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ABSTRACT

Cu2SnS3 (CTS), as a potential thermoelectric (TE) material, the electrical and

thermal transport properties are heavily determined by its original phase

structure and the following phase evolution upon heating. Unlike previous

studies that induced CTS phase transition by doping, this study used

mechanical alloying powder as the precursor and successfully prepared phase-

pure cubic (c-) and monoclinic (m-) CTS samples, as well as two-phase mixed

samples with different percentage composition of c-CTS and m-CTS, by simply

adjusting the hot pressing temperature. Firstly, phase structures of hot-pressed

specimens were determined and confirmed by XRD refinement, SEM, TEM, and

Raman spectroscopy. Secondly, thermodynamic property was analysis by DSC

analysis, and phase evolution was detailed by analyzing specimens quenched at

various temperatures. Then, the electrical and thermal transport properties were

measured up to 500 �C, and were correlated with phase evolution analyzed

above. Benefiting from cationic disorder, a maximum zT of 0.42 at 500 �C was

achieved in c-CTS samples hot-pressed at 575 �C. The phase evolution of CTS

was comprehensively investigated by using high-quality samples. The results

indicate that phase transition is the potential mechanism for the doping effect in

most studies, providing some guidance for improving the performance of

environmentally friendly TE sulfides.

1 Introduction

Thermoelectric (TE) conversion technology, with TE

materials as the core, is widely used in space vehicle

energy supply [1], automotive exhaust waste heat

generation, computer hardware cooling, and tem-

perature differential electric cold water dispenser

[2, 3]. In addition, it is helpful to improve the effi-

ciency of fossil energy and promote the process of

replacing traditional energy sources with new ones.

Thermoelectric sulfides, with the advantages of non-

toxicity, low cost and abundant content, are excellent

TE candidates for power generating operating at

medium temperature. Among them, Cu–Sb–S
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compounds are considered as a promising class of TE

materials due to their compositional and structural

diversity, including Cu12Sb4S13, Cu3SbS4 and Cu3SbS3
[4–6]. Cu3SbS4 has a tetragonal-coordinated zinc

blender structure, Cu12Sb4S13 tetrahedra has a com-

plex cubic structure, and Cu3SbS3 has a variety of

orthorhombic, monoclinic, and cubic structures [5, 6].

It is worth mentioning that Cu12Sb4S13 shows a zT of

1, and the Fe doped cubic Cu3SbS3 sample reaches a

zT of 0.62 at 350 �C [7]. However, the element Sb is

rare and toxic. It is nominally trivalent in Cu3SbS3,

and contains lone pair of electrons that make the

structure unstable [7]. Sn, adjacent to Sb in the peri-

odic table, has one less electron in the outermost

layer, can all be bonded in the analog Cu–Sn–S

compounds. Moreover, Sn is more environmentally

friendly and cheaper than Sb. Therefore, some

researchers shift their focus from Cu–Sb–S system to

Cu–Sn–S compounds by replacing Sb with Sn.

Cu2SnS3 (CTS) compound is an abundant, envi-

ronmentally friendly, non-toxic p-type semiconduc-

tor material [8]. It is widely studied in fields of solar

cells, photocatalysis, gas sensing, antibacterial and

others [9–12]. Similarly, silicon-based compounds

have also attracted widespread attention due to their

excellent TE conversion efficiency [13]. Especially for

SiGe compounds and their nanostructured materials,

the SiGe nanowires could significantly improve their

power factor and thus enhanced the TE performance

due to the energy filtering effect introduced by

defects and defects produced in preparation process

[14]. However, a major drawback of silicon-based TE

materials is their high lattice thermal conductivity

[13]. In contrast, CTS has lower lattice thermal con-

ductivity in the moderate temperature range, making

it a promising TE material [8]. It is reported that CTS

has various crystalline forms, such as monoclinic (m-

CTS; SG: CC), cubic (c-CTS; SG: F-43m) and tetrago-

nal (t-CTS; SG: I-42m) [15]. These crystalline types

were identified as ordered, disordered, and pseudo-

ordered structures, respectively [16–19]. Although no

consensus reached among researchers on the process

conditions for the synthesis of multiple crystalline

forms of CTS, it is generally accepted that CTS has a

tetragonal structure below 400 �C, and a mixture of

cubic (c-CTS) and monoclinic (m-CTS) crystalline

forms above 400 �C. Monoclinic crystalline systems

are dominative above 500 �C [18, 20]. There are 24

atoms in the unit cell of monoclinic structure with all

atoms (Cu, Sn, and S) occupy the 4a Wyckoff position

[21–23]. In the cubic structure [23], Cu and Sn occupy

the 4a position (with Cu accounting for 66.7%, Sn for

33.3%), and S occupies the 4c Wyckoff position. Four

cations of Cu and Sn bond to a S anion in tetrahedral

fashion in both cubic and monoclinic structures [23].

CTS has a three-dimensional conducting network,

consisting of hybridized 3d (Cu)-3p (S) orbitals and

S–S 3p orbitals in the valence band, which gives it

good electrical transport properties. High density of

states contributes to the excellent p-type TE proper-

ties of CTS too [23, 24]. It is worth mentioning that Sn

is nominally tetravalent in CTS, compared to trivalent

of Sb in Cu–Sb–S system. No lone pair of electrons

were formed on Sn sites, after the bonding of all

outmost layer electrons to anion S, which may lower

the anharmonicity of the lattice vibration, and reduce

the suppression effect of thermal conductivity [25].

Interesting, CTS has comparably low thermal con-

ductivity with Cu–Sb–S system, due to its special

order–disorder structure. It shows a thermal con-

ductivity of 0.75 W m-1 K-1 at 500 �C in ordered

monoclinic phase [26], and much lower in disordered

cubic structure (0.39 W m-1 K-1 at 500 �C) [27]. All

the above suggests that CTS has good prospects for

medium temperature TE applications [28].

Most researches are related to the transition metal

doping which facilitates the phase transition from a

cation-ordered low-symmetry structure (m-CTS) to

disordered high-symmetry structures (t-CTS and

c-CTS), and improves the electrical or thermal

transport performances or both. Large amount of

acceptor doping is capable of transforming the unit

cell of CTS, resulting in a superlattice structure in the

c-direction, which enhances the effects of phonon

scattering, reduces lattice thermal conductivity jlatt,
and optimizes the electrical transport property

through energy band engineering and carrier con-

centration optimization [29]. Shen et al. observed the

transformation from m-CTS into cubic and tetragonal

mixed phase structure in Zn-doped samples, which

shows a zT of 0.58 at 450 �C [8]. Tan et al. obtained a

zT of 0.50 at 427 �C in m-CTS by doping In, and the

thermal conductivity was below 1.0 W m-1 K-1 [30].

Zhao et al. further increased zT to 0.84 at 450 �C by

cobalt doping at Sn site. This approach also yielded

an ultra-low lattice thermal conductivity of about

0.3–0.4 W m-1 K-1 [26]. So far, the highest zT of

about 0.9 (T[ 427 �C) was obtained by co-doping of

Co and Sb at Sn site [31]. These reports all confirm the

efficacy of transforming of CTS from ordered
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monoclinic phase to disordered cubic and tetragonal

phases by Sn site acceptor doping.

Although many studies have been carried out on

CTS, there are still some basic problems that have not

yet been solved. For example, multiple crystalline

forms of CTS have similar X-ray diffraction patterns

[9], so more analytic techniques are needed to assist

the determination of the crystalline forms. Although

the idea of combination use of Raman, XRD, TEM

were proposed to determine the proportion of each

phase when multiple crystal forms coexist [20], the

details and applicability of the available techniques

are not comprehensive enough, and more methods

are needed to be developed. Secondly, phase transi-

tion process of CTS from cubic to monoclinic phase

and its influences are not yet clear. For examples, no

references mentioned the influences of decomposi-

tion and accompanying impurities generation on the

TE property in the process of measurement. In other

word, the influences of the composition and degree of

the phase transition on the electrical and thermal

transport properties are rarely reported. In this study,

both phase-pure cubic and monoclinic CTS, as well as

a series of mixed phase samples were successfully

obtained by hot pressing temperature adjustment,

rather than Sn site doping used in most of the refer-

ences. The phases of the samples were confirmed and

analyzed by combined use of XRD, Raman, TEM,

et al. The phase transition and impurities generation

with temperature, and their influences on electrical

and thermal transport properties were revealed in the

DSC and TE performance measurements.

2 Experimental details

Cu2SnS3 was synthesized from commercial powders

of copper (99.9%), 99.8% tin, and 99.5% sulfur

(Aladdin). Mechanical alloying was used to obtain

precursor for hot pressing. Raw powders were placed

in a stainless steel ball-milling tank together with

stainless steel balls. The ball-powder ratio was kept at

20:1. The samples were ball milled at 450 rpm for

24 h under low-pressure Ar atmosphere (QM1SP2,

Nanjing University). Then, the obtained powders

from mechanical alloying were loaded into graphite

die and hot-pressed at 550, 575, 600, 625 and 650 �C
for 1 h (OTF-1200X-VHP4, Kejing Hefei, China). The

densities of all samples are above 94% of the theo-

retical value.

The phase structure of samples were characterized

by X-ray diffraction (XRD, Cu Ka, X’Pert Pro-Pana-
lytical, The Netherlands). Rietveld refinement was

performed on the CTS series samples using Maud

software. Raman spectra were collected using a micro

Raman spectrometer (Raman, inVia, Renishaw, UK).

Scanning electron microscopy (SEM, Merlin Com-

pact, Germany) was used to observe the microscopic

morphology of fresh fracture surface of the samples.

Selected area electron diffraction (SAED) images

were collected with a transmission electron micro-

scope (TEM, JEOL2100, Japan). The thermal stability

of the samples was analyzed by differential scanning

calorimetry (DSC, Q20, TA Instruments, New Castle,

DE, USA) under a flowing N2 atmosphere, with a

temperature ramp rate of 5 K/min. The Hall coeffi-

cient was measured with a commercial instrument

(HL5500, Ecoopia, Korea) with a magnetic field of

0.53 T. The resistivity and Seebeck coefficient of the

samples were measured with a commercial instru-

ment (CTA-3, Cryoall, China) under N2 atmosphere.

The thermal diffusivity D of the material was mea-

sured by a laser flash method (LFA-457, Netzsch,

Germany), and then the total thermal conductivity

was calculated according to the equation j = DCPd,

where the heat capacity CP was calculated by the

Dulong–Petit law, and the density d was calculated

by mass and volume.

3 Result and discussion

3.1 Composition, phase structure
and morphology

XRD results for powders obtained by ball milling

are shown in Fig. 1a. No apparent impurity peaks

were observed in all samples, well in agreement with

the standard cubic structure of CTS (SG: F-43 m). It

means shortening the milling time is still possible for

obtaining c-CTS powders. Figure 1b shows the XRD

patterns of bulk samples obtained after hot-pressing

at 550, 575, 600, 625 and 650 �C for 1 h, using the

powder mechanical-alloyed of 24 h. In CTS-550

sample, only the diffraction peaks of c-CTS were

observed, and no obvious impurities peaks of other

crystal forms of CTS and binary sulfides were

observed, suggesting a much purer cubic phase

J Mater Sci: Mater Electron (2023) 34:1096 Page 3 of 14 1096



sample was obtained than that reported in references

[32].

From 575 �C, with the increase of sintering tem-

perature, the characteristic Bragg peaks (16.12�, 27.2�,
31.4� and 41.7�) of monoclinic phase (m-CTS)

appears, and their intensities increase gradually, and

the samples gradually transit from disordered cubic

phase to monoclinic phase. When sintered at 650 �C,
the obtained sample has a phase-pure m-CTS struc-

ture, completely consistent with the standard m-CTS

(SG: Cc) structure. Between 550 and 650 �C, samples

are mixtures of monoclinic and cubic phases, free of

binary sulfide impurities. The above results indicate

that it is possible to adjust the percentage composi-

tion of m-CTS and c-CTS by only adjusting the sin-

tering temperature, using mechanical alloyed

powder as precursor. It is worth noting that the X-ray

diffractograms of the three crystal structures of CTS

(cubic, monoclinic, and tetragonal) are very similar

[9]. So the purity of the above-stated phase-pure

samples obtained at 550 and 650 �C are actually in

doubt, and further analysis is needed to verify the

results, and determine the percentage composition of

m-CTS and c-CTS in the mixed samples.

The XRD patterns of samples hot-pressed at dif-

ferent temperatures were quantitatively analyzed by

Rietveld refinement method and the results were

shown in Fig. 2. The CTS-550 sample displays a dis-

ordered cubic phase, and no traces of other phases

including monoclinic and tetragonal CTS were

detected. So the co-existence of multiple CTS phases

at 550 �C can be ruled out currently. When sintered at

575 �C, the monoclinic phase appears. Hence, the

CTS-575 sample is a mixture of cubic and monoclinic

phases. And small amount of monoclinic phase

(11.27%) is embedded in the matrix cubic phase

(88.73%). The proportion of the monoclinic phase

increases continuously with the increase of sintering

temperature, whereas the content of the cubic phase

decreases proportionally. While the CTS-600 is

roughly a mixture of half cubic and half monoclinic

Fig. 1 Room temperature

X-ray diffraction patterns of

CTS samples a powers

mechanical alloyed (MA) for

20 h, 22 h and 24 h, and

b pellets hot-pressed (HP) at

550, 575, 600, 625 and 650 �C
for 1 h

Fig. 2 The Rietveld refinements of the XRD patterns of CTS

samples hot-pressed at different temperatures. Quantitative

analysis of the phases is also included
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structure, the CTS-625 sample is dominated by

monoclinic phase, only 5.58% cubic phase was fig-

ured out. Further increase the hot-pressing tempera-

ture to 650 �C, the CTS-650 sample becomes 100%

monoclinic, free of cubic phase completely. No

tetragonal phase was detected in any of the samples

obtained in this work. Also the small value of Rwp

indicates that the simulated X-ray diffraction spectra

are in good agreement with the experimental ones.

Though XRD is convenient and powerful to char-

acterize the average structure of powders, it is less

sensitive to reveal the local structure on scale of grain

size when multiple phases with similar XRD patterns

are mixed together, just the case of CTS. So, SAED

patterns of individual grains were collected under

TEM. As shown in Fig. 3a, c, e, the Debye–Scherrer

rings of the CTS-550 sample coincide with the three

strongest Bragg-peaks of the XRD pattern of the cubic

phase, which confirms that only cubic phase was

included in the sample sintered at 550 �C. The SEAD

of the monoclinic CTS-650 sample displays not only

the three rings corresponding to the three strongest

Bragg peaks of the monoclinic structure, but also the

unique (1 3 0) and (- 3 1 2) plane diffraction rings of

the structure. No rings corresponding to other phases

were detected. For CTS-600 sample, the SEAD result

includes a (1 1 1) plane diffraction ring unique to the

cubic phase. At the same time, it contains the (1 3 0)

and (- 3 1 2) plane diffraction rings unique to the

monoclinic phase, which confirms the coexistence of

the two phases.

The SEM images of fresh fracture surfaces of the

CTS samples (b) CTS-550, (d) CTS-600, and(f) CTS-

650 are shown in Fig. 3. Due to the ball-milling pro-

cess and relatively low hot-pressing temperature, all

samples have dense microstructure with sub-mi-

crometer grains. When hot pressing at 550 �C, the
average grain size is the smallest, ranging from 20 to

100 nm. The average grain size grows slightly with

the increase of hot-pressing temperature. For the

monoclinic CTS-650 sample hot-pressed at 650 �C, it
reaches approximately 100 nm, still much finer than

the samples prepared by other methods, which

would have strong influences on the thermal trans-

port properties discussed below.

Though the phase-pure structures of CTS-550, and

CTS-650 were determined by the methods described

above, they still may contain traces of impurities

according to reports in the literature [32]. Raman

scattering is sensitive to local atomic bonding and

vibration. So, it is highly applicable to distinguish

between the subtle bonding environment difference

within cubic and monoclinic structures of CTS. As

shown in Fig. 4, the CTS-550 sample has obvious

Raman peaks around 287 cm-1 and 345 cm-1, which

is consistent with the Raman mode of the cubic phase

reported in references [33, 34]. Also, broad shoulder

associated with cubic structure was also observed

around 330 cm-1, which is caused by the vibration of

atomic bonds between copper and tin, the broaden-

ing of which is linked to the confinement effect of

phonons [12]. For CTS-650 sample, there are clear

Raman peaks around 290 and 352 cm-1, in good

agreement with the mode of monoclinic structure

reported in the literature [16]. When sintered at 575

�C, 600 �C and 625 �C, both Raman peaks shift away

from the position of the pure cubic (287 and

345 cm-1) and monoclinic phases (290 and

352 cm-1), and lie in between them.

Due to composition deviation caused by synthesis

method [12], different combination of Raman modes,

for example, 300 and 350 [35], 303 and 365 [36], and

299 and 351 cm-1 [37] for cubic structure were also

Fig. 3 The selected area electron diffraction (SAED) images

collected under TEM, and the SEM images of freshly fractured

surfaces of CTS-550 (a, b), CTS-600 (c, d) and CTS-650 (e,

f) samples
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reported in literature, which reflects the complexity

of the atomic bond vibration of the cubic phase of

CTS, as well as the complexity of the composition and

structure caused by the random occupancy of cations.

Similar different results were also reported for mon-

oclinic structure [38, 39]. So, the relative position and

intensity of the two main peaks were used to further

discuss the Raman results.

Firstly, the distance of the two main Raman peaks

of all samples were calculated and shown in Fig. 5a.

In contrast to the monotonous increase of the distance

from cubic to monoclinic phases reported by Oliva

et al. the distance of the Raman peaks decreases first

and then increases as the increase of the sintering

temperature from 550 to 650 �C. From pure cubic

CTS-550 to CTS-575 with a small amount of mono-

clinic phase, the distance between the two main

peaks decreases from 58 to 55 cm-1, and remained

almost unchanged when moving further to the CTS-

600 sample with 44.45% of monoclinic phase. This

result suggests that the actual phase structure and

composition of the samples with lower concentration

of monoclinic phase prepared in this work are

different from those reported by Olivia et al. [20].

Actually, a small amount of Mo2.06S3 and Cu4Sn7S16
impurities are present in the nominally pure cubic

sample reported in the reference [20]. Moreover,

abnormal strong background noise or protrusion

around 27� were observed in XRD pattern in CTS-550

sample. Though no peak were assigned at this posi-

tion both by XRD and refinement programs, the

abnormality suggests the possibility of the existence

of traces of unidentified impurity in CTS-550 sample.

From sample CTS-600 to CTS-650, the distance

increases continually with the increase of the content

of monoclinic phase, in good agreement with the

results reported by Olivia et al. [20]. So, it is safe to

state that the distance is positively related to the

content of monoclinic phase in the monoclinic-phase-

rich samples, though the sample reported in refer-

ence is a mixture of 69.7% cubic phase and 30.3%

monoclinic phase. Moreover, the relation between the

distance and the phase structure in the monoclinic-

phase-poor samples is much complex, and strongly

depends on the kinds and concentration of

impurities.

Secondly, the relative intensity of (or the area

under) the two main peaks were qualitatively corre-

lated to the ratio between cubic and monoclinic

phases. Figure 5b shows the ratio of area II (under

peak 310–360 cm-1) to area I (under peak

260–310 cm-1). Except CTS-550 sample, the area ratio

keeps unchanged with the increase of percentage

composition of monoclinic phase from CTS-575 to

CTS-650 samples, completely different from the

monotonous increase reported by Olivia et al. [20]. It

is worth noting that our sample spans a broad range

from CTS-575 with 11.27% of monoclinic phase to

CTS-650 with pure-phase monoclinic structure, while

the samples from reference have 30.3% monoclinic

phase in maximum. For pure cubic CTS-550 sample,

the broad shoulder around 330 cm-1 contributes a lot

to the area II and pushed the ratio to as high as 1.79,

much bigger than the average value of 0.66 for other

samples with monoclinic phase.

Above all, high-purity CTS samples with cubic and

monoclinic structures were successfully achieved and

confirmed by XRD, TEM, and Raman analysis. By

only adjusting the hot-pressing temperature, a series

of samples with different cubic to monoclinic phase

ratio were obtained, laying the foundation for deter-

mining their thermodynamic property and outlining

the influences of possible phase transition and

Fig. 4 Raman spectra of CTS samples hot-pressed at 550, 575,

600, 625, and 650 �C
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decomposition on electrical and thermal properties

when used as TE materials.

3.2 Thermodynamic properties

DSC analysis was conducted to determine their

thermodynamic properties of CTS-550, CTS-600 and

CTS-650 samples. As shown in Fig. 6, the CTS-650

sample with monoclinic structure exhibits much

better thermal stability than the other two samples. It

just has two apparent endothermic steps observed

around 320 and 430 �C, with the characteristic of an

irreversible reaction of glass transition. Taking into

account of relatively low hot-pressing temperature, it

is possible that part of the ball-milling powder with

amorphous or semi-crystalline characteristics is fused

into the bulk material, and transforms into crystalline

states during the DSC heating process. No reactions

can be seen in the cooling process.

In contrast, the CTS-550 sample with cubic struc-

ture shows a strong endothermic peak and a strong

exothermic peak at 303 and 424 �C, with the second

one associating with the phase transition from cubic

to monoclinic structure. The CTS-600 sample exhibits

a significant peak at 338 �C, far away from the value

of the cubic to monoclinic phase transition around

400 �C reported in the reference [40] and 424 �C of

CTS-550 sample.

To shed light on the unknown DSC peaks and

underlying phase transition, CTS-550 specimens were

quenched at 350 and 500 �C respectively, to deter-

mine their phase structures by XRD (Fig. 7) and

Raman (Fig. 8a) spectroscopy analysis. Same mea-

surements were also conducted on CTS-600 sample

quenched at 500 �C (Fig. 8b).

As shown in Fig. 7, XRD of CTS-550 specimen

quenched at 350 �C indicates that the DSC peak at

303 �C is closely related to the decomposition of the

cubic phase, supporting by the appearing of peaks

assigned to binary impurities, CuS and SnS, and S8
appeared. Tetragonal CTS was also observed in the

specimen quenched at 350 �C, though the main phase

keeps intact as cubic. Simultaneously, as shown in

Fig. 8a, Raman peak at 333/328 cm-1 associated to

tetragonal structure was observed in CTS-550 speci-

mens quenched both at 350 and 500 �C, with the

second main peak shifted from 345 cm-1 for speci-

mens unquenched, and quenched at 350 �C, to

340 cm-1 for specimen quenched at 500 �C. Interest-
ingly, the cubic phase dominates the matrix even

after quenched at 500 �C, far beyond the cubic to

monoclinic phase transition temperate 424 �C. This

Fig. 5 a Distance between the

two main Raman modes,

b ratio of the peak aera of the

two main Raman modes of the

CTS samples

Fig. 6 DSC curves of CTS-550, CTS-600 and CTS-650 samples
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suggests that the phase transition is strongly kineti-

cally controlled and explains the existence and

achievability of monoclinic phase (high temperature

structure) after cooling down to room temperature.

For CTS-600 sample with half cubic and half

monoclinic phase, binary impurity SnS was observed

in XRD after heated to 500 �C and quenched, along

with the Raman peak at 351 cm-1 shifted to

347 cm-1, similar with the trend shown in the Raman

spectrum of CTS-550 sample. No Raman peak

assigned to tetragonal phase was detected. So the

degree of the phase transition, from cubic to both

monoclinic and tetragonal phases, is strongly corre-

lated to the concertation of the monoclinic phase,

44.45% of which is capable of suppressing the cubic

to tetragonal phase transitions in heating process.

Actually, strong heat flow turbulence appears at

much lower temperature before the first strong DSC

peak at 303 �C in CTS-550 sample. Moreover, two

apparent weak peaks and one downward step were

observed in CTS-600 sample. Both indicates the

complexity of the phase evolution during DSC mea-

surement. So it is important to keep in mind that the

complexity of phase transition and decomposition

process upon heating, when trying to clarify the

influences of phase structure on electrical and ther-

mal transport properties.

3.3 Electrical transport property

Figure 9 shows the temperature dependence of

(a) electrical resistivity and (b) Seebeck coefficient for

the different CTS samples. For comparison, data of

reference samples is also included. At room temper-

ature, the resistivities of all CTS samples are strongly

correlated to the phase structure or hot-pressing

temperature. The CTS-550 sample with cubic phase

structure displays the lowest values of resistivity,

while the resistivity of the CTS-650 sample with

monoclinic phase is close to the highest value of all

samples.

Fig. 7 X-ray diffraction patterns of CTS-550 sample quenched at

350 �C and CTS-600 sample quenched at 500 �C

Fig. 8 a Raman spectra of

CTS-550 samples quenched at

350 and 500 �C, and b CTS-

600 sample quenched at 500

�C. The original Raman

spectra of the both samples

were also added for

comparison
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Taking into account the characteristics of cation

disorder and finer grain size (lower hot pressing

temperature), the cubic CTS-550 sample should pro-

cess a higher resistivity or a small carrier mobility at

least, because both characteristics contribute nega-

tively to the transport of charge carriers. However,

according to the results of the Hall test measurement

results shown in Table 1, both the carrier concentra-

tion and mobility of the CTS-550 sample are higher

than those of the CTS-650 sample. So, the electronic

band structure discrepancy between cubic and mon-

oclinic structure, including the value of band gap and

the valence band edge fine structure, plays a decisive

role in determining the electrical transport property.

This deduction is well consistent with the band

structure calculation in references [41]. With narrow

band gap compared with monoclinic structure,

energy of the cubic CTS-550 sample exhibits a lower

resistivity despite the characteristics of cation disor-

der, which lays the foundation for many of the

researches related to the transition metal doping. It

facilitates transition from the cation-ordered m-CTS

to the disordered c-CTS, and improves the electrical

or/and thermal transport properties [42].

However, for samples with coexistence of both

cubic and monoclinic phases, the resistivity is

strongly correlated to both the phase structure and

the microstructure. Sample CTS-575 has a higher

resistivity than cubic CTS-550 due to its larger carrier

concentration but much lower carrier mobility (less

than half of that of CTS-550). For sample CTS-660

with half cubic and half monoclinic phases, its

resistivity is the highest among all samples. So extra

carrier scattering aroused by grain boundaries and

the associated defects between the two phases dom-

inates the charge carrier transport, and results in a

low mobility and a resistivity as high as 232.3 lX m.

According the characteristic of temperature

dependence of resistivity, a strong correlation

between resistivity and phase structure is observed.

Below 260 �C, samples can be divided into two

groups, one is the CTS-625 and CTS-650 samples with

a nearly constant resistivity (Group I), the other is

CTS-550, CTS-575, and CTS-600 samples (Group II),

which firstly show a slight increase then a decrease in

resistivity. Compared with Group II samples, Group I

samples have high proportion of monoclinic phase

confirmed by XRD refinement and rather stable ther-

mal stability shown in DSC analysis. Also, the room

resistivity of the Group I samples was similar to the

study by Zhao et al. [26]. Notably, the complex phase

transition in cubic-phase-rich samples (Group II),

manifested in DSC measurement, plays an important

role in determining the electrical transport properties,

Fig. 9 Temperature

dependence of a electrical

resistivity and b Seebeck

coefficient for CTS samples.

Reference samples were also

included for comparison

Table 1 Room-temperature

hall coefficients, carrier

concentrations and mobilities

of different CTS samples

Samples RH (cm3 C-1) n (9 1020 cm-3) lH (cm2 V-1 S-1)

CTS-550 0.053 1.2 6.7

CTS-575 0.035 1.8 3.2

CTS-600 0.11 0.58 4.7

CTS-625 0.11 0.57 6.1

CTS-650 0.13 0.47 6.0
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and may even dominates the temperature depen-

dence of resistivity as shown in this case. Above 260

�C, the resistivities of the Group I samples slowly

increased with the increase of temperature., while

these of Group II samples increase dramatically.

According to the DSC results, no significant changes

occurred in the Group I samples. So, Group I samples

exhibits the intrinsic electrical transport property of

monoclinic CTS. However, decomposition and phase

transition were observed in Group II samples, which

mainly contributes to the sharp increase of resistivi-

ties above 260 �C. Microcracks were discovered

under SEM in Group II samples, which manifests the

influences of phase evolution on both phase structure

and microstructure upon heating up to 260 �C. Based
on the above analysis, it is reasonable to deduce that

the variation of resistivity reported by Zhao et al. was

closely related to phase transition or decomposition

during measurement. We conjectured that Zhao’s

monoclinic sample may contain certain amount of

cubic phase, or/and other CTS phases, or/and binary

sulfides impurities [26]. Moreover, the resistivity of

the cubic CTS-550 sample is not only lower than that

of Lohani et al. [27], but also displays rather different

temperature dependence. So, there must be less

phase evolution in Lohani’s sample during mea-

surement. In one word, the original phase structure

and the phase transition upon heating are the two

main factors for resistivity. Original structure and

phase evolution aside, it would be pointless to dis-

cuss the underlying physics of doping effects in most

of the researches, though quiet good zTs were

achieved.

As shown in Fig. 9b, Seebeck coefficients of all

specimens are positive, reflecting the p-type form of

transport. As expected, samples with high resistivity

have higher Seebeck coefficients and vice verse

around room temperature, but deviate the law of

thumb at high temperature. For monoclinic CTS-650

sample, the Seebeck coefficient ranges from 185 to 380

lV K-1, higher than the values of 133–296 lV K-1 for

m-CTS reported by Tan et al. [30]. The Group II

samples (CTS-575 and CTS-600) with coexistence of

cubic and monoclinic phase exhibit the highest See-

beck coefficients above 400 lV K-1 around 500 �C.
However, the phase-pure cubic CTS-550 within the

same group has the lowest Seebeck coefficient at

room temperature, due to its narrow band gap and

high carrier concentration (low resistivity). Though,

its Seebeck coefficient increase with increase of

temperature as other samples, above 300 �C, the grow
of Seebck coefficient loses momentum compared

other Group II samples, and a lowest value is

obtained at 500 �C, in contrast to its highest resistiv-

ity. Considering the similar DSC behavior of Group II

samples, we conjectured that the coexistence of two

phases or the associated grain boundaries works as

energy barrier and effectively scatters low-energy

charge selectively, and optimizes the Seebeck coeffi-

cient through the energy filtering effect. As a whole,

the Seebeck coefficient of sample CTS-550 falls in the

range of 95–300 lV K-1, similar to these (97–235

lV K-1) reported by Lohani et al. [29] below 250 �C.
At elevated temperature, though the values of this

study fall short of expectation because of its high

resistivity, they are still higher than the results

reported in reference (300 vs. 235 lV K-1 at 500 �C)
[29]. These results firmly demonstrates that phase

evolution, including phase transition between dif-

ferent CTS structures and decomposition of the

specimens into binary sulfides, cannot be neglected in

determining Seebeck coefficient, just as in the case of

resistivity [43].

3.4 Thermal conductivity and figure-of-
merit zT

As shown in Fig. 10a, the monoclinic CTS-650 sample

has highest thermal conductivity over the whole

temperature range, ranging from 1.70 to

0.74 Wm-1K-1. But it is much lower than that of

other diamond-like structure compounds, such as

CuFeS2 (5.9 Wm-1K-1) [44] and CuInTe2
(6.0 Wm- 1K- 1) [45], benefiting from its low-sym-

metry monoclinic structure [31]. Moreover, it is less

than the values of m-CTS reported by Zhao [26], Tan

[30]. The cubic CTS-550 sample has a thermal con-

ductivity of 0.74 Wm-1K-1 at room temperature and

0.23 Wm-1K-1 at 500 �C, both of which are much less

than that of c-CTS prepared by Lohani et al. [29],

though the specimen of this study has a higher rela-

tive density of 94%.

Apart from the potential phase structure discrep-

ancy in samples prepared by different research

groups, the low thermal conductivity of the samples

of this study is closely related to the fine

microstructure, resulted from the combination use of

ball-milling and low temperature hot-pressing. In

order to gain insight into the mechanism of thermal

transport property, the lattice thermal conductivity
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jlatt was estimated by subtracting the electronic

thermal conductivity jcarr from the total thermal

conductivity j, where jcarr was calculated according

to the Wiedemann-Franz law (jcarr ¼ LrT).
As shown in Fig. 10b, the lattice thermal conduc-

tivity of all samples decreases with increasing tem-

perature, indicating the dominance of phonon

U-scattering process. Over the whole temperature

range, the cubic CTS-550 sample has lower thermal

conductivity than that of monoclinic CTS-650 sample.

Two factors are accounted the large discrepancy. One

is the cation disorder in cubic structure. Though cubic

structure exhibits a high degree of symmetry com-

pared with monoclinic structure, the cation disorder

introduces extra phonon scattering mechanism and

effectively limits the lattice thermal conductivity to a

value that corresponds to the minimum possible,

where the phonon mean free path equals the inter-

atomic distance. The other factor is the finer micro-

structure in CTS-550 sample due to its low hot-

pressing temperature.

For samples with coexistence of both cubic and

monoclinic phases, the thermal conductivity falls in

between phase-pure cubic CTS-550 and monoclinic

CTS-650 samples. This suggests that, though the

grain boundary associating with coexistence of two

phases may play a role in phonon transport, the

intrinsic cation disorder and micro-structure domi-

nates the thermal transport properties in all samples.

Similar with resistivity, samples can be divided

into the same two groups based on detailed charac-

teristic of temperature dependence above 350 �C. The
group I samples, including samples CTS-625 and

CTS-650, have lattice thermal conductivity decreasing

smoothly with increasing temperature over the whole

temperature, which indicates that the main process is

U scattering, without obvious influence of other fac-

tors. However, the lattice thermal conductivity of

group II samples (including CTS-550, CTS-575 and

CTS-600) decreases rapidly after 350 �C, obviously
deviating from the trend below 350 �C. Combined

with the DSC and resistivity analysis, it is safe to

deduce that phase evolution, or the increase of den-

sity of grain boundary and the following micro-

creaks, is the underlying physics of the accelerating

decrease of lattice thermal conductivity above 350 �C.
The TE figure of merit zT is calculated based on the

values of resistivity, Seebeck coefficient and thermal

conductivity. Figure 11 shows the temperature

dependence of zT of all CTS samples. The zTs of all

samples increase rapidly with increasing tempera-

ture, but are relatively small at room temperature. A

maximum zT of 0.16 is reached in cubic CTS-550

sample at 500 �C. It is rather low compared with the

zT of 0.38 at the same temperature prepared by

Lohani et al. [29], which is mainly hindered by high

resistivity. Also, due to the decomposition and cubic

to monoclinic phase transition, an abnormal change

of zT was discovered in cubic CTS-550 sample.

The maximum zT 0.27 of the monoclinic CTS-650

sample is reached at 500 �C, comparable to the

zT * 0.26 at 500 �C reported in the literature [30].

Please keep in mind that this is the result achieved in

a non-doped CTS samples, optimization of carrier

concentration by doping will definitely enhance the

zT by doping, which has been confirmed in Zn

doping [8], In doping [30] and Co and Sb co-doping

[31] samples.

The maximum zT 0.42 among all the samples was

achieved in CTS-575 sample with coexistence of cubic

and monoclinic phases. So, future researches should

not be confined to phase-pure CTS samples,

Fig. 10 Temperature

dependence of a thermal

conductivity and b lattice

thermal conductivity for CTS

samples. For comparison, data

of reference samples were also

included
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suitable two-phase pairing or grain boundary envi-

ronment may be another way to obtain high zT, as

long as the influences of phase structure can be tai-

lored properly.

4 Conclusions

To shed light on the influences of phase evolution on

TE properties in CTS, the phase-pure cubic and

monoclinic samples, and two-phase mixed samples

with different percentage of c-CTS and m-CTS were

synthesized by using mechanical alloyed power as

precursor and by only regulating the hot-pressing

temperature. By combined use of XRD refinement,

Raman, SEM, and TEM, the phase structures of all

samples were confirmed and compared with results

reported in references. DSC analysis indicates that

the monoclinic CTS-650 sample exhibits much better

thermal stability than cubic CTS-550 and CTS-600

samples with mixed phase. The cubic CTS-550 sam-

ple has a tendency to decompose to binary sulfides at

low temperature, and transform to monoclinic

structure at higher temperature, though the cubic

phase still dominating the matrix even after 500 �C.
The above discovery indicates that the phase transi-

tion between cubic to monoclinic phase is strongly

kinetically controlled and explains the availability of

high-temperature monoclinic phase at room temper-

ature. The electrical and thermal transport properties

of CTS were closely related to the original phase

structure of CTS after hot pressing and the phase

transition during heating. All samples can be divided

into two distinct groups, Group I with monoclinic

phase in dominance, and Group II with high per-

centage of cubic phase. Benefiting from the disorded

structure of cations, a maximum zT of 0.42 at 500 �C
was obtained in c-CTS sample. This study clarified

the phase transition of undoped CTS samples after

heating and established the relationship between

phase transition and TE performance. Simultane-

ously, an explanation of the underlying mechanism

of doping effects in most researches was proposed

based on phase evolution.
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