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Thermoelectric properties of SnSe and SnSe, single crystals
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Thermoelectric materials can serve for conversion between thermal and electrical energy. In the search for
thermoelectric materials, layered SnSe and SnSe, are promising candidates. We have successfully synthesized
SnSe and SnSe, single crystals by the modified Bridgman method and studied their thermoelectric properties:
thermopower (S), thermal conductivity (x), and electrical conductivity (o) in the temperature range between
2 and 400 K, which are absent in the literature. The kink observed in the thermopower corresponds to the
metallic-nonmetallic crossover temperature for both SnSe and SnSe,, reflecting their inherent electronic nature.
Compared with SnSe,, >100 K, we find that SnSe exhibits higher electrical conductivity, higher thermopower,
and lower thermal conductivity, thus resulting in the higher figure of merit. Hall effect measurements reveal that
the Hall mobility in SnSe is an order higher than that in SnSe,, advancing its thermoelectric performance. These
experimental results are supported by first-principles calculations, which indicate that the inequivalent Sn-Se

bonding lengths help improve the figure of merit of SnSe.
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I. INTRODUCTION

The energy needs in the world increase day by day, and
most energy produced comes from nonrenewable energy re-
sources such as coal, petroleum, natural gas, and nuclear
energy [1]. The consumption of these energy resources causes
global warming. Thermoelectric materials, which allow the
direct energy conversion between heat and electricity, can
alleviate these issues [1,2]. The figure of merit ZT = SZT"T
determines the performance of the thermoelectric materials
[3,4], where S is the thermopower, o is the electrical con-
ductivity, T is the absolute temperature, and « is the thermal
conductivity. Since S, o, and « are interdependent, it is not
trivial to enhance the figure of merit by solely optimizing
one parameter in a bulk material. In the search for high-
performance thermoelectrics, materials with layered crystal
structures are extremely attractive, as both the electrical
and thermal conductivities can be disentangled. The bond-
ing heterogeneity between intralayer and interlayer provides
a great opportunity to generate good electrical conductivity
within layers but low thermal conductivity due to increased
electron-phonon scattering [5,6]. Further improvement can be
achieved via introducing chemical doping and nanostructure,
etc. [3,4,7-15].

Among layered materials, SnSe and SnSe, are promising
candidates due to their low thermal conductivity and high
thermopower resulting from their unique crystal structures
[16,17]. Both SnSe and SnSe, have anisotropic electrical and
thermal properties between intralayers and interlayers [18,19].
However, presented in the literature are varying values for
the thermal conductivity due to possible sample oxidation,
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nonstoichiometry, and other impurities [19]. For example, the
thermal conductivity of SnSe was reported to vary between
0.7 and 2.32WK'm~! at room temperature [16,20-22].
The low thermal conductivity in Ref. [16] was attributed to
the presence of SnSe, in the SnSe crystal matrix, which not
only produces Sn vacancies but also forms microdomains.
However, the SnSe; inclusion cannot solely account for the
ultralow thermal conductivity reported in Ref. [16], as com-
mented in Ref. [23]. Therefore, it is important to understand
the crystal structures and thermoelectric properties of SnSe
and SnSe; in their pure forms. Although there are a few
studies of SnSe and SnSe, at high temperatures (300 K <
T <900 K) [16-19,21,24,25], low-temperature (7" < 300 K)
thermoelectric properties of both SnSe and SnSe, single crys-
tals have not been investigated thoroughly.

In this paper, we report on the growth of SnSe and SnSe;
single crystals by the modified Bridgman method and the
investigation of their thermoelectric properties. Overall, SnSe
exhibits better thermoelectric properties than that of SnSe;
between 2 and 400 K, which is absent in the literature. To help
understand the underlying physics, the Hall effect, specific
heat, and electron and phonon band structures were investi-
gated. The higher Hall mobility of SnSe advances its figure
of merit over SnSe;. This can be explained by the unique
crystal structure of SnSe, which provides a hopping path for
electrical conduction but damps the thermal conductivity due
to inequivalent Sn-Se bonding lengths. The comparative study
between SnSe and SnSe, offers important information for
understanding the underlying charge and heat transport.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Single crystals of SnSe and SnSe, were grown using
the modified Bridgman method, as described in Ref. [26].

©2024 American Physical Society
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The elemental Sn shots (99.99%, Alfa Aesar) and Se pow-
der (99.999%, Alfa Aesar) with molar ratios of Sn:Se =
1:1 and 1:2 for SnSe and SnSe,, respectively, were sealed
in evacuated quartz tubes. The tubes were slowly heated
(60°C/h) up to 900°C and held at this temperature for
24 h. The samples were then slowly cooled (2 °C/h) to 200 °C
and finally cooled to room temperature by turning off the
furnace. The crystal structures of both SnSe and SnSe, were
determined by x-ray diffraction (XRD), Rigaku Ultima IV,
using Cu Ko radiation (A = 1.5406 A). The stoichiometry
and elemental distribution of SnSe and SnSe; crystals were
analyzed by energy-dispersive x-ray spectroscopy (EDX).
The thermal conductivity and thermopower were measured
using the thermal transport option mode of a Physical Proper-
ties Measurement System (PPMS DynaCool) between 2 and
400 K, while the electrical conductivity was measured using
the resistivity option of the PPMS. Hall measurements were
carried out in the resistivity option of the PPMS at various
temperatures using the four-probe method with magnetic field
up to =14 T. Heat capacity measurements were carried out on
a 10.5 mg sample of SnSe and a 16.8 mg sample of SnSe; in
the PPMS between 2 and 400 K.

The structural, vibrational, and electronic properties of
SnSe and SnSe, were calculated using VASP [27-30].
The projector augmented-wave pseudopotentials [31] with
the Perdew-Burke-Ernzerhof exchange-correlation functional
[32] were employed for Sn (4d'°, 552, 5p?) and Se (45, 4p*).
In addition, van der Waals (vdW) interactions were treated
using the semiempirical density function theory (DFT)-D2
method of Grimme [33]. Other methods including semiempir-
ical DFT-D3 [34,35], the Tkatchenko-Scheffler method with
iterative Hirschfeld partitioning [36,37], the nonlocal-vdW
functionals optB88 [38] and optB86b [39], as well as both
meta-GGA SCAN [40] and r2SCAN [41] DFT combined with
rVV10 were investigated.

III. RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) display the XRD result obtained from
the flat planes of SnSe and SnSe, single crystals (red curves),
respectively. Compared with that in the Inorganic Crystal
Structure Database (black curves), the XRD patterns for both
SnSe and SnSe, confirm that they exhibit pure phases. SnSe
forms the orthorhombic crystal structure (pnma), as shown
in Fig. 1(c), with the lattice constants a = 11.489 A b=
4.1527 A, and ¢ = 4.4456 A. The crystal structure and lattice
parameters are consistent with the previous report [42]. SnSe;
crystalizes in the hexagonal structure, as shown in Fig. 1(d),
with the lattice parameters of SnSe, a = b = 3.8128 A and
¢ = 6.1373 A, which are consistent with that in Ref. [18].
EDX measurements show that the ratio of Sn and Se is 1:1
for SnSe and 1:2 for SnSe;, i.e., both compounds are stochio-
metric.

Figures 2(a) and 2(b) show the temperature dependence
of the in-plane electrical conductivities of SnSe (o, and o)
and SnSe, (o,5) single crystals, respectively. Upon increasing
the temperature, both o, and o, of SnSe [Fig. 2(a)] initially
rise until reaching 60.74 Q~! cm™! for o}, at T, = 78 K and
63.50Q 'ecm™! for o, at T, = 68 K for o,, above which
they decrease. The values of o3, (300 K) and o, (300 K) are
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FIG. 1. X-ray diffraction (XRD) patterns for (a) SnSe and
(b) SnSe, single crystals. Red represents data from our single crys-
tals, and black denotes that from the Inorganic Crystal Structure
Database (ICSD). Crystal structures of (c) SnSe and (d) SnSe,. Gray
balls represent Sn atoms and green balls Se atoms.

18.60 and 17.24 Q' cm™!, respectively. These values are
much higher than that for SnSe, with the maximum
~45Q 'em ! at T, = 105 K and ~2.5Q ' ecm~! at 300 K
[Fig. 2(b)]. The room-temperature electrical conductivities for
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FIG. 2. (a) Temperature dependence of the in-plane electrical
conductivity (o, and o.) of a SnSe single crystal. The inset repre-
sents the plot of Ino, and Ino,. vs 1000/7T in the temperature range
between 20 and 45 K. (b) Temperature dependence of the in-plane
conductivity (o,,) of SnSe,, and the inset plots Ino,, vs 1000/T in
the temperature range between 20 and 40 K. (c) o, and o, vs T-32
plot for SnSe between 150 and 400 K with the linear fitting lines
(green and blue). (d) o5, vs T~>/3 for SnSe; in the temperature range
between 180 and 400 K (black) with the linear fitting line (green).
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FIG. 3. Temperature dependence of the thermopower of (a) SnSe
and (b) SnSe,.

SnSe are comparable with that reported in Ref. [16]. This is
surprising, as Ref. [16] mentions the inclusion of SnSe; and
Sn vacancies in SnSe. Such an imperfection should result in
lower electrical conductivity due to poorer electrical conduc-
tion in SnSe, [Fig. 2(b)] and Sn vacancies. Nevertheless, in
the nonmetallic region (7' < T;), the electrical conductivity is
expected to follow o = opexp[— ,i—*;] for describing thermally
activated electrical conduction with the activation energy E,,
where o0y is a constant and kg is the Boltzmann constant. From
the plot of Ino;, and Ino,. vs 1000/T, as shown in the inset of
Fig. 2(a), the suitable fitting region is 20-45 K, which gives
E, ~1.35 £ 0.01 meV from o3, and 1.56 & 0.01 meV from
o.. These values are much smaller than that obtained from
the optical reflectivity [43]. On the other hand, from the plot
of Ino,, vs 1000/T in the temperature range between 20 and
40 K shown in the inset of Fig. 2(b), the activation energy of
SnSe; is found to be E, ~ 3.10 & 0.02 meV. Again, this is
clearly underestimated, as it is much smaller than the energy
gap from either experiment [43,44] or calculations [45]. The
low E; values for both SnSe and SnSe, suggest there are
additional conduction channels that slow down the decrease
of the electrical conduction at low temperatures, which will
be discussed later. In the metallic region (7" > T), we find
that both o}, and o, for SnSe follow 7 ~3/2 dependence in
the temperature range between 200 and 400 K, as shown in
Fig. 2(c). For SnSe,, o, exhibits a 7~2/3 behavior in the
temperature region between 180 and 400 K, as illustrated
in Fig. 2(d). The origin of such temperature dependence is
discussed later.

Figures 3(a) and 3(b) present the temperature dependence
of the in-plane thermopower for SnSe (S,.) and SnSe, (S,p)
single crystals in the temperature range between 2 and 400 K,
respectively. Note that S, for SnSe increases with increasing
temperature in the whole temperature range (2 K < 7T <
400 K) with 531 uV K1 at 300 K, consistent with previous
work [16,44,45] but different in both temperature dependence
and magnitude from that shown in Ref. [26].

The positive sign of S, suggests that dominant charge
carriers are holes in SnSe. On the other hand, S,, for SnSe,
is negative with —378 uVK~! at 300 K, comparable with
the reported value [17]. The negative S, indicates that most
charge carriers in SnSe, are electrons. Interestingly, the ther-
mopower for both SnSe and SnSe, reveals a slope change at
T, the crossover temperature from metallic behavior at high
temperatures to the nonmetallic character at low temperatures.
This indicates the interconnection between the thermopower
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FIG. 4. (a) Temperature dependence of thermal conductivity
(kp.) of a SnSe single crystal (red). The blue line represents the
electronic k.. (b) Temperature dependence of thermal conductivity
(kq») of a SnSe; single crystal. The blue line represents the electronic
k1. (¢) Temperature dependence of specific heat (C) of a SnSe single
crystal. Inset: C/T vs T? and the fitted result (solid line). (d) Temper-
ature dependence of the specific heat of a SnSe, single crystal. Inset:
C/T vs T? and the fitted result.

and electrical conductivity. The slope at T < T is much larger
than that at 7 > 7 in both materials, likely due to the change
of the electronic structure. For the thermopower, the most
relevant quantity is the change of the density of states (DOS)
with respect to the energy at the Fermi level % [11,46]. As
will be discussed later, the electronic structures of SnSe and
SnSe; reflect the large ‘%.

Figures 4(a) and 4(b) show the temperature dependence
of the thermal conductivity of SnSe («,.) and SnSe; (k,p)
single crystals, respectively. The total thermal conductivity
for both SnSe and SnSe, single crystals exhibits a sharp
peak ~8 and 15 K, respectively. Above the peak, the thermal
conductivity decreases with 7! for both SnSe and SnSe;,
which is the characteristic of Umklapp scattering [47]. The
lattice thermal conductivity can be obtained by subtracting the
electronic thermal conductivity from the total thermal con-
ductivity, i.e., kjax = Kot — Kel, Where k) is calculated using
the Wiedemann-Franz law «. = Lo T. Here, L is the Lorenz
number. For both SnSe and SnSe,, ke K ko Thus, the lattice
contribution k1, ~ k. At 300 K, the thermal conductivities
of SnSe and SnSe; single crystals are found to be ~1.90 and
5.40 WK~!m™!, respectively. Compared with the calculated
result (kp 1t ~ 0.75 WK~ m™") shown in Ref. [16], our .
for SnSe is ~3 times higher; a similar experimental result
was also reported in Ref. [22]. This is surprising because
any crystal imperfection can only result in lower thermal
conductivity in experiments. On the other hand, our «,, for
SnSe; is close to the calculated value [17,18,45], reflecting
the good quality of our samples. The discrepancy between
measurements by us and Ref. [22] and that in Ref. [16] could
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FIG. 5. Magnetic field dependence of the Hall effect of (a) SnSe and (b) SnSe, single crystals, respectively. Hall coefficient and carrier
concentrations of (c) SnSe and (d) SnSe; as a function of temperature, respectively. (¢) Hall mobility (1y) vs temperature for SnSe calculated
using o, (black circles) and o, (red circles). The lines are the fits of data with 1/7 temperature dependence. (f) Hall mobility («y) vs temperature
for SnSe,. The line is the fit of data with 7~3/? temperature dependence.

be related to that commented in Ref. [23], i.e., the calculated
thermal conductivity for SnSe is underestimated.

Although SnSe forms a centrosymmetric structure, the Sn-
Se bonding lengths are inequivalent [Fig. 1(c)], giving rise
to anharmonicity [16]. SnSe, lacks such anharmonicity, thus
having higher thermal conductivity. To help understand the
thermal transport properties, we measure the specific heat of
SnSe and SnSe;. Figures 4(c) and 4(d) show the temperature
dependence of the specific heat for SnSe and SnSe; single
crystals in the temperature range between 2 and 400 K, re-
spectively. By replotting the low-temperature data to C/T vs
T2, as shown in the insets of Figs. 4(c) and 4(d), we find that

C can be described by the Debye T3 law C = 234N kg(%)s,
where N is the number of atoms in the unit cell and 6 is
the Debye temperature. From fitting, 6p is found to be 206
and 185 K for SnSe and SnSe,, respectively. At T > 6p, the
specific heat of SnSe; is close to saturation consistent with the
classical Dulong-Petit result C = 3Nkg, while it continuously
increases for SnSe. With the much different specific heat and
thermal conductivity between SnSe and SnSe,, anharmonicity
in the formal system may play an important role [16].

To further understand the difference between the two sys-
tems, we measure the Hall effect of both SnSe and SnSe,.
Figures 5(a) and 5(b) present the magnetic field dependence of
the Hall resistivity of SnSe (p,;) and SnSe; (py,) single crys-
tals between 2 and 300 K, respectively. For SnSe, p, increases
linearly with the magnetic field at all measured temperatures.
We fit the data between O and 14 T to p,, = Ry uoH for each
temperature, where Ry is the Hall coefficient. Figure 5(c)
shows the temperature dependence of Ry of SnSe, which
initially increases from 2 to 20 K then falls with increasing
temperature. The positive Hall coefficient of SnSe suggests
that most charge carriers in SnSe are holes, consistent with the
thermopower data. Using the Drude relationship for the single
band case with Ry = ﬁ, the carrier concentration (ngy) can

be estimated. The carrier concentration of SnSe is found to be
3%x10' cm~3 at room temperature, which slowly decreases
with decreasing temperature until 20 K. For SnSe,, p,, de-
pends on H linearly at most temperatures measured, except
that ~50 K. As demonstrated in Fig. 5(b), px, (50 K) deviates
from the linear behavior >6 T. The development of nonlin-
earity suggests that the system either involves more than one
type of carrier or field-induced electronic structure change.
For estimating Ry, we fit all data <6 T. Figure 5(d) shows the
temperature dependence of Ry for SnSe,. The negative Hall
coefficient of SnSe, implies that SnSe; has electrons as major
charge carriers, which is consistent with thermopower data.
The variation of the carrier concentration with temperature is
shown in Fig. 5(d). At room temperature, the carrier concen-
tration of SnSe, is estimated to be 1.16 x 10'8 cm—3, consistent
with the previous result [18]. With decreasing temperature, ny
decreases until 50 K. The upturn of ny at lower temperatures
is unexpected in the framework of thermally activated electri-
cal conduction for both SnSe and SnSe,. Further investigation
is necessary to see if the drop of Ry is the consequence of
mixed electrons and holes or magnetic-field-induced change
in the electronic structure.

The Hall mobility of carriers can be calculated using
wy = Ryo [22]. Figures 5(e) and 5(f) present the temperature
dependence of the Hall mobility of carriers for SnSe and
SnSe, single crystals, respectively. At room temperature, Ly
~ 400cm?V~'s~! from ¢, and ~380cm? V' s~! from o,
for SnSe and ~14 cm? V~! s~! for SnSe,. The former is ~30
times higher than the latter. While it decreases with increasing
temperature, ny for SnSe exhibits 1/T behavior, while uy for
SnSe, follows 7732 temperature dependence between 100
and 300 K, as represented by the solid lines in Figs. 5(e)
and 5(f), respectively. The 1/T temperature dependence of gy
reflects the dominant electron-phonon scattering in SnSe. The
T—3/% temperature dependence of 1y was also reported for
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SnSe, between 300 and 700 K [18], which is attributed by
electronic scattering by acoustic phonons at high tempera-
tures. The carrier concentration increases nearly linearly with
T for SnSe, [Fig. 5(d)], resulting in different temperature
dependence of the electrical conductivity than that of SnSe.
To further shed insight on the studied systems, we calcu-
late the structural, vibrational, and electronic properties of
SnSe and SnSe,. A Monkhorst-Pack 13x13x13 Iz-space in-
tegration mesh was used for the orthorhombic SnSe, while
a I'-centered 12x12x12 l?-space integration grid was used
for the hexagonal SnSe;. A plane-wave basis energy cutoff
of 720 eV and a Gaussian smearing of 0.05 eV yielded
converged total energy and forces. The harmonic phonons
were determined by using the PHONOPY code [48] with an
atomic displacement value of 0.03 A. A 2x2x2 supercell
was constructed to ensure convergence of the forces. VASP was
used to compute the forces with an electronic energy conver-
gence threshold of 1078 eV using the same l;—space meshes
that were used for determining the electronic and structural
parameters. To calculate phonon spectra, 201 k points were
used along each of the phonon band directions. For the partial
DOS (PDOS), the same I;—space integration mesh used for the
electronic structure calculations was also used. We obtain ex-
cellent structural parameters compared with our experimental
results for both SnSe and SnSe,. For hexagonal SnSe,, the

differences are 0.56% for a and 0.28% for c¢. For orthorhombic
SnSe, the differences between our calculated and experimen-
tally determined lattice parameters are 1.2% for a, 0.73%
for b, and 0.77% for c. Compared with earlier calculations
[6,49,50], our approach results in optimal lattice constants that
are closest to experiment data. This implies the importance
of considering vdW interaction, as the systems contain Se-Se
bonds.

Figures 6(a) and 6(b) show the electronic structure and
DOS of SnSe and SnSe,, respectively. As it forms pyramidal
structures connected by a single Se atom in the bc plane [see
Fig. 1(c)], its bond length is ~3% shorter than the other SnSe
bond lengths (2.73 A vs 2.82 A). The pyramidal structures
are separated by ~2.94 A along the a axis. As mentioned
above, the vdW interaction between layers should be consid-
ered in simulation. Bader charge analysis yields a Sn site of
13.17 and 6.83 for Se, demonstrating a charge transfer from
Sn to Se due to the larger Se electronegativity. The SnSe
band structure indicates that SnSe is a semiconductor with an
indirect band gap equal to 0.49 eV along the I'-Z direction
[see Fig. 6(c)]. This is higher than the experimentally obtained
activation gap value, likely due to the band edge which is near
Ey [Fig. 6(b)], which offers a conduction channel. This leads
to underestimation of the energy gap through the measured
electrical conductivity. The two-dimensional (2D) nature of
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the SnSe bands can be seen by noticing how flat the bands
along the I'-X, S-Y, and Z-U directions. The band along R-T
is also along this direction but is the highest occupied band
<1 eV with the topmost one being flat. The bands along I'-Y
and I'-Z have quite a bit of hybridization of Se-p,, Sn-s, and
Sn-p, dominating over a wide energy range, which allows for
more electron hopping. This indicates charge transfer from Sn
to Se with the Sn losing almost 1 electron. This loss leaves
Sn with 5p', which is basically a filled band that stabilizes
this Sn state below the Fermi energy, leaving the bands near
E; with mainly Se-p, character. From Figs. 6(d) and 6(e), one
can see that SnSe, is a semiconductor that has an indirect band
gap equal to 0.63 eV and is again greater than the estimated
activation gap from experiment. The latter is underestimated
due to the edge states [Fig. 6(e)]. The 2D nature of the SnSe,;
bands can be realized by noticing how flat the bands are along
the I"-A (along the ¢ axis) direction with the in-plane direc-
tions displaying more dispersion I'-M, I'-K, M-K, or L-H [see
Fig. 6(f)]. Like SnSe, SnSe, is dominated by Se-p, Sn-s, and
Sn-p bands near E;. Due to the octahedral coordination, Sn
has a larger charge transfer to Se than that in SnSe. Because
there are 6 Se atoms (vs 3 in SnSe), there is slightly less
charge transfer per Se atom in SnSe, (6.62 vs 6.83 for SnSe).
Since SnSe, forms well-connected SnSeq octahedra that are
separated by 2.96 A with a Sn-Se bond length of 2.73 A,
the symmetry of this structure produces fewer bands near Ef
than SnSe. The lower symmetry of the SnSe lattice produces
more bands near E;. This combined with the molecular na-
ture of the subunits allows for hopping in SnSe via the Se
atom that connects two units in an otherwise closed shell
subunit. Such a difference results in better electrical conduc-
tion in SnSe than that of SnSe,, as observed experimentally
[Figs. 2(a) and 2(b)].

In addition, Figs. 6(b) and 6(e) show that there is a sharp
decrease of DOS near E for both SnSe and SnSe,. As men-
tioned previously, the large slope of DOS with respect to the
energy % results in high thermopower, as presented in
Fig. 3. Note that the slope for SnSe [plotted in Fig. 6(b) is
le of the total DOS] is larger than that for SnSe,, consistent
with the experimental data as well.

To understand the thermal transport properties, we have
performed phonon calculations for the bands, PDOS, and the
group velocities. Since we are interested in the low-lying
acoustic modes, the simulations do not include nonanalytical
terms that are modeled using the Born effective charge and
macroscopic dielectric tensors necessary for accurate rep-
resentation of longitudinal and transverse optical (LO-TO)
modes splitting. The phonon band structure and PDOS for
SnSe and SnSe, are shown in Figs. 6(g), 6(h) and 6(i), 6()
including the band connections (decompositions of the basic
modes, acoustic, longitudinal, transverse, etc.), respectively.
For SnSe, there are 8 atoms in the unit cell, leading to 24
normal vibrational modes and with the full representation
at the I' point with ' =4A, + 4B} + 4B, + 4B, + 24, +
235 + 23;, + ZBS,. For SnSe,, there are only 3 atoms in the

unit cell, producing 9 normal modes with a full representation
at the " point written as I' = 4E, + 2A; + 2E, + A}

For SnSe, phonon bands and PDOS [see Figs. 6(g) and
6(h)] between 0 and 3.6 THz from the Sn and Se phonons
completely overlap one another due to the long-wavelength
coherent vibrations for acoustic phonons. The maximum and
average group velocities of SnSe along high-symmetry direc-
tions from the I" point are 37.176 and 7.546 A THz for r-X,
34.389 and 6.606 A THz for I'-Y, and 28.937 and 6.187 A
THz for I'-Z. For SnSe,, the phonon states between 0 and
3.6 THz [see Figs. 6(i) and 6(j)] are again from the Sn and
Se phonons completely overlapping one another due to the
long-wavelength character of the acoustic phonons. The max-
imum and average group velocities, respectively, for SnSe,
are 25.720 and 6.52 A THz for I'-A, 44.290 and 10.216 A
THz for I'-H, 44.860 and 9.083 A THz for I'-K, 43.596 and
9.820 A THz for I'-L, and 45.067 and 10.076 A THz for
I'-M. Note that the maximum and average group velocities for
SnSe, are much higher relative to that for SnSe. This is most
likely due to (1) the less open space between the SnSe sub-
structure along the a axis (2.94 A) for SnSe than that of SnSe,
2.96 A) and (2) inequivalent Sn-Se bonding lengths in SnSe
creating anharmonicity, as reported previously [5,6,49,50].
Our calculated result explains the lower thermal conduc-
tivity of SnSe than that of SnSe, observed experimentally
[Figs. 4(a) and 4(b)].

IV. CONCLUSIONS

Single crystals of SnSe and SnSe, were successfully
synthesized by the modified Bridgman method. The thermo-
electric properties of both SnSe and SnSe, single crystals
were studied between 2 and 400 K, which is absent in the
literature. Both SnSe and SnSe, show semiconducting behav-
ior at low temperatures, consistent with the DFT calculations.
Although the carrier concentration of SnSe; is higher than that
of SnSe, the former has the lower electrical conductivity than
the latter system because of the unique hopping path in SnSe.
This is also supported by the higher Hall mobility of carriers
in SnSe than SnSe,.

Overall, SnSe exhibits higher electrical conductivity and
thermopower but lower thermal conductivity than that of
SnSe,, making it a higher figure of merit than the latter. The
low thermal conductivity in SnSe is related to its layered
structure and inequivalent Sn-Se bonding lengths, leading to
slow phonon group velocities. Although the figure of merit at
low temperatures is by no means high with Z7' (400 K) ~ 0.14,
the unique crystal structure with high mobility makes SnSe a
promising material platform for improved thermoelectric per-
formance via stimuli such as chemical doping or strain effect.
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