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Abstract: SnSe is a robust candidate for thermoelectric applications due to its excellent Z7 performance. Thermal and

electrical properties of single crystal and polycrystalline SnSe were compared. The single crystal sample was synthesized with

Bridgeman method, while the polycrystalline sample was synthesized by melting and spark plasma sintering (SPS). The

thermoelectric properties of both materials were measured with four-probe method and laser flash method. The results show

that power factor of single crystal is twice higher than that of polycrystalline, and thermal conductivity of single crystal is also

thrice higher than that of polycrystalline at all temperatures, leading to the highest ZT value of these two materials. The highest
ZT of single crystal is 0.65 at 823 K, and that is 0.5 at 923 K for polycrystalline.
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Thermoelectric (TE) generators can directly convert heat
into electricity, with potential applications in waste heat
harvesting and TE cooling'". The conversion efficiency is
determined by dimensionless figure of merit, ZT=S"0TVk,
where S, o, k and T represent Seebeck coefficient, electrical
conductivity, thermal conductivity and absolute temperature,
respectively™. According to the Wiedemann-Franz law, ko<
oT, these parameters are inherently connected, and it is
difficult to adjust properties  or
characteristics independently™ ¥, Therefore, semiconductors
with intrinsicly low thermal conductivity, high electrical

conductivity and high Seebeck coefficient are selected for
[5]

electrical thermal

thermoelectric applications™, such as single crystal Bi,Te;
and PbTe!® 7], alloyed structure LAST[S], nanostructure SiGe
compound™ and single crystal tin selenide (SnSe)!'". SnSe,
with band-gap about 1.0 eV at room temperature,’'"! has
been used for low cost photovoltaics,''>
tery anodes'' " and memory-switching devices, etc!"*.

lithium-ion bat-

SnSe is a layered structure distorted like NaCl with Pnma

Received date: July 25, 2019

symmetry at room temperature. A displacive phase transi-
tion of Pnma to Cmcm normally occurs at 800 K. In crystal
lattice, the strong covalent bond of Sn-Se is aligned along
b-c plane, but the bond formed by the van der Waals forces
along (100) plane is weaker, which results in cleavage
along this plane. SnSe gets great attraction because of high
ZT value, 2.6 and 2.8 for p- and n-type single crystal along
b-axis, respectively, mainly due to its extremely low ther-
mal conductivity“o’ 18] However, Ibrahim"® and Pei"'” et al
mentioned that the thermal transport and density in single
crystal are lower than those in polycrystalline crystal,
which is against common sense. In order to understand the
origin, there is a need to find the discrepancies between
single crystalline and polycrystalline SnSe, including syn-
thesis methods, electrical and thermal properties. These re-
searches are very essential for the SnSe thermoelectric ap-
plications, but seldom reported in previous studies. In this
study, high quality single crystals were grown by vertical
Bridgeman method, and the polycrystalline samples were
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synthesized by melting and spark plasma sintering (SPS)
method. The highest ZT value obtained for single crystal
and polycrystalline SnSe is 0.65 (823 K) and 0.5 (923 K),
respectively.

1 Experiment

The melting point of SnSe is 1155.07 K, which is obtained
from phase diagram, and verified by thermal gravity analysis
(TGA) and differential scanning calorimetry (DSC), as
shown in Fig.1"® "1 Sn chunk (9.999%, 24.02 g) and Se shot
(99.999%, 16.38 g) were weighed stoichiometrically, then
transferred into quartz tube, sealed with flame under high
vacuum (~107 Pa), placed in a muffle furnace at 1248 K for
24 h, and then cooled down to room temperature. All the op-
erations were carried out in glove box to prevent materials
from oxidation.

1.1 Single crystal (SC) synthesis

Single crystal growth method has been reported!®***!. The
sintered SnSe ingot was crushed and sealed in a high-purified
double-layered quartz tube. The tube was specially designed
with a sharp tip end, then put into a homemade four-section
temperature gradient furnace, where the temperature was
controlled independently in every section. The charge end
was maintained at 1273 K, and the tapered growth end was
maintained at 950 K. The temperature gradient for crystal
growing region was set to be 2.8 K/cm. The main parameters
for growing the single crystal are listed in Table 1. At the be-
ginning, the tube was put into the charge end and kept for 24
h, then moved slowly down through the crystal growing re-
gion (1145~1165 K) at a speed of 0.4~0.8 mm/h with zero
rotation, and cooled down to room temperature. A high qual-
ity single crystal with dimension of @15 mmx45 mm was
obtained and cut into cubic trunks along a-, b- and c-axis
with diamond wire after orientation. Samples with sizes of 3
mmx3 mmx10 mm were used for electrical conductivity and
Seebeck coefficient test, while samples with sizes 10 mmx10
mmx2 mm were used for thermal conductivity measurement.
1.2 Polycrystal (PC) synthesis

The molten SnSe ingots were crushed and milled on a
planetary ball mill at 250 r/min for 3 h using stainless steel
vessels filled with N,, and the powder was sieved and put in
a graphite mold with an inner diameter of 13 mm, sintered by
spark plasma sintering (SPS) under pressure of 50 MPa for 5
min, and then a cylinder-shaped sample with 20 mm in
height and 13 mm in diameter was obtained. The cylinder
was cut into cubic trunks with the same size and the same
method as mentioned above parallel to the pressure direction,
because ZT value parallel to pressure direction is higher than

24 Some cut samples are

that in perpendicular direction
shown in Fig.2.

Phase structure of synthesized crystals and polycrystal was
examined by X-ray diffractometer (XRD, Bruker D8

ADVANCE) using Cu Ka radiation with 20 from 5° to 80°.

Thermal analysis was carried out on Mettler Toledo
analytical TGA/DCS analysis. Crystal orientation was
measured using the YX-200 model X-ray crystal orientation
instrument. Density test was conducted by Archimedes
method. The electrical properties were characterized by
LSR-3 Linseis four-probe method. Thermal diffusivity Dy
was analyzed by adiabatic model using Netzsch LFA-427;
the sample was coated with graphite layer to reduce
reflection of laser light and the furnace was filled with argon
at a flow rate of 150 mL/min. The specific heat capacity C,
was measured by DSC data under N, atmosphere. The mass
density p was obtained by Archimedes method, and the
thermal conductivity x was calculated by «=DrCpp.

2 Results and Discussion

2.1 XRD analysis

Fig.3 shows XRD and corresponding reference diffrac-
tion patterns of PC powder and SC orientated samples. The
results match the standard Pnma pattern (JCPDS-PDF file
NO. 48-1224) and no other phases are found, indicating
synthesized sample with pure phrase.””! The XRD pattern
of the oriented crystal planes matches with standard pattern
(200/020) precisely, showing the accurate orientation.
2.2 Thermoelectric properties characterization

Fig.4 shows the transport properties of SC and PC samples.
The SC samples were tested along b-axis, and PC samples
were measured parallel to the SPS pressure direction.
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Table 1 Parameters of SnSe crystal growth

Parameter Value
Sn 24.02
Mass of raw material/g Se 16.38
Quartz ampoule size/mm D25
Vacuum of quartz ampoule/Pa 5~10
Soaking temperature/K 1223
Cooling rate for crystallization/K-h™ 1.2
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Fig.2 Single crystal SnSe (a, b) and cubic samples (c) cut from
crystal for transport properties test (shining face is cleav-

age planes)
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Fig.3 XRD patterns of SnSe powder samples

Electrical conductivity ¢ is shown in Fig.4a. From room
temperature to around 600 K, o of SC decreases mildly, then
increases rapidly to an extremely high point, which is 70.3
S/cm at 823 K for SC. The conversion, from decrease to
increase, of o with temperature represents a transition from
metal to semiconductor at about 600 K, which has also been
found by Fu et al®®. For PC sample, o increases as the
temperature rises, reaches the peak of 52 S/cm at 873 K, and
there is a platform at about 500 K, showing a similar trend to
the SC sample. However, after that, the conductivity of both
samples drops sharply, because phase transition from Pnma
to Cmem occurs at around 800 K, leading to decrease of band
gap from 0.61 eV to 0.39 eV?*. 5 of PC sample is lower than
that of SC, mainly because massive dislocations, boundaries
and strains restrict the electron mobility and charge
concentration.

Seebeck coefficient S is shown in Fig.4b, and a nearly
opposite trend to ¢ is shown, which can be explained by
Eq.(1), and Eq.(2). In the intrinsic excitation region of SnSe,
the S and o can be expressed as follows:

S=ky(y+C—1Inn)le (1

o =neu 2)
where n, e, u, kg, y and C are the carrier concentration,
charge of an electron, electron mobility, Boltzmann

constant, scattering related factor, and a constant number,
respectively. ¢ and S are oppositely correlated with

271§ for both sample shows the

carrier concentration
same trends. The curve goes up slowly to the highest
point at about 600 K, and then drops slowly to the valley
of 350 pV/K at about 800 K. After that, S displays a short
sharp climbing-up from 800 K to 900 K. The peak and
valley value for SC and PC are 583 and 350, 450 and 270
pV/K, respectively. Compared with SC, the S values for
PC are slightly lower, and this difference may be due to
variations in the hole concentrations with temperature for
pc.”

The power factor (PF) calculated by the formula PF =
$%¢ is shown in Fig.4c. The trends are similar to o. With
increasing the temperature, PF for SC goes down to the
lowest point at 623 K first, and then increases rapidly to
the peak of 8.5 pW-cm™-K? at about 800 K. For PC,
there is no concave at 623 K, and the PF curve rises to
the peak of 4 pW-cm™-K? at 873 K, which is only half of
that for SC.

Thermal conductivity is calculated from the formula
Ktota=P CpDr, psc =6.15 g~cm'3 and ppc =6.13 g~cm'3, both
of which are larger than 99% of SnSe theoretical
density”™. The total thermal conductivity is calculated
by Kwm=Kitk., Where x; and «. are lattice thermal
conductivity and
respectively. The electronic thermal conductivity x. can
be obtained from Wiedemann-Franz law x.=LoT with a
Lorenz number L in the range of 1x10°~2.4x10® V*K”.
Since o is less than 100 S/cm, and then x, is 4 orders of
magnitude smaller than x;, so it can be neglected when

electronic thermal conductivity,

calculating k. As a result, the measured x,, can
reflect x; directly, as shown in Fig.4d~4t{5' 1 The SC
thermal conductivity (xsc) first descends slowly as the
temperature increases, and then drops from peak value
(2.5 W-m"K") at room temperature to the lowest point
(1.0 W-m™"K™") at 800 K. Peak and valley value are still
larger than those of PC (kpc), and this result is consistent
with results from Ibrahim"'® and Jin""?*! et al. When the
temperature is over 900 K, the value of xs¢c drops sharply,
due to the sample expansion. For PC samples, xpc
decreases as temperature increases, and there is a small
hump at phase transition point. All the xpc values are
below 0.75 since 423 K, and the dropping at about 923 K
is the same reason for the deformation (expansion) of the
tested sample. Due to the presence of massive defects,
boundaries, dislocations for phonon scattering, xpc is
lower, only half or even one third of xgc. Additionally, it
is indicated that SnSe is not suitable for application at
temperatures over 900 K, because the great deformation
happens in both SC and PC.

The dimensionless thermoelectric figures of merit (Z7)
of all bulk samples are calculated by ZT =8%6T /o and
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the results are shown in Fig.4f. The best ZT value for SC
is 0.65 at 823 K, and PC is 0.5 at 923 K. Because of the
volume expansion of the sample, the data is not reliable
once the temperature is over 900 K. In the whole tem-
perature range, the SC sample shows larger electrical
conductivity, Seebeck coefficient and thermal conductiv-
ity than PC, since the single crystals have higher carrier
concentration and less crystal defects. However, com-
pared with other single crystal SnSe, we can notice that
the reported high ZT is based on the ultralow thermal
conductivity, as listed in Table 2, and many reported x
value of single crystal samples is smaller than that of
polycrystalline sample, which needs further study to find
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evidence of the lower xgc compared with xpc, because
massive dislocations, grain boundaries and nanoparticles
in polycrystalline sample can act as multi-scale phonon
scattering source, leading to thermal conductivity
smaller than that of single crystal.”*! Our findings in this
report are subject to at least three limitations. First, the
raw materials used may come from different suppliers;
second, single crystal and polycrystal synthesis methods
may be different from other reports in detail; and the last,
oxidation of the appearance is inevitable during the
measurement. More work needs to be done to repeat and
to explain transport mechanism and microstructure ef-

fect.
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Fig.4 Temperature dependence of the electrical conductivity o (a), the Seebeck coefficient S (b), power factor PF (c), total thermal con-
ductivity i (d), lattice thermal conductivity xiar-ke (€), and Z7 of SC and PC (f)
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Table 2 ZT and « of single crystal SnSe and non-doped polycrystal

SnSe at different temperatures

ZT K/W-m'-K! T/K Ref.

2.60 0.35 923 [10]

2.20 0.20 733 [34]

Single 2.20 0.60 800 [35]
crystal 1.10 0.25 800 [31]
0.95 0.50 793 [36]

0.65 1.10 823 This

work

1.07 0.75 885 [37]

0.50 0.40 773 [38]

0.11 0.80 773 [39]

Polycrystal 0.61 0.50 848 [40]
1.10 0.40 873 [41]

0.92 0.50 873 [26]

0.50 0.60 923 This

work

3 Conclusions

1) Single crystal SnSe has higher electrical conductivity
(70.3 S/cm), Seebeck coefficient (583 pV/K) and power
factor (8.50 puW-cm'K?) than polycrystal SnSe. The
calculated power factor of single crystal SnSe is twice
higher than that of polycrystal SnSe. Due to the massive
defects, boundaries, dislocations in polycrystal, thermal
conductivity of single crystal is about thrice higher than
that of polycrystal.

2) The highest ZT value of 0.65 is obtained at 823 K for
single crystal SnSe, and it is 0.5 at 923 K for polycrystal
SnSe. Additionally, the density of single crystal and
polycrystal samples are both over 99% of theoretical value,
and all the samples deform when heated over 900 K.
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