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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Tin sulfide (SnS) is a promising non-toxic thermoelectric (TE) material to replace SnSe (Se is toxic), due to its similar
structure and low thermal conductivity (k) comparable to SnSe. However, the poor electrical conductivity (o) of SnS results
in lower TE performance. In this work, high pressure was utilized to regulate the electronic structure, thereby mediating the
conflict of electron and phonon transport to optimize the TE performance. In situ measurements of thermoelectric properties
for SnS under high pressure and high temperature revealed that although the Seebeck coefficient (S) and «k slightly decrease
with increasing pressure, the ¢ dramatically increases with increasing pressure, finally increasing the dimensionless figure
of merit (ZT). The & increases from 2135 S-m~! to 83549 S-m~! as the pressure increases from 1 GPa to 5 GPa at 325 K,
representing an increase of an order of magnitude. The high ¢ of SnS leads to an increase in the PF to 1436 pW-m~!.K—2
at 5 GPa and 652 K. The maximum ZT value of 0.77 at 5 GPa and 652 K was obtained, which is 4 times the maximum ZT
under ambient pressure and is comparable to that of doped SnS. The increase in ¢ is due to the fact that pressure modulates
the band structure of SnS by narrowing the band gap from 1.013 eV to 0.712 eV. This study presents a valuable guide for
searching new high TE performance materials using high pressure.

Keywords: thermoelectric materials, high pressure and high temperature, in sifu measurement, SnS
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1. Introduction

Thermoelectric (TE) materials are a kind of green energy
material that can facilitate the direct and reversible conversion
between heat and electrical energy without mechanical trans-
mission or chemical processes.!'=3! To achieve high TE con-
version efficiency, improving the dimensionless figure of merit
ZT is the key, [

S2eT

ZT = - (1
where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, T is the absolute temperature, and x is the total thermal
conductivity. Thus, high-performance thermoelectric materi-
als need a high power factor (PF = $%0) and low k. In the
past few decades, SnSe with a special layered structure has
made great progress in TE performance. Its high ZT is due
to its strong anharmonicity, multiple valence bands, and three-
dimensional (3D) charge and two-dimensional (2D) phonon
transport.>®! However, the toxicity of Se?>~ limits its appli-
cation over a wide temperature range. Much effort has been
made to substitute SnSe; for instance, PbTe, which is also
a group IV-VI compound, has a similarly complex energy
band structure. Tan et al.'’! used SrTe doping of PbTe to sig-
nificantly improve the thermoelectric properties by means of
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band structure engineering and defect engineering. Finally,
Na-doped PbTe-8%SrTe achieved a maximum Z7T of 1.6 at
873 K. GeTe not only has the same crystal structure as SnSe
but also shares the same strong anharmonicity. Duan et al.[®!
used alloying and band structure engineering to obtain a max-
imum ZT value of 2.35 at 773 K. However, they contain not
only rare heavy elements but also suffer from the disadvan-
tages of toxicity and high cost. Therefore, it is still crucial
to further develop low-cost, environmentally friendly, wide-
temperature-range, and highly efficient thermoelectric materi-
als.

Among these TE materials, SnS is an analog compound
of SnSe, which is also predicted to be an attractive thermoelec-
tric candidate. Compared with SnSe, SnS has also begun to
attract attention because it has the same crystal structure, sim-
ilar band structure, and an ultra-low x (below 1.0 W-m~!.K~!
above 400 K), 11l as well as lower cost, environmental
friendliness, and more abundant raw materials (Sn and S).
Therefore, SnS is a promising candidate to substitute SnSe due
to its environmentally friendly nature, low cost, and high po-
tential performance, making it appealing for large-scale com-
mercial applications.

Although SnS shows great potential as a TE material due
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to its high S and low k, its poor conductivity limits further
optimization of TE performance.!!?! By taking advantage of
the unique layered structure and strong anisotropy of SnS,
He et al.!"3! successfully prepared p-type SnS single crystals
with high carrier mobility, leading to a maximum Z7 > 1.0
at 873 K and a high device ZT > 0.57 from 300 to 873 K.
Subsequently, He et al.!'*! based on hole-doping, modulated
the electronic band structure by introducing Se in p-type SnS,
achieving a synergistic optimization of carrier mobility and ef-
fective mass. Finally, a maximum figure of merit ZT of ~ 1.6
at 873 K and an average ZT of ~ 1.25 from 300 to 873 K in
SnSp.91Seq.g9 crystals were obtained. However, the SnS single
crystal’s complex preparation process, stringent growth condi-
tions, and poor mechanical properties (due to its layered struc-
ture) pose significant challenges for fabricating and develop-
ing thermoelectric devices based on p-type SnS single crys-
tals. SnS polycrystalline materials can effectively solve this
problem. Because SnS belongs to wide bandgap TE materi-
als with a bandgap of 1.013 eV, the intrinsic electronic struc-
ture results in undoped SnS exhibiting extremely low o (below
1 S'‘m~! at 323 K) and low TE performance, with a ZT value
of 0.16 at 823 K.I'!l The optimization of the thermoelectric
properties of polycrystalline SnS mainly involves carrier con-
centration optimization, band structure engineering, defect en-
gineering, and so on.">~!8] For example, Yang et al.!">! suc-
cessfully increased the hole carrier concentration in SnS by
adjusting the molar ratio of the raw materials and introducing
cationic vacancies, and obtained a maximum figure of merit
ZT of ~ 0.8 at 873 K. Besides, Wu et al.[*! found that solid
solution Se can not only change the band structure near the
top of the valence band, reduce the average effective mass of
the energy bands, strengthen the anisotropy of the Fermi sur-
face, and improve the electrical transport properties, but also
diminish the lattice thermal conductivity of p-type SnS poly-
crystals to ~ 0.3 W-m~!.K~! at 820 K. Based on solid solu-
tion Se, the highest ZT value of ~ 1.1 at 820 K was obtained
for Nag 02Sng.98S¢.55€0 5 by optimizing the carrier concentra-
tion through Na doping. One of the effective strategies to im-
prove its TE performance is doping with elements, which can
optimize the carrier concentration (1) of SnS.?->2l For ex-
ample, Tan et al.>!) modulated n to 10'® cm™3 by Ag dop-
ing, thereby increasing it by three orders of magnitude, and
a maximum Z7T value of 0.6 was achieved at 923 K. P-type
SnS polycrystalline materials doped with alkali metals (Li and
Na) have been continuously developed; the maximum Z7 val-
ues of Li- and Na-doped SnS were 0.66 at 848 K and 0.65 at
850 K, respectively.[?*-??l However, the maximum ZT value of
doped SnS remains below 0.7, which is a limitation. Breaking
through this limitation is both challenging and significant for
fabricating high-performance SnS-based TE materials. Many
researchers have demonstrated that high pressure can signifi-
cantly modulate the TE properties of materials without intro-
ducing other impurities.>>=3°1 The TE properties of materials

are very sensitive to the electronic structure and lattice vibra-
tions, which can be verified by applying pressure to compress
the crystal structure. This is particularly effective for modu-
lating the electronic structure by reducing the bandgap under
high pressure. It can improve o, leading to a higher PF. For
example, Chen er al.®! found that the ¢ of Cr-doped PbS
can be significantly improved due to a pressure-driven topo-
logical phase transition, resulting in a high ZT value of 1.7
at room temperature. In addition, especially for layered ma-
terials, the effect is more pronounced. For example, in the
layered thermoelectric material MoS,, high-pressure induced
stacking faults (SFs) enhance the interlayer interaction, result-
ing in a substantial increase in ¢ and a maximum Z7T value of
0.191.532 Combined with the inherently ultra-low x of SnS,
the optimization of electrical properties under high pressure
may significantly enhance the TE performance of SnS. There-
fore, uncovering TE transport behaviors under high pressure is
crucial.

In this work, the TE performance of SnS was investigated
through in situ measurements of TE transport properties un-
der high pressure and high temperature (HPHT). The evolu-
tion of S and o under HPHT was examined. Additionally, the
k and ZT under HPHT were estimated. The pressure-induced
optimization of the band structure was analyzed. It was ul-
timately revealed that pressure can dramatically regulate the
electronic structure to enhance the TE performance of SnS.
This work provides a new perspective for the development of
high-performance green TE materials.

l:l Pyrophyllite |:] Steel ring |:| Copper sheet
l:l BN tube - Sample D Insulating tube
- Graphite tube/sheet D Dolomite l:l MgO ring/column

= Pt wires mmm= NiCr—NiSi thermocouple

Fig. 1. Schematic diagram of in situ TE transport measurements under HPHT.

2. Method
2.1. Sample preparation and characterization

The polycrystalline SnS powder was purchased from En-
ergy Chemical with a purity of 99.9%. Before the in situ
measurements of thermoelectric properties under high pres-
sure and high temperature, to accurately study the TE proper-

ties at HPHT, the powder sample was sintered by spark plasma
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sintering (SPS) for 10 minutes at 873 K under 50 MPa in a vac-
uum atmosphere with a heating rate of 60 K per minute using
the YLJ-SPS-T20 equipment. After the heat preservation step
was completed, the sample was cooled down together with the
furnace and the pressure was released. After sintering, cylin-
drical samples with a diameter of 6 mm and a thickness of
1.2 mm were obtained. The crystal phase composition of SnS
was characterized by x-ray diffraction (XRD) (Rigaku D/Max
2550 V/PC, Japan, Cu K o radiation, A = 0.15418 nm).

2.2. In situ measurement

After SPS treatment, a polished SnS wafer with a height
of 1.0 mm and a diameter of 6.0 mm was loaded into the high-
pressure assembly for in situ TE transport property measure-
ments under HPHT using a 6 x 14400 kN cubic anvil appara-
tus, as shown in Fig. 1. The resistivity of SnS under HPHT
was measured by the van der Pauw method. The relationship
between sample resistivity p, sample thickness d, and relative
resistances (Ra and Rg) is as3?!

EdRA> ( ﬂdRB >
exp| — +exp| — =1, 2)
P ( P P P

where d was obtained from the Birch—-Murnaghan equation of
state,3Y Ry = IIJ—‘: Rp = % (the subscript xy indicates that
a c

the current/voltage is across xy, where I is current and U is

voltage). The Seebeck coefficient S was calculated from the

temperature difference (AT) and voltage difference (AV) as
AV

- 3
AT (3)

All test electrodes were platinum wires (0.2 mm in diame-

S:

ter), and temperature was measured using NiCr—NiSi ther-
mocouples. A DC power supply and a Keithley multimeter
(DMM6500) were used to generate DC current and measure
the voltage drop, respectively. To ensure thermal equilibrium,
after the temperature and pressure reached their set values, the
system was left for 5 minutes before starting the data acquisi-
tion. More experimental details have been reported in previous
studies. 3339 SnS usually exhibits a Pnma phase crystal struc-
ture at room temperature and undergoes a reversible trans-
formation to a more symmetric orthorhombic Cmcm phase at
around 878 K.[37l To ensure that the thermoelectric properties
of the high-temperature phase of SnS can be measured and re-
main stable, the testing temperature range was 321-968 K, and
the common testing pressure range was 1-5 GPa.

2.3. Theoretical calculations

The Vienna ab initio simulation package (VASP) was
used for spin-polarized density functional theory (DFT)
calculations within the generalized gradient approximation
(GGA) using the Perdew—Burke—Ernzerhof (PBE) functional
formulation.3¥4%1 Projector augmented-wave (PAW) pseu-
dopotentials were employed to describe the interactions be-
tween ionic cores and valence electrons. The valence elec-
tronic states were expanded in plane-wave basis sets with a

cutoff energy of 500 eV. The DFT-D3 method was used to de-
scribe dispersion effects in the system. The electronic energy
was considered self-consistent when the energy change was
smaller than 1073 eV, while a force convergence criterion of
less than 0.02 eV/A was used to determine the completion of
geometry optimization. A k-point spacing of 0.03 A~! (corre-
sponding to a k-point mesh of 3 x 9 x 9) was used for geometry
optimization.

3. Results and discussion

Figure 2(a) shows the crystal structure of SnS with lower
symmetry, which features a special layered structure along
the a-axis. The differences in atomic arrangement and bond-
ing modes of the layered structure of SnS in different crys-
tallographic directions lead to high anharmonicity, resulting

41421 As shown in

in intrinsically low thermal conductivity.!
Fig. 2(b), phase analysis by XRD indicates that the sample af-
ter in situ TE performance measurement has the crystal struc-
ture of the Pnma phase, consistent with the standard spectrum
(PDF#39-354). Moreover, from the energy dispersive spec-
troscopy (EDS) mapping in Fig. S1, it can be seen that no loss
of S or Sn elements occurred during SPS sintering and in situ
HPHT thermoelectric property measurements. This is likely
because both the SPS and HPHT methods achieve sealing of
the samples under high pressure, resulting in no significant
loss of elements. The SEM image of the SnS sample before
the in situ HPHT measurement in Fig. 2(d) suggests that its
grain shape is irregular lamellar, which is consistent with the
crystal structure of SnS. As shown in Fig. 2(e), grains were
broken after the in situ HPHT thermoelectric property mea-
surement. Grain fragmentation resulted in smaller grain sizes,
but the grain size remains at the micrometer level. Therefore,
the increased grain boundary density has a very limited effect
on reducing thermal conductivity.

The in situ TE transport properties of SnS under HPHT
were investigated. Figures 3(a)-3(c) show the temperature-
dependent TE transport properties of SnS under different high
pressures. Figure 3(a) shows the temperature dependence of
SnS o under 1-5 GPa. The o increases from 2135 S-m~! to
83549 S-m~! as the pressure increases from 1 GPa to 5 GPa
at 325 K, representing an increase of an order of magnitude.
For SnS crystals under high pressure, ¢ increases significantly
with increasing pressure, reaching values two orders of magni-
tude higher than at ambient pressure. This significant increase
in o is attributed to high pressure effectively modulating the
electronic structure, resulting in a reduced bandgap. The band
structure usually has a strong response to pressure, especially
in layered materials. Figures 3(d)-3(i) show the change of the
band gap of SnS from ambient pressure to 5 GPa calculated
by DFT calculations (GGA-PBE). The results show that the
bandgap of SnS decreases from 1.013 eV to 0.712 eV with
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increasing pressure. According to K - P theory,*}] the reduc-
tion of the bandgap leads to a reduction of carrier effective
mass,** which in turn contributes to the improvement of car-
rier mobility. Meanwhile, according to the formula for carrier

N

The pressure-reduced bandgap favors an increase in carrier
concentration. Therefore, the significant increase in o is as-
sociated with the combined effect of the reduction in effec-

eete’s

concentration

Eg
kT

N\'—

n=(NNo)2 e @)

WM%M%’%@%% X

6)\

&Ahﬁ
%%% n’“““‘

AAAA

tive mass and the reduction in bandgap. At all pressures,
the o of SnS samples initially decreases and then increases
with increasing temperature. In general, phonon scattering is
the main scattering mechanism in semiconductors, which re-
sults in the decrease of mobility with increasing temperature.
Therefore, at lower temperatures the conductivity decreases
with increasing temperature, mainly due to the dominant role
of carrier mobility in the conductivity. At higher temperatures,
the conductivity increases with increasing temperature, mainly
due to the increase of carrier concentration caused by thermal
excitation.

(b)

Before the in-situ HPHT measurement

Intensity

AAfter the in-situ HPHT measurement
.L PDF#39-354

20 30 40 50 60 70 80 90

Fig. 2. (a) Crystal structure of SnS. (b) XRD patterns of SnS before and after the in situ HPHT measurement. SEM images of SnS sample:
(c) purchased powder, (d) before, and (e) after the in situ HPHT measurement.
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Fig. 3. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor of SnS under different pressures. The
dependence of Ej; on pressure at (d) ambient pressure, (¢) 1 GPa, (f) 2 GPa, (g) 3 GPa, (h) 4 GPa, and (i) 5 GPa.
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Figure 3(b) shows the dependence of the Seebeck coef-
ficient (S) of SnS on temperature under 1-5 GPa. The S re-
mains positive, indicating that SnS is a p-type semiconduc-
tor. As pressure increases, S gradually decreases, showing
the opposite trend to conductivity due to the interdependency
of thermoelectric parameters. Under high pressure, the S of
SnS samples follows a typical % InT dependence as temper-
ature increases. At low temperatures, few carriers are ther-
mally excited. When the temperature exceeds about 700 K,
S shows a significant drop caused by the onset of the bipo-
lar effect resulting from thermal excitation. The bipolar effect
is enhanced by the obvious narrowing of the bandgap under
high pressure. [*34¢] Therefore, increasing pressure intensifies
the thermal excitation caused by temperature, leading to a de-
crease in the temperature at which S reaches its maximum
value. As shown in Fig. 3(c), the PF of SnS increases with
pressure. Although increasing pressure causes S to decrease
slightly, the concurrent dramatic increase in ¢ more than com-
pensates for this, resulting in a high PF of 1436 uW-m~!. K2
at 5 GPa and 652 K.

Table 1. Comparison of electrical conductivity, Seebeck coefficient, and
power factor extracted from previously reported SnS-based TE materials.

SnS-based TE materials c(Sm)  SuVK'H  PF(uWm 'K?)
Undoped SnSgy3 g 3! 495 502.2 124.8
Ag-doped SnSos3 20 2315 360 300
Na-doped SnSgso k121! 3266 313 320
Li-doped SnSgas '/ 1416 454 202

SnS at 5 GPagsy T8 Work 35900 200 1436

As shown in Table 1, although the Seebeck coefficient ()
of SnS slightly decreases compared to that of doped SnS un-
der ambient pressure, the ¢ is an order of magnitude higher.
Consequently, a relatively high PF of 1436 uW-m~'.K~2 at
5 GPa and 652 K is obtained.

The k of a semiconductor mainly consists of two parts:
lattice thermal conductivity (ki) and carrier thermal conduc-
tivity (k). Since the o of SnS is extremely low under ambient
pressure, the contribution of k. can be neglected. Therefore,
under ambient pressure, kj is approximately equal to the total
Kk of SnS. The thermal conductivities of SnS under ambient

pressure are shown in Fig. S2. The lattice thermal conductiv-
ity, ki, increases rapidly with increasing pressure. For pres-
sures below 50 GPa, a linear model relating temperature and
pressure can be expressed as!*7]

'\
(T, P) = ¢(1+§8P>°—¢+1, (5)

a
T

where By is the bulk modulus, 36 is its pressure derivative, P
is the pressure in GPa, a is a constant, and ¢ is a linear co-
efficient. For many materials measured experimentally under
5 GPa, ¢ ~ 7,471 which is adopted in this study. The values
of By and 36 for SnS were obtained from Ehm ez al. 3], with
By = 36.6 GPa and B!, = 5.5 GPa. Furthermore, the term a /T
corresponds to the temperature dependence of xj of SnS under
ambient pressure. Thus, the variation of k; with temperature
under high pressure can be obtained, as shown in Fig. 4(a).
The lattice thermal conductivity values agree well with those
predicted by Ouyang et al.[*! for SnS at various temperatures
and pressures based on first-principles calculations. The in-
crease of ki with pressure is attributed to the phonon hardening
effect under high pressure. !

The carrier thermal conductivity, k., of SnS under
high pressure can be calculated using the Wiedemann—Franz

lawD1

k. = LoT, (6)

where L is the Lorenz number, as shown in Fig. 4(b). An ap-

proximate method to estimate L is given by[>?]

S
L=15+exp (_11|6) .

The total thermal conductivity, k, is obtained by summing &

(N

and x, as shown in Fig. 4(c). The dramatic increase in elec-
trical conductivity ¢ results in a considerable increase in K,
which further raises the total k¥ of SnS. However, due to the
intrinsically low thermal conductivity of SnS, the overall k¥
remains relatively low. Finally, SnS exhibits a relatively low
thermal conductivity of 1.21 W-m~!-K~! at 5 GPa and 652 K.

1.4t 2 (a -o-1 GPa b o 1GPa
et B PR _ 18
L 12f Y o4l -5 GPa 4 1.6
= i — 14
g 101 E 03] 12
2 ost £ 02 £ 10}
3 0.6k < 91 - : ’ £ 0.8
U v -l BT M earaiesy
300 500 700 900 300 500 700 900 300 500 700 900
T (K) T (K) T (K)

Fig. 4. Temperature dependence of (a) lattice thermal conductivity, (b) carrier thermal conductivity, and (c) total thermal conductivity.

Combined with the high power factor of SnS shown in
Fig. 3(c), the ZT value has been significantly improved un-
der HPHT. The ZT of SnS under HPHT is shown in Fig. 5(a).

Owing to the substantial increase in electrical conductivity (o)
and the relatively low k under HPHT, a maximum ZT value
of 0.77 is obtained for SnS at 5 GPa and 652 K. It should be
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noted that the optimal temperature range for TE performance
in SnS decreases with increasing pressure. In other words,
high pressure enables SnS to achieve higher TE performance
over a wider temperature range. As shown in Fig. 5(b), the
ZT value of SnS under HPHT is comparable to that of doped
SnS at ambient pressure, demonstrating that high pressure has
positively regulated the TE performance.

0.9} ()
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0-7r | —— 5 GPa
0.6} \{

&~ L
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Fig. 5. (a) The ZT of SnS under different pressures; (b) Comparison of ZT
values extracted from previously reported SnS-based TE materials.

4. Conclusion

In summary, the in situ measurements of thermoelectric
properties for SnS under HPHT were investigated and ana-
lyzed. Although the Seebeck coefficient and thermal con-
ductivity of SnS slightly decrease with increasing pressure,
the o dramatically increases to 35900 S-m~' at 5 GPa and
652 K, which is two orders of magnitude higher than at ambi-
ent pressure, ultimately distinctly increasing the power factor
to 1436 uW-m~'-K~2 at 5 GPa and 652 K. High pressure ef-
fectively modulates the electronic structure by narrowing the
bandgap, which sharply improves the electrical conductivity
of SnS. Finally, the optimum ZT value of SnS at 5 GPa and
652 K is 0.77, which is four times higher than the maximum
ZT under ambient pressure and comparable to that of doped
SnS. This study demonstrates that high pressure can effec-
tively optimize wide-bandgap thermoelectric materials, which
is significant for the search for new high-performance green

TE materials.
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