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In this work, the Ba9Sn3Te15 compound has been synthesized for the first time under high pressure and

high temperature conditions. Single-crystal X-ray diffraction analysis shows that Ba9Sn3Te15 crystallizes

into a hexagonal structure with a space group of P6̄c2 (188) and lattice parameters of a = b = 10.2403(1)

Å, and c = 20.7720(2) Å. The crystal structure contains trimeric one-dimensional chains with face-sharing

SnTe6 octahedrons stacked along the c-axis. These chains are arranged in a triangular lattice in the ab

plane. The energy dispersive X-ray spectroscopy measurement for a single crystal of Ba9Sn3Te15 shows

approximately 6% vacancies on the Sn sites. The anion Te can be substituted by Se to form

Ba9Sn3(Te1−xSex)15 with x = 0–1. The resistivity and Seebeck coefficient measurements were performed.

Ba9Sn3Te15 behaves similar to a semiconductor with a band gap of approximately 24 meV. When Se is

doped, the resistivity increases and the band gap is enhanced to 508 meV for x = 1. The Seebeck coeffi-

cient ranges from 31 μV K−1 to 90.7 μV K−1. Ab initio calculations were also performed to study the density

of states and band structures for Ba9Sn3Te15 and Ba9Sn3Se15.

Introduction

Research on thermoelectric materials has received consider-
able attention because of their potential applications in the
field of energy conversion.1 To improve the efficiency of ther-
moelectric materials (as determined by ZT = (S2σ/κ)T ), numer-
ous strategies have been developed to increase the Seebeck
coefficient S and electrical conductivity σ, as well as decrease
the thermal conductivity κ.2 Extensive efforts have been
focused recently on the “old material” called tin chalcogenides
due to their ultralow thermal conductivity and extremely high
thermoelectric figure of merit reported in SnSe single crystals.3

p-Type SnSe was synthesized by introducing different hole

dopants to study the effect of doping on the thermoelectric
performance. The record high ZTdev (device dimensionless
figure of merit) of approximately 1.34 has been realized in Na-
doped SnSe.4 Before SnSe was extensively studied, Assoud et al.
reported the synthesis of Ba2SnTe5, Ba2SnSe5, and Ba7Sn3Se13,
as well as studied their performance to search for new thermo-
electric materials in the tin chalcogenide family.5 Undoped
Ba2SnTe5 was reported to be a p-type semiconductor with a
band gap of approximately 0.18 eV and a Seebeck coefficient of
approximately 560 μV K−1 at room temperature. Accordingly,
undoped Ba2SnTe5 was suggested to be a good candidate as a
thermoelectric material. However, the band gaps of the other
two tin chalcogenides exceeded 1 eV and were excessively high
for a thermoelectric material.

This study reports a new member of the alkaline earth tin
chalcogenides Ba9Sn3Te15, which was synthesized under high
pressure conditions. The distinctive feature of the crystal
structure is the presence of trimeric face-sharing SnTe6
octahedral chains along the c direction, thereby leading to a one-
dimensional electronic structure for this compound. Te atoms in
Ba9Sn3(Te1−xSex)15 can be completely substituted with Se to form
the end-point compound Ba9Sn3Se15. All Ba9Sn3(Te1−xSex)15 com-
pounds with x = 0–1 are semiconductors with a band gap and
Seebeck coefficient that range from 24 meV to 508 meV and
31 μV K−1 to 90.7 μV K−1, respectively.
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Experiments and calculations
Sample synthesis

Commercially available crystalline powders of Sn (Alfa,
99.995% pure) and Se (Alfa, 99.999% pure), and lumps of Ba
(Alfa, immersed in oil, >99.2% pure) and Te (Alfa, 99.999%
pure) were used as starting materials. Ba9Sn3Te15 single crystal
was prepared under high pressure and temperature con-
ditions. The precursor BaTe was prepared through the reaction
of the Ba blocks and Te powder in an alumina crucible sealed
in an evacuated quartz tube at 700 °C for 20 h. The mixture of
BaTe, Sn, and Te was homogenously mixed based on a molar
ratio 3 : 1 : 2 and pressed into a pellet with a diameter of
6 mm. The pre-pressed pellet was placed in an h-BN capsule
and into a graphite tube furnace thereafter. High pressure
experiments were performed in a DS6 × 600 T cubic anvil high-
pressure apparatus. After the pressure was gradually increased
to 5.5 GPa, the system was heated to 1500 °C within 4 min and
maintained for 40 min. Moreover, the temperature was con-
trolled to decrease to 1000 °C in 3 h and quenched to room
temperature thereafter. After the high pressure and high temp-
erature process, the bright single crystalline sample of
Ba9Sn3Te15 was obtained. Polycrystalline samples of
Ba9Sn3(Te1−xSex)15 (x = 0–1) were synthesized by a similar
process without the slow cooling process.

Characterization

Single crystal X-ray diffraction measurement was performed at
299.6(5) K on an APEX III CCD diffractometer using monochro-
matic Mo Kα radiation (λ = 0.71073 Å). The structure was
resolved through the Patterson methods and refined by full-
matrix least-squares fitting on F2. All calculations were per-
formed using programs from the Olex2 crystallographic soft-
ware package.6 The structure was verified using PLATON for
the missing symmetry elements.7 Powder X-ray diffraction was
performed on a Rigaku Ultima VI (3KW) diffractometer using
Cu Kα radiation generated at 40 kV and 40 mA. The X-ray data
were collected at a scanning rate of 1° per min and a scanning
step length of 0.02 degrees. Rietveld refinement on the diffrac-
tion spectra was performed using Gsas software packages.
Resistivity was measured using a physical property measuring
system (PPMS). The Seebeck coefficient was measured at room
temperature using a commercial thermopower measurement
apparatus. The chemical compositions of the Ba9Sn3Te15
single crystal were determined through energy dispersive X-ray
spectroscopy (EDX).

Theoretical calculations

Ab initio calculations were performed using the Vienna ab
initio simulation package (VASP).8 The valence ion interactions
were described through projector augmented wave (PAW)
potentials.8,9The valence wave functions were expanded using
a plane-wave basis up to a kinetic energy cutoff of 350 eV for
all calculations. A primitive cell of Ba9Sn3Te/Se15 that com-
prises 54 atoms was constructed from the Rietveld analysis
results. A complete optimization of the lattice cell and atom

positions was performed with a force tolerance of 0.02 eV Å−1.
The Perdew, Burke, Ernzerhof (PBE) functional10 and a
Monkhorst–Pack K-points mesh of 5 × 5 × 3 were used for the
structural optimization. The optimization yields the lattice
parameters changed to a = 10.4200(0) Å, c = 21.0600(0) Å for
Ba9Sn3Te15 and a = 9.7900(0) Å, c = 19.9700(0) Å for
Ba9Sn3Se15, respectively. Thereafter, electronic structure calcu-
lation was performed based on the PBE optimized structure.
Given the well-known inaccuracy of the PBE functional for
semiconductors, the hybrid Heyd–Scuseria–Ernzerhof (HSE06)
functional11 was employed for the electron structure calcu-
lation. For the HSE calculation, a K-point mesh of 5 × 5 × 5
and additional 64 empty bands were used. A Gaussian smear-
ing of 0.1 eV was used for the Brillouin integration. Wannier
interpolation12 was employed to obtain the band structure.

Results and discussion

The single crystal Ba9Sn3Te15 was grown under high-pressure
conditions. These crystals present a needle shape with a
typical length of approximately 400 μm (see the inset of Fig. 1).
The chemical compositions of Ba9Sn3Te15 as measured by EDX
on single crystals are shown in Fig. 1. In order to ensure more
accuracy, several crystals were used and EDX measurement was
carried out on the crystal surfaces, more than twenty different
areas and took the average. The average atomic ratio of
Ba : Sn : Te is approximately 3.00(0) : 0.94(3) : 5.10(4), which is
nearly 3 : 1 : 5, thereby suggesting approximately 6% vacancy
on the Sn sites. Excessive Te atoms may be derived from the
small impurities on the surface of the single crystal.

Single crystal XRD data of Ba9Sn3Te15 were collected, and
the crystal structure of the new material was resolved. The
refinement smoothly converged to F2 = 1.188, R1 = 0.028, and
wR2 = 0.056. Table 1 summarizes parts of the refinement
results. Ba9Sn3Te15 crystallizes into a hexagonal structure with
the space group of P6̄c2 (188), and Ba9Fe3S15 is the prototype
structure.13 The lattice constants are a = b = 10.2403(1) Å and
c = 20.7720(2) Å. The sketch of the crystal structure is plotted,
and Fig. 2(a) and (b) show the top view with the projection
along the c axis and the perspective view with the projection
along the [110] direction, respectively. Evidently, Ba9Sn3Te15 is
constructed with face-sharing octahedral SnTe6 chains that are

Fig. 1 Energy dispersive X-ray spectrum collected on typical
Ba9Sn3Te15 single crystals.
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arranged in a triangular lattice in the ab plane. The SnTe6
chains are trimeric along the c-axis, thereby resulting in two
sites of Sn(1) at (0, 0, 0) and Sn(2) at (0, 0, z). The refinements
yield an occupation rate of approximately 96% on the Sn(2)
site. Given the atomic ratio of Sn(1) to Sn(2) of 1 : 2, the total
occupation rate of Sn should be approximately 97%, which is
near the EDX measurement result of 94%. Apart from the
SnTe6 chains, two Te chains are located in the centers of the
triangular lattices, that is the (1/3, 2/3, x) and (2/3, 1/3, y) sites.
For the sites occupied by the Te(6) atoms, the occupation ratio
is 0.5.

In a trimer unit, two Sn atoms are on the Sn(2) site and one
is on the Sn(1) site (see Fig. 3). This study attempts to define
the degree of trimerization using the ratio of (|dinter − dintra| :
|dinter + dintra|), where dinter is the distance of the adjacent
Sn(2) atoms and dintra is that of the adjacent Sn(1) and Sn(2)
atoms. The crystallographic parameters presented in Table 1
enable us to calculate the trimerization degree as approxi-
mately 0.4%, which is less than that of Ba9Fe3S15 (i.e., 3.3%)
as evaluated from ref. 13. In the SnTe6 octahedron, the
bond angles Te(1)–Sn(1)–Te(1) and Te(1)–Sn(2)–Te(2) are
179° and 178°, respectively, which deviated from the value
of 180° in a regular octahedron. This result indicates that
the SnTe6 octahedron was slightly distorted. The Sn–Te
bond lengths were between 3.08 and 3.10 Å, which are rela-
tively less than the Sn–Te distances of 3.16 Å in the SnTe
compound.14

The sketch of the Te chains composed of the Te(3)–Te(4)
and Te(5)–Te(6) atoms is presented in Fig. 3. The distance of
the adjacent Te atoms in the Te chains ranges from 2.78 Å to
3.91 Å. In polytellurides, the Te atoms can form bonds with
each other, with the bond length ranging from 2.70 Å to
3.10 Å. The case of Rb2Te5 and Cs2Te5 presented the square-
planar Te5 unit chains. In these chains, the charge of the Te5
unit is −2, and the Te atoms are bonded with the bond lengths
approximately 2.76 Å and 3.05 Å.15 For the bent Te5

4− unit in
Ba2SnTe5, the Te–Te bond lengths range from 2.81 Å to

Table 1 Crystallographic data for Ba9Sn3Te15

Formula: Ba9Sn3Te15
Space group: P6̄c2; temperature/K: 299.6(5);
a = b = 10.2403(1) Å, c = 20.7720(2) Å; α = β = 90°, γ = 120°;
V = 1886.4(4) Å3; Z = 2;
Goodness-of-fit on F2: 1.18(8);
Final R indexes [all data]: R1 = 0.028(4), wR2 = 0.056(6)

Atomic parameters

Atom Wyck. x y z Occ.

Ba1 12l 0.3774(1) 0.3876(2) 0.0833(2) 1
Ba2 6k −0.0222(9) 0.3690(9) 0.2500(0) 1
Sn1 2a 0.0000(0) 0.0000(0) 0.0000(0) 1
Sn2 4g 0.0000(0) 0.0000(0) 0.1661(6) 0.96(4)
Te1 12l −0.0027(4) 0.2497(2) 0.0837(5) 1
Te2 6k 0.2447(0) 0.2574(4) 0.2500(0) 1
Te3 2c 0.3333(3) 0.6666(7) 0.0000(0) 1
Te4 4h 0.3333(3) 0.6666(7) 0.1830(3) 1
Te5 4i 0.6666(7) 0.3333(3) 0.1559(9) 1
Te6 4i 0.6666(7) 0.3333(3) 0.0081(0) 0.5

Bond length
Sn(1)–Te(1) 3.10(4) Å Sn(2)–Te(2) 3.10(7) Å
Sn(2)–Te(1) 3.08(9) Å
Te(4)–Te(4) 2.78(2) Å Te(5)–Te(6) 3.07(1) Å

The distance of adjacent atoms
Sn(1)–Sn(2) 3.45(3) Å Sn(2)–Sn(2) 3.48(4) Å
Te(3)–Te(4) 3.80(3) Å Te(5)–Te(5) 3.91(5) Å

Bond angle
Te(1)–Sn(1)–Te(1) 179(1)° Te(1)–Sn(2)–Te(2) 178(3)°

Fig. 2 The sketch of the crystal structure of Ba9Sn3Te15, showing the
face-sharing octahedral SnTe6 chains arranged in a triangular lattice in
the ab-plane. (a) is the top view with the projection along the c axis; (b)
is the perspective view with the projection along the [110] direction.

Fig. 3 The sketch of SnTe6 octahedral chains and Te chains in the com-
pound of Ba9Sn3Te15.
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3.10 Å.5a In the Te chains of Ba9Sn3Te15, the small distances of
Te(5)–Te(6) (3.07 Å) and Te(4)–Te(4) (2.78 Å) suggest that
dimeric Te2

2− units are formed. Evidently, 2/3 of the Te atoms
in the Te chains are dimerized (see Fig. 3). Thus, based on the
site symmetry and charge balance, when the small vacancies
on the Sn(2) sites are disregarded, we can reasonably speculate
that the molecular formula can be rewritten as
Ba2+9Sn

4+Sn2+
2Te

2−
9(Te

1−
4Te

2−
2), where the Sn4+ atoms are

located on the Sn(1) site, Sn2+ atoms on the Sn(2) site, and the
Te2−9 atoms are derived from the SnTe6 octahedra and the
(Te1−4Te

2−
2) atoms from the Te chains. Thus, the oxidation

state of Sn should be +4 and +2 for the Sn(1) and Sn(2) sites,
respectively.

The Te atoms in Ba9Sn3Te15 can be substituted gradually by
Se to form Ba9Sn3(Te1−xSex)15 with x = 0–1. The X-ray powder
diffraction patterns of Ba9Sn3(Te1−xSex)15 (x = 0–1) obtained at
room temperature are shown in Fig. 4a, while the enlarged
views are shown in Fig. 4b and c. Apart from several small
unknown peaks marked by the arrow, most of the peaks can
be indexed with the hexagonal structure. The peaks shift
toward a high-angle direction monotonously with the increase
of content in the Se dopants. This result demonstrates that the
Se atoms are successfully doped into Ba9Sn3Te15 and implies
that the lattice shrinks with Se doping. The lattice constants a
and c can be obtained from the XRD refinement data; the Se

doping dependence of a and c is shown in Fig. 4d and Table 2.
The lattice parameters a and c decrease with the Se dopants’
increase. For the end-point compound Ba9Sn3Se15, the lattice
constants are a = 9.7209(3) (Å) and c = 19.5817(1) (Å), thereby
resulting in a 15.1% smaller cell volume compared with
Ba9Sn3Te15. We also refined the X-ray diffraction data of
Ba9Sn3(Te1−xSex)15 (see Fig. S1–S5 and Tables SV–SIX†). It is
evident that the total occupation of Sn decreases with the
increase of Se dopants. For Ba9Sn3Se15, the total occupation
ratio on Sn sites is approximately 0.679(2). Therefore, the
molecular formula should be changed to Ba9Sn2+δSe15. The tri-
merization degree for Ba9Sn2+δSe15 is calculated to be approxi-
mately 15.1%, which is larger than that for Ba9Sn3Te15. This
result suggests substantial distortion of the SnSe6 octahedron
in Ba9Sn2+δSe15.

Resistivity measurements were performed on the polycrys-
talline Ba9Sn3(Te1−xSex)15 samples. The temperature depen-
dence of the resistivity is presented in Fig. 5a. For all samples,
the resistivity increases with decreasing temperature, thereby
demonstrating a behavior similar to semiconductors.
Moreover, the resistivity increases rapidly when the Te atoms
are substituted by Se. The resistivity for Ba9Sn3Te15 in the
entire temperature range from 2 K to 350 K and the plot of
ln ρ versus 1/T are shown in Fig. 5b. The resistivity value is
extremely small at 350 K, that is a mere 0.19(6) Ω cm. The

Fig. 4 (a) X-ray powder diffraction patterns of Ba9Sn3(Te1−xSex)15 (x = 0–1) measured at room temperature; (b) the enlarged view between 29–35
degrees; (c) the enlarged view of XRD patterns for the samples of Ba9Sn3(Te1−xSex)15 x = 0 and 0.2, the small peaks marked by arrows is from
unknown impurities; (d) the lattice constants a and c dependent on the Se doping level in Ba9Sn3(Te1−xSex)15 (x = 0–1).

Table 2 The lattice parameters and total occupation on sn sites for Ba9Sn3(Te1−xSex)15

Ba9Sn3(Te1−xSex)15

Composition (x) 0 0.2 0.4 0.6 0.8 1

a (Å) 10.2403(1) 10.1850(2) 10.1209(0) 9.9849(7) 9.7846(5) 9.7209(3)
c (Å) 20.7720(2) 20.4055(7) 20.0549(3) 19.8109(0) 19.7325(7) 19.5817(1)
V (Å3) 1886.44(0) 1833.17(0) 1779.05(7) 1710.52(1) 1636.08(0) 1602.48(9)
Total occupation on Sn sites 0.973(3) 0.972(8) 0.841(7) 0.820(0) 0.720(2) 0.679(2)
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ln ρ versus 1/T curve presents a straight line, thereby suggesting
a semiconducting behavior that can be described based on the
Arrhenius law for thermally activated conduction. By using the
formula, R ∝ exp(Δg/2kBT ), where Δg is the semiconducting
band gap and kB is the Boltzmann’s constant, the resistivity
curve is well fitted and Δg is given to be 24.4(0) meV. By using
the same method, band gaps for other doped samples were
obtained (see Fig. 5c). The band gap was gradually enhanced
by the Se substitution and reached the maximum 508 meV for
the end point sample Ba9Sn2+δSe15. The Seebeck coefficient
was measured at room temperature, and the Se doping depen-
dence of the Seebeck coefficient is shown in Fig. 5c. In this
study, no Seebeck coefficient data were obtained for the
samples with x = 0.8 and 1.0 because of the extremely large res-
istivity for the measurement of the Seebeck coefficient. Similar
to the band gap evolution, the Seebeck coefficient increased
with increasing Se doping and ranged from 31 μV K−1 to
90.7 μV K−1. Compared with those of the most often used ther-
moelectric Bi2Te3 (>170 μV K−1)16 and extensively studied SnSe

(>500 μV K−1),3 the Seebeck coefficient of Ba9Sn3(Te1−xSex)15 is
relatively lower for a thermoelectric material.

To obtain in-depth insight into the relationship between
the structure and properties, we performed theoretical calcu-
lations for the Ba9Sn3Te15 and Ba9Sn3Se15 compounds. The
calculated density of states (DOS) and band structure for
Ba9Sn3Te15 and Ba9Sn3Se15 are shown in Fig. 6. In Fig. 6a, PBE
and HSE06 XC functional predict an unoccupied peak at
approximately 0.2 eV and a flat region that continually crosses
the Fermi level. Thus, the ideal Ba9Sn3Te15 would be a poor
conductor. The valence band position is overestimated by 0.5
eV by PBE due to the lack of non-local exchange. By contrast,
the conduction band is underestimated by approximately the
same magnitude. The projected DOS (see Fig. 6a) demon-
strates that the unoccupied peak and the flat region are solely
contributed by the 5s and 5p orbitals of the Sn–Te chains. To

Fig. 5 (a) The electronic transport properties of Ba9Sn3(Te1−xSex)15 (x =
0–1) as a function of the content of se; (b) the resistivity as a function of
temperature for Ba9Sn3Te15. The inset shows the ln(ρ) versus inversed
temperature. (c) The Se doping dependence of the band gap and
Seebeck coefficient. The resistivity of the samples of x = 0.8 and 0.1 is
too large for the measurement of the Seebeck coefficient.

Fig. 6 The calculated density of states (DOS) and band structure for
Ba9Sn3Te15 (a–c) and Ba9Sn3Se15 (d–f ). (a, d) Total and projected density
of states. Both PBE (black dashed) and HSE06 (thick black) results are
presented for the total DOS. The p and s orbital projected DOS for Te-I
or Se-I (blue dashed), Te-II or Se-II (purple dashed) and Sn (pink dotted)
are also presented. An enlarged view for the energy close to the Fermi
level is shown in (a) in the intersected plot. The projected DOS plots are
multiplied by a factor of 20 for comparison purpose. (b, e) The band
structure combined with (c, f ) DOS.
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clarify the origin of the DOS structure, we calculated the HSE
band structure using the Wannier interpolation technique (see
Fig. 6b). The high-symmetry path can be divided into two
parts: Γ–M–K–Γ, which is parallel to the ab plane, and Γ–A,
which is perpendicular to the ab plane. For the in-plane part,
the band structure shows a flat valence band (VB) and conduc-
tion band (CB) between the M and K points. VB and CB were
separated by an indirect gap of 0.6 eV. For the out-plane part,
two linear bands crossed at −0.4 eV. The atom-resolved DOS
indicates that the two linear bands are produced by the Sn and
Te atoms in the chains, thereby exhibiting the quasi one-
dimension-like linear bands. To further investigate the real
space distribution of the partial occupied bands, we plotted
the partial charge density for the energy interval between −0.4
and 0 eV (see Fig. 7). Evidently, the charge is well localized at
the Sn–Te chain, thereby presenting clear s and p orbital char-
acters for the Sn and Te atoms, respectively.

The calculated DOS and band structure for Ba9Sn3Se15 are
shown in Fig. 6(d–f ). In general, the band structure remains
considerably similar to Ba9Sn3Te15 near the Fermi level.
Moreover, both compounds show an evident linear band near
the A point, which is contributed by the Se–Sn chains. One
major difference from the Te situation is the localized band at
−1 eV that is induced by the Se–Sn bonding. Compared with
the Te situation, where the Te–Sn bonding does not substan-
tially change the VB top of the Te atoms, the formation of the
Se–Sn bonding requires substantially high energy to shift the
p electrons of Se out of its valence band. This finding may
explain the considerably high Sn holes in the Ba9Sn3Se15.

This section discusses the difference between the experi-
mental and calculated results. The resistivity measurements
provide the semiconducting behavior for Ba9Sn3(Te1−xSex)15,
which was inconsistent with the poor conducting state pre-
dicted by the calculation. However, the Sn sites are not com-
pletely occupied for the experimental compound Ba9Sn3X15

(X = Se and Te). Given the positively charged Sn, the vacancy of

Sn should induce other Sn ions to lose numerous electrons to
balance the charges and act as a hole donor. This scenario
could shift the Fermi level downward to below the CB and
induce a semiconductor behavior in the ab plane. Although
the linear band (for the out-plane band) crosses the Fermi
surface regardless of the Fermi level shift, thereby suggesting
the conductivity in the direction of the c-axis, the one-dimen-
sional conducting behavior can be easily damaged by
deficiency because of electron backscattering. Therefore, the
Ba9Sn3(Te1−xSex)15 compounds would demonstrate semi-
conductor behavior due to the Sn vacancy.

Conclusion

The new Ba9Sn3Te15 compound with one-dimensional SnTe6
octahedral chains was synthesized under high pressure and
high temperature conditions. The compound crystallizes into
a hexagonal structure with a space group of P6̄c2 (188). The Te
atoms can be substituted gradually by Se to form
Ba9Sn3(Te1−xSex)15, with x = 0–1. These compounds are semi-
conducting, and the band gap increases with the Se doping,
which ranges from 24 meV for Ba9Sn3Te15 to 508 meV for the
end-point compound Ba9Sn3Se15. The Seebeck coefficient for
the Ba9Sn3(Te1−xSex)15 samples ranges from 31 μV K−1 to
90.7 μV K−1. The calculated band structures for Ba9Sn3Te15
and Ba9Sn3Se15 exhibit quasi one-dimension-like linear bands
that correspond to their crystal structure.
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