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ABSTRACT

Bi2S3, with earth-abundant compositions and a low thermal conductivity, is

regarded as a candidate thermoelectric material. In this work, Bi2S3 samples that

were doped with x % mol InCl3 were successfully fabricated via a mechanical

alloying and spark plasma sintering process. InCl3, as an n-type donor dopant,

was added to the Bi2S3 system to improve its electrical transport properties and

optimize its thermal conductivity. Upon doping, the electrical conductivity of

Bi2S3 doped with 1 mol% InCl3 reaches up to 62 Scm-1, and the Seebeck coef-

ficient maintains a relatively large value of -244 lV K-1 at 673 K, which results

in a maximum power factor of 363 lW m-1 K-2. Furthermore, due to a simul-

taneously reduced thermal conductivity at high temperature, a ZT peak of 0.57

is obtained at 673 K along the parallel to the press direction for the sample

doped with 1.0 mol% InCl3, which is almost four times higher than that of

pristine Bi2S3 (0.14 at 673 K). The elastic properties and Debye temperature of

Bi2S3 are also calculated to analyze the origin of the intrinsically low thermal

conductivity and are compared to those of other thermoelectric materials with a

low thermal conductivity.

Introduction

Given the great increasing demand for clean renew-

able energy, thermoelectric materials are considered

to be an effective method to alleviate the energy crisis

[1]. Thermoelectric (TE) materials offer a recipe to

provide a green, clean and renewable source of

energy by converting waste heat directly into elec-

trical energy [2, 3]. The conversion efficiency of TE

materials can be estimated by the figure of merit (ZT),

which is defined as ZT = (a2r/j)T, where r is the

electric conductivity, a is the Seebeck coefficient, j is

the thermal conductivity and T is the temperature in

kelvin. Notably, a high power factor (a2r) and a low

value of j are required for efficient TE materials.

However, the laws of physics affect this situation of

ours synchronously. The Wiedemann–Franz law

indicates there is a strong coupling between r and j,
and the Pisarenko relation reveals that a is inversely

proportional to the concentration of carriers (n);

therefore, it is difficult to optimize these parameters

independently. To gain a relative high ZT value,
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several methods were attempted, such as doping to

improve the carrier concentration (n) and carrier

mobility (l) simultaneously [4, 5], nano-structuring

engineering and compositing to reduce the lattice

thermal conductivity (jL) [6–8], and band engineer-

ing to modify the Seebeck coefficient (S) and effective

mass (m*) [9, 10].

Aside from a high performance, low toxicity and

cost also require crucial consideration. It is known

that Bi2Te3-based [11] and PbTe-based [12] thermo-

electric materials have been investigated for decades

owing to the excellent TE properties during a certain

temperature range. Because Pb is toxic and Te is

lacking in earth’s crust, the rich abundance and

environmental benignity of sulfur-based composites

have attracted attention as promising alternative TEs

[13–17]. Bismuth sulfide (Bi2S3), which has intrinsi-

cally low thermal conductivity, has been investigated

as an underlying TE material for a long time owing to

its potential TE properties. However, similar to most

TE materials of low thermal conductivity, such as

SnSe [18–20], BiCuSeO [5, 21, 22] and Bi2O2Se [23, 24],

high electrical resistivity restricts their widespread

application. It has been widely demonstrated that

more electrons will be generated when halogen

group elements (Cl, Br and I) are doped at the S site

[13, 25, 26]. Furthermore, plenty of thermoelectric

materials obtain a giant leap in performance due to

the introduction of elemental indium (In) [27–29].

Herein, indium chloride (InCl3) is used as an n-type

dopant to optimize the electrical transport properties

of Bi2S3.

Mechanical alloying (MA) has been utilized to

prepare nanoscale materials due to its unique

advantages, such as the production of uniform com-

positions and short fabrication times. Additionally,

spark plasma sintering (SPS) is a suitable hot-sinter-

ing process for preparing nanoscale bulk materials

due to its heating and cooling processes being

achieved in a very short time, making it possible to

inhibit the excessive growth of grains during the heat

preservation process. In this work, the effect of InCl3
doping on the electrical transport and thermal

transport properties of Bi2S3 has been investigated.

The elastic properties of Bi2S3 have been also calcu-

lated to compare with low thermal conductivity

materials to further analyze the origin of low thermal

conductivity. The results reveal that the combination

of low thermal conductivity and an effectively

enhanced power factor, a ZT peak of 0.57, is obtained

for Bi2S3 doped with 1.0% mol InCl3 at 673 K.

Experimental section

Synthesis

The Bi2S3 powders nominally doped with x mol%

InCl3 (x = 0, 0.25, 0.5, 1.0 and 1.5) were prepared by

adding the appropriate proportion of high-purity Bi

(99.9%), S (99.9%) and InCl3 (99.99%) starting mate-

rials to mechanical alloy in a planetary ball mill (QM-

3SP2, Nanjing University, China) at 425 r for 12 h.

Then, a stainless steel vessel and balls were used, and

the ratio of ball to powder weight was maintained at

20:1, as before [30]. The as-prepared Bi2S3 samples

were densified in a A15-mm graphite mold under an

axial pressure of 40 MPa using a spark plasma sin-

tering (SPS) system (Sumitomo SPS632 lx, Japan)

under vacuum at 673 K for 5 min. The detailed sin-

tering process is shown below: Firstly, the pressure

rose to 40 MPa during 1 min; next, the temperature

was increased from room temperature to 623 K in

4 min, then increased to 673 K in 1 min and held at

this temperature for 5 min and subsequently

decreased to room temperature.

Characterization

X-ray diffraction (XRD) patterns were recorded on a

MiniFlex 600 using Cu Ka1 radiation (40 kV, 15 mA,

k = 1.541 Å, step size = 0.02�, 5�min-1 from 20� to

70�). Field emission scanning electron microscopy

(FE-SEM, Zeiss; Sigma 300, Germany) was used to

characterize the fractured surface morphologies of all

samples. The electronic absorption spectra of pristine

and doped Bi2S3 samples were characterized on a

Shimadzu UV-3600 plus UV–Vis–NIR spectropho-

tometer using an integrating sphere accessory. The

transverse and longitudinal acoustic velocities were

measured using an UMS Advanced Ultrasonic

Modulus measurement system (Techlab, France). The

bulk sample was cut and polished into disk shape of

U6 mm 9 1 mm for the measurement of the sound

speed. Then, the transverse phonon velocity and the

longitudinal phonon velocity were measured via

transverse probe (V157-RM, 5 MHz) and longitudinal

probe (V116-RM, 20 MHz) under the voltage of 50 V

and 250 V, respectively.
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The obtained bulk samples were cut and ground into

disk shapes of U6 mm 9 1.5 mm and bars of

2 mm 9 2 mm 9 10 mm for the measurements of

the thermal diffusivity coefficient and electrical

properties, respectively. The measurements of the

thermal and electrical transport behavior in this work

were done along the parallel to the press direction of

the SPS. The electrical resistivity and Seebeck coeffi-

cient of the bulk samples were measured using a

Seebeck coefficient/electrical resistance measuring

system (ZEM-3, Ulvac-Riko, Japan) from 323 to 673 K

under the protection of a helium atmosphere. The

thermal conductivity (j) was calculated by the cor-

relation j = DCpq, where the thermal diffusivity

coefficient (D) was measured by the laser flash

method (LFA457, Netzsch, Germany), the specific

heat (Cp) was measured by thermal analysis (STA449,

Netzsch, Germany), and the sample density (q) was

determined according to the Archimedes method,

i.e., q ¼ MO

M2�M1
qh; where MO is the quality of the dry

sample in air, M2 is the quality of the sample in air

after fully absorbing water, M1 is the quality of the

sample in water after fully absorbing water and qh is

the density of water. Additionally, the porosity was

obtained via subtracting the relative density of the

actual sample from the relative density of the fully

dense bulk sample, namely P = q0/q0 - q/
q0= 1 - q/q0, where q is the actual density, q0 is the

theoretical density.

Results and discussion

Figure 1a reveals typical powder X-ray diffraction

(XRD) patterns of the Bi2S3 ? x mol% InCl3 (x = 0,

0.25, 0.5, 1.0, 1.5) samples. All main peaks are well

matched with orthorhombic Bi2S3 (PDF#75-1306) in

the Pbnm space group. After the spark plasma sin-

tering (SPS) process, all diffraction peaks become

narrower and sharp, indicating the random growth of

grains (see Fig. 1b). Furthermore, a second phase

appears as x[ 1.0 and can be indexed as In6S7
(PDF#72-0011). As shown in Fig. 1c, the 2-theta angle

of 28.5� for the pristine Bi2S3 bulk sample is slightly

lower than the 28.6� that is given by the standard

card, and this difference is due to the volatilization of

S during the SPS process. The enlarged patterns of

the 2-theta range from 28� to 29� for Bi2S3 samples

reveal a shift after InCl3 doping. The main peak for

the (2 3 0) plane moves to higher angles when x\ 1.0

and then shifts back, which implies a lattice defor-

mation of Bi2S3. Considering that the ionic radius of

Cl (0.181 nm) is quite close to that of S (0.184 nm), the

rightward shift in the diffraction peaks is attributed

more to the substitution of In (0.08 nm) at the Bi

(0.103 nm) site. When x C 1.0, the expansion of the

host lattice is likely due to a portion of In3? entering

the interstitials of the Bi2S3 lattice to increase the

lattice parameter. The lattice parameter variations of

all InCl3-doped Bi2S3 samples are obtained by refin-

ing the bulk sample XRD data. The lattice parameters

are found to change along all three axes. The volume

of the unit cell first decreases and then increases with

the InCl3 doping content, as plotted in Fig. 1d, which

is a good match with the shift direction of XRD and

with the details we discussed above.

Figure 1e shows the electronic absorption spectra

of pristine and doped Bi2S3 powders, and the insert

presents the obtained band gap values. It is widely

known that Bi2S3 is a direct band gap semiconductor,

and the optical band gap can be estimated according

to the Kubelka–Munk theory [31, 32]:

F(R)*(hm)= (hm - Eg)
1/2, where R, F(R), h, m and Eg are

the reflectance, the proportional to the extinction

coefficient, Planck’s constant, the frequency of light

and the band gap, respectively. After a series of

transformations, the pristine Bi2S3 has a band gap

value of 1.328 eV, which is quite close to the theo-

retical value reported before [33]. Upon InCl3 doping,

the electronic absorption spectra of Bi2S3 ? x mol%

InCl3 reveal an initial shift in the absorption edge to a

lower energy when x = 0.25 and then moves to

higher energies as x[ 0.25. The band gap values of

all samples are 1.328 eV, 1.309 eV, 1.317 eV, 1.324 eV

and 1.332 eV. From the shift in the XRD diffraction

and the variation trend of the lattice parameters and

band gap values as a function of InCl3 doping con-

tent, it is not hard to conclude that the InCl3 is suc-

cessfully introduced into the Bi2S3 lattice.

The fractographic results for pristine Bi2S3 and all

Bi2S3 bulk samples doped with x mol% (x = 0.25, 0.5,

1.0 and 1.5) InCl3 fractured in the direction parallel to

the SPS press direction are presented in Fig. 2. The

orthorhombic layered structure of pristine Bi2S3 with

an average grain size of 400 nm is shown in Fig. 2a.

The grain size decreases with increasing x up to 0.5

and then increases when x is greater than 1.0, which
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is perhaps ascribed to the activation of lattice defor-

mation by introducing InCl3 [34]. Upon InCl3 doping,

the grain size variation in the Bi2S3 system agrees

well with the changes in lattice parameters. Addi-

tionally, compared to those of the pristine Bi2S3 bulk

sample, the number of pores increases after doping,

which leads to low density and relative density. The

densities of pristine Bi2S3 and Bi2S3 doped with

x mol% InCl3 (x = 0.25, 0.5, 1.0 and 1.5) are 6.579,

6.372, 6.389, 6.242 and 6.418, respectively, and the

relative densities of all samples are greater than 90%,

as shown in Fig. 2f. The increased pores also play a

significant role in reducing the lattice thermal con-

ductivity, and the details will be discussed later.

The electrical transport properties as a function of

the measured temperature for all samples (Bi2S3 ? x

% mol InCl3, x = 0, 0.25, 0.5, 1.0 and 1.5) are shown in

Fig. 3. The electrical conductivities of pristine and

InCl3-doped Bi2S3 samples increase with

temperature, which indicates characteristic semicon-

ductor behavior. Additionally, even the electrical

conductivity value for pristine Bi2S3 increases from

0.14 Scm-1 at 323 K to 5 Scm-1 at 673 K, which

remains a long way from that of high-performance

thermoelectric materials. The extremely low electrical

conductivity originates from the intrinsically low

carrier concentration. With the addition of InCl3, the

electrical conductivities of all samples show an

upward tendency over the measured temperature

range. The maximum value of 62 Scm-1 is obtained

for the Bi2S3 ? 1.0 mol% InCl3 bulk sample at 673 K.

Then, the electrical conductivity begins to decrease as

the dopant content rises above 1.0 mol%, which is

ascribed to carrier scattering caused by defects

induced via doping. After InCl3 is added to the host

matrix, there are two kinds of defect reactions cor-

responding to substitutional and interstitial equa-

tions, which are expressed as follows:

Figure 1 XRD patterns of Bi2S3 ? x mol% InCl3 (x = 0, 0.25, 0.5, 1.0, 1.5) a powders, b SPSed bulks and c enlarged patterns in 2-theta

range of 28�–29�; d lattice parameter of Bi2S3 ? x mol% InCl3; e electronic absorption spectra. Insert shows the band gap variation.
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InCl3 �!
Bi2S3

InBi þ 3ClS þ 3e0 ð1Þ

2InCl3 �!2Bi2S3
2InBi þ 3ClS þ 2In...

i þ 6e0 ð2Þ

When x\ 1.0, InCl3 substitutes the position of Bi2S3
to form a substitutional solid solution, resulting in the

decrease in the lattice parameters. With x C 1.0, a

portion of the substitute InCl3 enters the interstitial

sites to form an interstitial solid solution, which leads

to the increase in parameter. The increased lattice

parameter is derived from the expansion of the unit

cell volume. The electron concentration is increased

when Cl- substitutes S2- and further increased after

In3? enters the host lattice, as revealed in Eqs. (1) and

(2). Owing to the high electrical conductivity

appearing at high temperature, here, we assume that

the electrical transport benefits from thermal activa-

tion and the carrier concentration, mobility and

electrical conductivity are indicated as [8, 35, 36]

n Tð Þ ¼ AT3e�B=T ð3Þ

l Tð Þ ¼ CT�3=2 ð4Þ

r ¼ DT3=2e�B=T ð5Þ

Figure 2 FE-SEM image (a–e) of the fractured surfaces along the parallel to the press direction and density and relative density (f) of

Bi2S3 ? x mol% InCl3 bulks. a x = 0, b x = 0.25, c x = 0.5, d x = 1.0, e x = 1.5.
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where A, B and C are parameters related to the

material and D is a specific constant. An approxi-

mately linear relationship between ln(rT-2/3) and

1000T-1 exists for all samples at high temperature.

Here, the results in Fig. 3b indicate that thermal

activation has a commanding influence on the elec-

trical conductivity with increasing temperature. The

thermal activation temperature (Ta) for all InCl3-

doped samples appears at 529 K, which is in good

agreement with the temperature marking the rising

point of electrical conductivity. Different from the

doped samples, the undoped sample shows a weak

thermal activation effect above 413 K.

Figure 3c shows the Seebeck coefficient depen-

dence on the measured temperature for pristine and

InCl3-doped Bi2S3 samples. A negative Seebeck

coefficient indicates an n-type electrical transport

behavior with electrons contributing more to the

whole transport process. The absolute value of the

Seebeck coefficient of pristine Bi2S3 increases for a

temperature range of 323–423 K and then gently

decreases above 423 K. The maximum Seebeck coef-

ficient value of - 517 lV K-1 is obtained at 423 K.

With increasing InCl3 doping content, the absolute

value of the Seebeck coefficient of Bi2S3 decreases

remarkably from - 500 lV K-1 for pristine Bi2S3 to

- 130 lV K-1 for Bi2S3 doped with 1.0 mol% InCl3 at

323 K, which is strongly correlated with the increase

in carrier concentration. Upon InCl3 doping, the

absolute Seebeck coefficient of Bi2S3 increases

monotonically with the temperature in the measured

range. According to the Mott expression [37],

S ¼ ðp2k2BT=3eÞ dn Eð Þ=ndEþ dl Eð Þ=ldEÞf E¼EF
, the

carrier concentration simultaneously affects the

absolute value of the Seebeck coefficient along with

the carrier mobility. Therefore, when the dopant

content surpasses 1.0% mol, the increase in the See-

beck coefficient is probably due to a reduced carrier

mobility, suggesting that the electron mobility influ-

ences the Seebeck coefficient to a greater extent than

carrier concentration.

Figure 3 Temperature-dependent electrical transport properties for all Bi2S3 ? x mol% InCl3 samples (x = 0, 0.25, 0.5, 1.0, 1.5):

a electrical conductivity (r), b thermal activation temperature, c Seebeck coefficient (S), d power factor (PF).
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The power factor is significantly enhanced upon

InCl3 doping, particularly for 1.0% mol InCl3 doping,

which is improved by approximately five times than

that of pristine Bi2S3. The maximum value of the

power factor is obtained at 673 K as approximately

363 lW m-1 K-2 for Bi2S3 doped with 1.0 mol%

InCl3 and is benefited by the remarkably improved

electrical conductivity and the relatively large See-

beck coefficient. The power factors of the Bi2S3 sam-

ples show an upward tendency similar to that of the

electrical conductivity upon InCl3 doping, which

indicates that the electrical conductivity contributes

more to the power factor when the Seebeck coeffi-

cient is large.

Figure 4 shows the thermal transport properties as

a function of temperature for the pristine Bi2S3- and

InCl3-doped samples. The pristine Bi2S3 exhibits a

relatively low total thermal conductivity (jtot), which

may be ascribed to the interatomic bonding strength

(the weak ionic and van der Waals forces) and to the

lattice vibration anharmonicity. As revealed in

Fig. 4a, jtot increases with the InCl3 doping content,

and jtot presents similar values when x C 0.5. Addi-

tionally, Bi2S3 doped with 1.5 mol% InCl3 possesses

the maximum jtot, with values ranging from

0.61 W m-1 K-1 at 323 K to 0.42 W m-1 K-1 at

673 K. The total thermal conductivity consists of two

typical parts, the electrical thermal conductivity (je)
and the lattice thermal conductivity (jL), as follows:

jtot= je? jL. The value of je can be obtained by je=-
LrT, where L, r and T are the Lorenz number

(L = 2.45 9 10-8 V2 K-2), electrical conductivity and

temperature in kelvin, respectively. The value of je is
directly proportional to the electrical conductivity

and herein exhibits an upward tendency similar to

that of the electrical conductivity. The maximum je of
0.1 W m-1 K-1 is achieved by the Bi2S3 sample

doped with 1.0 mol% at 673 K (Fig. 4b). After sub-

tracting je, jL shows a relatively large value at low

temperature and decreases with increasing tempera-

ture until a low jL of 0.32 W m-1 K-1 is finally

obtained at 673 K for x = 1.0. A low jL has been

Figure 4 Temperature-dependent thermal transport properties for all Bi2S3 ? x mol% InCl3 samples (x = 0, 0.25, 0.5, 1.0, 1.5): a the

total thermal conductivity (jtot), b electronic thermal conductivity (je), c lattice thermal conductivity (jL), d ZT value.
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proved to derive from the interatomic bonding type

(ionic bond and covalent bond) and the lattice

vibrations, apart from the abundance of pores in the

host matrix. The effect of pores on reducing the lattice

thermal conductivity is evaluated by the following

formula [38]:

jL ¼ jL;f 1� 4

3
P

� �
ð6Þ

where jL,f is the lattice thermal conductivity of the

full dense bulk material and P is the porosity, as lis-

ted in Table 1 (P = 1 - q/q0, q/q0 is the relative den-

sity). The jL,f for the Bi2S3 ? x mol% InCl3 samples

(x = 0, 0.25, 0.5, 1.0 and 1.5) at room temperature are

0.541, 0.585, 0.651, 0.663 and 0.661 W m-1 K-1, which

suggests that the pores play an important role in

scattering phonons to further reduce the lattice ther-

mal conductivity. The rapidly dropped lattice ther-

mal conductivity for Bi2S3 doped with 1.0, 1.5 mol%

InCl3 may be stem from the increased porosity and

the generated secondary phase.

Furthermore, the ultrasonic pulse reflection

method is used to evaluate the elastic properties and

determine the origin of the low lattice thermal con-

ductivity. On the basis of formulas (7) and (8) [39–41],

a small Young’s modulus (E) and Debye temperature

(hD) and a large Grüneisen constant (c) are necessary

for a low lattice thermal conductivity.

jL / q1=6E1=2

M=nð Þ2=3
ð7Þ

jL ¼ 3:0� 10�5Maah
3
D

Tc2t2=3
ð8Þ

E ¼
qv2t 3v2l � 4v2t

� �
v2l � v2t
� � ð9Þ

va ¼
1

3

1

v3l
þ 2

v3t

� �� ��1=3

ð10Þ

vp ¼
1� 2 vt=vlð Þ2

2� 2 vt=vlð Þ2
ð11Þ

G ¼ E

2 1þ mp
� � ð12Þ

c ¼ 3

2

1þ vp
2� 3vp

� �
ð13Þ

hD ¼ h

kB

3N

4pV

� �1=3
va ð14Þ

where q, M, n, Ma, a
3, t, vt, vl, va, h, kB, N, V, mp and

G are the sample density, the atomic weight of the

molecule, the atomic number of the molecule, the

mean atomic weight of the constituent atoms, the

average volume occupied by one atom, the lattice

numbers of the primitive unit cell, the transverse

phonon velocity, the longitudinal phonon velocity,

the average phonon velocity, Planck’s constant, the

Boltzmann constant, the number of atoms in a unit

cell, the unit cell volume, the Poisson ratio and the

shear modulus, respectively. Here, the transverse

phonon velocity (vt) and the longitudinal phonon

velocity (vl) can be obtained via the ultrasonic pulse

reflection method, while va, mp, G, E, hD and c can be

calculated using Eqs. (10), (11), (12), (13) and (14)

[39, 41–43]. The results are listed in Table 2.

The elastic properties of some typical materials

with low lattice thermal conductivities are listed in

Table 2 for comparison with those of Bi2S3. In this

work, the average phonon velocity of Bi2S3
(1781 ms-1) is lower than that of BiCuSeO

(2107 ms-1) and Bi2Se3 (2083 ms-1), which results in

the small Young’s modulus of Bi2S3. It is worth not-

ing that the covalent nature of a material decreases

with the E value. Therefore, a small Young’s modulus

will weaken the covalent nature of a material to

reduce the lattice thermal conductivity. Furthermore,

the E of Bi2S3 is significantly lower than that of

BiCuSeO (76.5 GPa) and Bi2Se3 (70.3 GPa) and is

comparable to materials with ultralow lattice thermal

conductivity, such as BiSbSe3 (34.9 GPa) and K2Bi8-
Se13 (37.1 GPa). Additionally, the Poisson ratio (mp)
reflects the interatomic bonding type in a material; a

small mp (0.1) value reveals a covalent bonding nat-

ure, whereas a typical mp value of 0.25 is obtained for

Table 1 Porosity (P), lattice

thermal conductivity (jL) and
lattice thermal conductivity of

full dense (jL,f) of
Bi2S3 ? x mol% InCl3 bulk

samples at room temperature

Bi2S3 ? x %mol InCl3 x = 0 x = 0.25 x = 0.5 x = 1.0 x = 1.5

Porosity (%) 3.4 6.4 6.2 8.4 5.8

jL (Wm-1K-1) 0.517 0.535 0.597 0.589 0.610

jL,f (Wm-1K-1) 0.541 0.585 0.651 0.663 0.661
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ionic materials [44]. As shown in Table 2, the mp of

Bi2S3 and all thermoelectric materials with low lattice

thermal conductivities are larger than 0.25, indicating

that there is strong ionic bonding between the atoms

in the materials (the weak bonding interaction). The

Grüneisen constant (c) has a strong link with the

lattice vibration anharmonicity. As far as we know,

the ultralow thermal conductivity of SnSe, with a

large c of * 3.13, stems from the lattice vibration

anharmonicity in the crystal owing to the lone pair

electrons of Sn. The Grüneisen constant for Bi2S3 is

larger than that for BiCuSeO (1.5) and is comparable

to that for Bi2Se3 (1.65) and K2Bi8Se13 (1.77). The

Debye temperature (hD) is also one of the most sig-

nificant parameters to reflect the low thermal con-

ductivity, other than the elastic properties (phonon

velocity, Young’s modulus, shear modulus and

Grüneisen constant) that we discussed above. The

Debye temperature of Bi2S3 is 182 K, which is lower

than that of BiCuSeO (243 K) and Bi2Se3 (205 K), as

listed in Table 2. Herein, the weak bonding interac-

tion and the lattice vibration anharmonicity in the

material’s crystal lead to the intrinsically low thermal

conductivity of Bi2S3.

The dimensionless figure of merit (ZT) as a func-

tion of measured temperature for Bi2S3 ? x mol%

InCl3 (x = 0, 0.25, 0.5, 1.0 and 1.5) is shown in Fig. 4d.

The ZT values for all Bi2S3 samples increase with the

temperature, and by combing the significantly

enhanced power factor and the intrinsically low

thermal conductivity, finally, a maximum ZT value of

0.57 is obtained at 673 K, which is almost four times

higher than that of pristine Bi2S3 (0.14 at 673 K). This

is also a relatively high value in Bi2S3 system. The

thermoelectric properties of Bi2S3 could be further

enhanced by composting with high electrical con-

ductivity materials and co-doping. This work showed

the Bi2S3-based materials have the possibility to be a

candidate of high-performance thermoelectric.

Conclusion

Bi2S3-based materials with high performance were

prepared via InCl3 doping by ball milling and spark

plasma sintering. InCl3 is an n-type dopant that can

efficiently increase the electrical conductivity of Bi2S3,

especially for the Bi2S3 ? 1.0 mol% InCl3 bulk sam-

ple, with a value up to 62 Scm-1 at 673 K. Finally, a

maximum ZT value of 0.57 is obtained at 673 K along

the parallel to the press direction for the sample

doped with 1.0 mol% InCl3 because of the remark-

ably enhanced power factor (363 lW m-1 K-2 at

673 K) and the intrinsically low thermal conductivity

(0.43 W m-1 K-1 at 673 K). The improved thermo-

electric performance of Bi2S3 is ascribed to the

enhanced electrical transport properties via the

introduction of InCl3 elements.
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