 
for different contents of Cu3SbSe3. The panel (c-g) in Figure 4 
represent the plots of (A.hν)2 versus photon energy (hν) for dif-
ferent x values. The widening of the bandgap can be ascribed to 
the reduction of p-d hybridization[28] caused by weakened CuS 
bond interaction.[18,19] The calculated Eg values are smaller than 
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Figure 2. a) Calculated bond lengths of different metal (M)-anion (Q) as a function of y value; 
b) M−Q−M bond angles against y value in the b-c plane of (Cu3SnS4)1-y(Cu3SbSe3)y crystal 
structures, measured around the Sb and Se sites in Figure S5, Supporting Information.

Figure 3. Band structures for different y values. a) y = 0; b) y = 0.125; c) y = 0.25; d) y = 0.375. 
The lowering of the valence band (VB) edge is much faster than that of conduction band (CB) 
with y value increasing. e) Schematic diagram of VB convergence. f) VBM splits at a high y 
value (ΔCF > 0).
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those experimentally determined (1.05–1.51 eV) as a result of 
GGA problem, while the latter ones are comparable to 1.21 eV 
from the synthesis in solvent.[10] It should be noted here that 
at x ≥ 0.2 the bandgap increases slightly. The explanation to 
this phenomenon is that the more addition of Cu3SbSe3 (x ≥ 
0.3) causes the formation of Sb or Se containing impurities. 
Besides, an introduction of Cu3SbSe3 brings valence band at G, 
M, and A points in the Brillouin zone closer in energy (ΔEv) 
and results in a valence band convergence (see Figure 3a–d 
and the schematic diagram of Figure 3e for illustration). Such 
a convergence was also observed in many TE systems, such as, 
SnTe−CdTe,[29] and Ge1−xMnxTe systems,[30] and it is helpful to 
promote the carrier mobility. The origin of the VB convergence 
is related to the contribution of Se2− orbital near the VBM (see 
the DOS in Figure S6, Supporting Information), while the DOS 
of CBM is ascribed to the strong hybridization of Sn-5s and 
S-3p states.[31] Since the contribution of orbital Se near VBM 
is higher than that of S, it implies that the newly created bond 
CuSe is critical in determining the transport of p-type holes, 
as was observed in Cu3SbSe4 system.[25] However, the valence 
bands at G point with Nv = 3 (Nv: number of degenerate valence 
bands) tend to split at higher y values (see Figure 3f where 
ΔCF > 0). This split would neutralize the positive effect of band 
convergence to some extent.

2.4. Transport Properties and Thermoelectric Performance

In order to elucidate the impact of band structure modifica-
tion on the transport properties, the Hall coefficients (RH) were 
measured, and the Hall carrier concentration (nH) and mobility 
(µ) were calculated. The results are shown in Figure 5, where the 
nH value reduces from 4.3 × 1021 cm−3 (x = 0) to 3.4 × 1020 cm−3 
(x = 0.3) as x value increases, followed by an increase to 2.7 × 
1021 cm−3 (x = 0.4). Compared with the 3 orders reduction of 
magnitude in nH in the previous work where extra Sn was 
incorporated into Cu3Sn1+δS4 (δ = 0.2),11 the current Cu3SnS4-
Cu3SbSe3 system yields less than only one order reduction 

of magnitude. The reduction in nH when x value increases is 
most likely due to the dominant effect of the bandgap widening 
caused by the inhibition of the formation of minority carriers 
of opposite sign[32,33] while the positive effect of the valence 
band convergence on nH resulting from Se2− orbital contri-
bution in the VBM is neutralized. The enhancement in nH at 
x ≥ 0.3 might be attributed to the precipitated p-type impurity 
phases (CuSe2 and/or Sb2Se3).[34,35] The mobility (µ) shows 
an opposite trend to nH, which increases from 13.5 cm2V−1s−1 
(x = 0) to 52.5 cm2V−1s−1 (x = 0.3), followed by a decrease to 
4.5 cm2V−1s−1 (x = 0.4). The increasing in mobility is due to the 
reduced carrier scattering, while the decrease in µ is ascribed 
to the increased scattering from phase boundaries and carriers.

The Seebeck coefficients (α) of different x values are shown 
in Figure 6a as a function of temperature. The fact that the 
α values are positive indicates a p-type conducting behavior. 
Roughly, the α value increases as x value increases, and it 
gradually converges to ≈135.6 µVK−1 at ≈775 K at x ≥ 0.2. The 
electrical conductivity (σ) (Figure 6b) decreases with both the 
temperature and x value increasing, which exhibits a metallic 
behavior. At ≈775 K, the electrical conductivity (σ) decreases 
from 1.29 × 105 Ω−1m−1 (x = 0) to 5.16 × 104 Ω−1m−1 (x = 0.4) 
with the x value increasing. Although there are minor impu-
rity phases CuSe2 and Sb2Se3 precipitated at x = 0.4, they do 
not change the conducting type. Figure 6c demonstrates the 
lattice thermal conductivity (κL), which rapidly decreases with 
the x value increasing until at x = 0.3. However, as observed 
in Cu3Sn1+xS4,[11] the κL for the samples at x ≤ 0.2 enhances 
above ≈690 K. The probable reason is that the contributions 
from peripheral phonons[36,37] or photon conduction,[38] as 
suggested in ref. [11]. When x ≥ 0.3, ultralow lattice thermal 
conductivities were attained with the κL value ranging from 
0.18 to 0.33 WK−1m−1 for x = 0.3 and 0.37 to 0.52 WK−1m−1 for 
x = 0.4. If compared with the κL values (0.35–0.66 WK−1m−1) of 
Cu3Sn1.2S4

[11] shown as a dotted line in the inset in Figure 6c, 
the κL values at x = 0.3 in the present material are reduced by 
≈50% at both low and high temperatures. The reduction in κL 
at low and middle temperatures is attributed to the increased 
phonon scattering on the extra grain or phase boundaries; but 
at high temperatures it is attributed to the crystal structure dis-
tortion and the introduced point defects. Zhang suggests that 
the wide bandgap would also lower the κL values at high tem-
peratures.[39] The reason for the enhancement in κL observed at 
x = 0.4 remains unknown, but it might be related to the precipi-
tated impurity CuSe2 and Sb2Se3. The total thermal conductivity 
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Figure 4. a) Absorption coefficient (A) as a function of photon energy 
(hν) for different x values; b) experimentally determined and calculated 
bandgap (Eg) for different molar fraction of Cu3SbSe3; c–g) experimentally 
determined bandgap using full spectra (Ahν)2 (hν), based on the meas-
ured coefficients (A).

Figure 5. Hall carrier concentration (nH) and mobility (µ) as a function 
of x value.
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(κ) decreases with temperature increasing from 2.32 WK−1m−1 
(near RT) to 1.30 WK−1m−1 (775 K) for x = 0.3 and from 2.01 
WK−1m−1 to 1.09 for x = 0.4, see the inset in Figure 6d.

Combined with the three parameters (α, σ, κ) mentioned 
above, we attained TE figure of merit (ZT) as a function of tem-
perature, shown in Figure 6d. The highest ZT value is ≈0.84 for 
the sample at x = 0.3 and ≈775 K, which is ≈12% enhancement 
compared to that of Cu3Sn1.2S4,[11] and more than threefold 
enhancement of intrinsic Cu3SnS4.

After Cu3SnS4 is alloyed with Cu3SbSe3, we have observed 
the widening of the bandgap and band convergence upon the 
structure regulation. These conflicting impacts on the car-
rier transport allow an optimization of the electrical property 
at x = 0.3. A further increase in Cu3SbSe3 content results in 
the splitting of the valence band and the precipitation of visible 
impurities. The mobility thus deteriorates significantly, which 
thereby decreases the electrical property to a some extent.

Although the Hall carrier concentration (nH) reduces as the 
x value increases below x ≤ 0.3, the nH value at x = 0.3 (3.4 × 
1020 cm−3) is very close to the optimal one,[40] which might be a 
good reason that the optimal power factor (PF = 7.2 µW cm−1K−2 
at x = 0.3, see Figure S7, Supporting Information) can be attained 
in this material system. Besides, the crystal structure distortion, 
point defects and bandgap widening are crucial to reduce the lat-
tice part (κL) at high temperatures, while the phonon scatterings 
on the extra phase (grain) boundaries due to the precipitation of 
impurities and segregation of elements etc. are realized mainly 
in the low to middle temperature ranges. The unexpectedly low 
κL value (≈0.18 WK−1m−1 at x = 0.3 and 775 K), which would be 
considered as comparable to (or even lower than) those of con-
ventional PbTe-[41] and SnSe-based alloys[42] at the corresponding 
temperatures, leads to the highest ZT value of ≈0.84 at ≈775 K. 

The ZT value, although not the highest 
one among the state-of-the-art TE mate-
rials used in middle temperature ranges, 
such as PbTe-(ZT = 1.55 at 723 K),[41] 
SnSe-(ZT = 1.67 at 823 K),[42] Cu2SnSe3-
based alloys (ZT = 1.42 at 823 K),[43] 
Cu3−yAg1−ySb1−xSnxSe4 (ZT = 1.18 at 
623 K),[44] Cu2Sn0.8Co0.2S3 (ZT = 0.85 at 
723 K),[45] Cu3Sb1-x-ySnxBiySe4 (ZT = 1.26 
at 673 K),[46] Cu11.5Ni0.5Sb4S13-δ (ZT = 1.2 
at 723 K),[47] it stands among the highest 
in current Cu3SnS4 system. In short, the 
regulation of the crystal structure upon 
alloying of Cu3SnS4 with Cu3SbSe3 is 
critical to engineer both the band struc-
ture and the phonon transport.

3. Conclusions

A series of chalcogenides (Cu3SnS4)1-

x(Cu3SbSe3)x (x = 0.05, 0.1, 0.2, 0.3, 
0.4) were prepared, and their struc-
tures and TE performance were exam-
ined. The first-principles calculations 
reveal that both the bond lengths and 
angles alter upon Cu3SnS4 alloyed 

with Cu3SbSe3, which regulate the crystal structure and engi-
neer the band structure. Due to such, the bandgap widens and 
valence band converges near the Fermi level, which optimizes 
the Hall carrier concentration (nH) (3.4 × 1020 cm−3) at x = 0.3. 
On the other hand, the regulation of the crystal structure upon 
Sb and Se incorporation generates local distortion and point 
defects, along with the precipitated impurity phases at x ≥ 
0.3. Thereby, the lattice thermal conductivity reduces to the 
lowest (0.18–0.33 WK−1m−1), and the TE figure of merit (ZT) 
reaches the highest at 775 K, which is ≈12% higher compared 
to that previously reported in Cu3Sn1.2Se4 at the corresponding 
temperature.

4. Experimental Section
Syntheses and Preparation of Samples: Five elements (Cu, Sn, Sb, S, 

Se with the purity > 99.999%, Emei Semicon. Mater. Co., Ltd. Sichuan, 
CN), according to the formula ((Cu3SnS4)1-x(Cu3SbSe3)x, x = 0.05, 0.2, 
0.3, 0.4), were melted in four different silica vacuum tubes. They were, 
subsequently, heated to 1173 K for 30 h and held at this temperature for 
10 h. Afterward, the melted mixtures were slowly cooled to 773 K, and 
subsequently, quenched in water. In order to have a uniform distribution 
of elements in the matrix, an annealing procedure, which lasted for 72 h, 
was carried out at 573 K.

The ingots were ball milled for 5 h, and the powders were dried in a 
vacuum furnace. In the present work, the mechanical alloying technology 
was not used, although it was effectively used in the synthesizing of 
Cu3SbSe3

[48] and Cu3SnS4.[17] Prior to the consolidation process using 
spark plasma sintering (SPS), the temperature was slowly elevated to 
the highest sintering temperature (723 K) under a pressure of 60 MPa. 
The holding time at 723 K was about 10 min.

The densities of the sintered bulks were measured by using 
Archimedes’ method. Each sample was cut into 3 mm slices measuring 
2.5 × 12 mm2 out of a sintered block in a size of 20 × 2.5 mm2 for 
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Figure 6. Thermoelectric performance of (Cu3SnS4)1-x(Cu3SbSe3)x (x = 0.05, 0.2, 0.3, 0.4). a) Seebeck 
coefficients as a function of temperature; b) electrical conductivities (σ) as a function of temperature; 
c) lattice thermal conductivity (κL) as a function of temperature, the inset is the total κ data; d) TE 
figure of merit (ZT), where the ZT data (dotted line) of Cu3Sn1.2S4 is presented for comparison. The 
inset is a magnified plot of lattice parts (κL) at x = 0.3 and 0.4, where the κL data (dotted line) of 
Cu3Sn1.2S4 is presented for illustration.
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electrical property measurement. After polishing the surfaces of the two 
sides, coin-shaped blocks with the size of 10 × 1.5 mm2 were prepared 
for thermal diffusivity measurement. Therefore, the different sizes of 
the sintered samples were used to measure the electrical and thermal 
transport properties.

Measurements and Analyses: The Seebeck coefficient (α) and the 
electrical conductivity (σ) were measured using a ULVAC ZEM-3 
instrument system under a helium atmosphere from RT to ≈800 K, with 
a measurement uncertainty of ≈5.0% for each of them. The thermal 
diffusivities (λ) were measured by using TC-1200RH apparatus with an 
uncertainty of ≈10%. The heat capacities (Cp), which are presented in 
Table S2, Supporting Information, were estimated using the Dulong–
Petit rule, Cp = 3nR (here n is the number of atoms per formula 
unit and R is the gas constant). It is believable that this estimation 
will not introduce much error because the heat capacity (Cp) keeps 
relatively constant with temperature increasing as long as the Debye 
temperatures (θD) are lower than 323 K (the lowest temperature for the 
measurement of the TE performance). The total thermal conductivities 
(κ) were determined according to the equation κ = dCpλ, where d is 
the material density (see Table S2, Supporting Information). The 
three physical parameters (α, σ, and κ) were finalized after three 
measurements.

The lattice contributions (κL) were calculated by subtracting the 
electronic contribution (κe) from the total κ, that is, κL = κ − κe. Here κe 
is expressed by the Wiedemann–Franz (W-F) relation, κe = L0σT, where 
L0 is the Lorenz number, estimated as 2.0 × 10−8 WΩK−2.[11] The TE 
figure of merits (ZTs) were then calculated using the three parameters 
mentioned above with a total uncertainty of ≈18%.

The Hall coefficient (RH) measurements at RT were conducted with 
a Hall effect measurement system (PPMS, Model-9) using a four-probe 
configuration with a magnetic field sweeping between ± 5.0 T. The 
rectangular samples with the size of 2 × 2 × 7 mm3 were prepared for 
measurement. The Hall carrier concentration (nH) and the mobility (µ) 
were, subsequently, determined according to the equations µ = |RH|σ 
and nH = 1/(eRH), respectively, where e is the electron charge.

The chemical compositions were determined using an electron 
probe micro-analyzer (EPMA) (S-4800, Hitachi, Japan) with an accuracy 
of >97%.

In order to gain a deep understanding of the crystal structure, the 
microstructures of the samples (x = 0.3) have been examined by using 
a high-resolution transmission electron microscopy (HRTEM). HRTEM 
images were obtained at 220 kV using JEM-2010F (Field emission 
TEM).

The powder X-ray diffraction patterns of the samples were analyzed 
using an X-ray powder diffractometer (XRD) (D8 Advance) operated at 
50 kV and 40 mA. Cu Ka radiation (l = 0.15406 nm) and a scan rate of 
4° min−1 were used to record the patterns in the range of 10° to 100°.

The absorption coefficient measurements and UV absorption spectra 
analyses for the powders were carried out using Perkin–Elmer Lambda 
950 UV-VISNIR spectrophotometer.

Methodology: First-principles calculations are carried out with FHI-
aims,[49,50] an all-electron, full-potential electronic-structure code under 
the framework of Density-functional theory (DFT).[51] FHI-aims uses 
numeric atom-centered basis sets, where numerical settings are so 
chosen for the present study that a convergence in energy differences 
better than 10−3 eV per atom is achieved. Both the atomic co-ordinates 
and lattice vectors are fully relaxed for all structures and Generalized 
gradient approximation is used for electronic exchange and correlation 
as per Perdew–Burke–Enzerhof (PBE).[52] We have calculated the 
electronic structure with more advanced Heyd–Scuseria–Ernzerhof 
hybrid functional (HSE06),[53] which takes into account the fraction of 
exact exchange.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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