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ABSTRACT: We report that K2Bi8Se13 exhibits multiple
conduction bands that lie close in energy and can be activated
through doping, leading to a highly enhanced Seebeck
coefficient and a high power factor with elevated temperature.
Meanwhile, the large unit cell, complex low symmetry crystal
structure, and nondirectional bonding lead to the very low
lattice thermal conductivity of K2Bi8Se13, ranging between 0.42
and 0.20 W m−1 K−1 in the temperature interval 300−873 K.
Experimentally, we further support the low thermal con-
ductivity of K2Bi8Se13 using phonon velocity measurements;
the results show a low average phonon velocity (1605 ms−1),
small Young’s modulus (37.1 GPa), large Grüneisen parameter (1.71), and low Debye temperature (154 K). A detailed
investigation of the microstructure and defects was carried out using electron diffraction and transmission microscopy which
reveal the presence of a K2.5Bi8.5Se14 minor phase intergrown along the side of the K2Bi8Se13 phase. The combination of enhanced
power factor and low thermal conductivity results in a high ZT value of ∼1.3 at 873 K in electron doped K2Bi8Se13 material.

■ INTRODUCTION

Thermoelectric materials with high efficiencies are highly
desired because they could directly converse thermal and
electrical energy. The key parameter assessing the efficiency of
thermoelectric materials is the “dimensionless figure of merit”
ZT defined by ZT = (S2σ/κ)T, where σ is the electrical
conductivity, S is the Seebeck coefficient, κ is the total thermal
conductivity (a sum of lattice thermal conductivity and electron
thermal conductivity), and T is the temperature, respectively.1,2

Ideally, high performance thermoelectric material should
possess high electrical conductivity and Seebeck coefficient
but minimum total thermal conductivity simultaneously.
However, due to the well-known complicated relationship
among the three parameters (S, σ, and κ), it is challenging to
find effective approaches to improve an overall ZT, such as the
Wiedemann−Franz law requiring κele to be proportional to σ
and the Pisarenko relation limiting the values of S2σ (power
factor), which is the quantity that needs to be maximized.3

To date, the advanced approaches to increase ZT could be
summarized as enhancing the power factor through tailoring of
band structures,4 reducing the thermal conductivity,5 or both
simultaneously.6 Reducing lattice thermal conductivity (κlat) is
an effective method to enhance ZT, since κlat is the only
independent parameter.7,8 The most effective approaches to
reduce lattice thermal conductivity typically involve sophisti-
cated design strategies, including atomic-, nano-, and mesoscale,
and could be summarized as artistically named hierarchical
architectures.7 Apart from these, one can seek for low thermal
conductivity in single phase compounds.9,10 The low thermal
conductivity may arise from an anharmonic and anisotropic
bonding,11,12 complex crystal structure,13,14 very large unit
cells,15 large molecular weight,16 atomic disorders induced by
mobile ions,17 lone-pair electrons,12,18,19 rattling-like damping
as a “resonant” phonon scattering,20 etc.
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Recently, the discovery of high performance in SnSe crystals
has triggered intense research for similar systems.10,11,21 The
very high thermoelectric performance of the SnSe crystals over
a broad temperature range originates from both the ultrahigh
power factor due to multiple valence bands and the ultralow
lattice thermal conductivities.10,11,22 The K2Bi8Se13 system
described previously features complex crystal structure and
low thermal conductivity.23−28 However, no reports are
available that describe the doping as well as the high
temperature properties of this system. In this Article, we
revisited K2Bi8Se13 and investigated its electrical and thermal
transport behaviors above room temperature. The thermal
conductivity of polycrystalline samples of this material is
ultralow and ranges from 0.42 to 0.20 W m−1 K−1 from 300 to
873 K, respectively. Meanwhile, the multiple conduction bands
present in the electronic structure of K2Bi8Se13, as indicated by
density functional theory (DFT) calculations, point to an
opportunity to enhance the power factor by populating these
bands with electron carriers through doping. We show that
pushing the Fermi level into the conduction band activates
several Fermi electron pockets and produces enhanced Seebeck
coefficients. This approach leads to both enhanced power factor
and low thermal conductivity, resulting in a high ZT value of
∼1.3 at 873 K.

■ RESULTS AND DISCUSSION
The experimental details are given in the Supporting
Information, which include the starting materials, sample
synthesis, the measurements for density, electrical, and thermal
transport properties, transmission electron microscopy (TEM),
X-ray diffraction, phonon velocity measurements, and density
functional theory (DFT) computations.
1. Crystal Structure. As shown in Figure 1, K2Bi8Se13

possesses a complex and anisotropic crystal structure. The

K2Bi8Se13 has a low-symmetry monoclinic structure that
consists of two Bi/Se building blocks (NaCl type and Bi2Se3
type) connected at the K/Bi mixed site (green) to form a three-
dimensional structure with narrow tunnels. The K atoms are
located in these tunnels at the connection points between these
building blocks, which are metal sites with special mixed
occupancy of K/Bi. This indicates a highly anisotropic structure
which grows along the b axis forming needlelike or columnar
crystals. A closely related phase to K2Bi8Se13 is K2.5Bi8.5Se14
which often tends to grow as a minority phase.23

In this work, the BiCl3 was chosen as a dopant to control the
carrier concentration, since chlorides are electron dopants for
selenides.29,30 Figure 2a shows the powder XRD patterns of
K2Bi8Se13 samples with different levels of BiCl3. All XRD peaks
can be indexed to the simulated diffraction pattern of K2Bi8Se13,
with the exception of the weak peaks at around 20° 2θ which
are indentified as the K2.5Bi8.5Se14 phase. K2.5Bi8.5Se14 is a
different but structurally related phase to K2Bi8Se13, and tends
to form due to composition fluctuations in the synthesis
reaction medium.28 To obtain the relative amount of the
K2.5Bi8.5Se14 phase, Rietveld refinement was performed on the
powder diffraction data using the software package Materials
Analysis using Diffraction (MAUD)31 with a satisfactory value
of Rw = 3.18%. The weight fraction of K2.5Bi8.5Se14 in the
matrix-phase K2Bi8Se13 is estimated at 28.68% (volume fraction
30.73%), as shown in Figure 2b. The refined lattice parameter
for K2Bi8Se13 is a = 1.72 nm, b = 0.42 nm, c = 1.83 nm, and α =
90.76°, while it is a = 1.78 nm, b = 0.47 nm, c = 2.18 nm, and α
= 108.88° for K2.5Bi8.5Se14.

2. Electronic Band Structure. Band structure and DOS
calculations reveal that K2Bi8Se13 is a semiconductor with a
narrow band gap of 0.22 eV, consistent with that in previous
studies;27 see Figure 3a. Both the valence band maximum
(VBM) and conduction band minimum (CBM) are located at
the A point. Figure 3a clearly shows that the valence bands are
multiple, and the energy gap between the valence bands located
at the A point and Y point is less than 0.1 eV. However, the
energy gaps of multiple conduction bands are so close; namely,
the energy gap between the first and fourth bands is about 0.14
eV; this value is smaller than the 0.15 eV between the first and
second valence bands of PbTe.1,32 An orbital character analysis
(Figure 3b−d) reveals that the VBM is mainly composed of Se-
4p orbitals, while the CBM is dominated by hybridized Bi-6p
and Se-4p states. In order to further understand electrical
transport properties of K2Bi8Se13, we have calculated the
effective masses of VBM and CBM by eq 1. The effective
masses were evaluated by fitting the dispersion relation around
the VBM and CBM by a parabola
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where En(k)⃗ is the dispersion relation for the nth band, x, y, and
z are directions in the reciprocal space, and mxx* , myy*, and mzz* are
the corresponding effective masses. In each direction around
VBM and CBM, eigenvalues of seven sampling k-points with an
interval of Δk = 0.003 au−1 were calculated for the fitting. We
see that the calculated hole and electron effective masses are
strongly anisotropic, with the smallest being along the b axis
(parallel to the mixed K/Bi chains). As listed in Table 1, the
average nondegeneracy DOS effective mass is ∼0.44 m0 for the
first conduction band, obtained using the relationship, m* =
(mx*my*mz)

1/3.
3. Microstructure. To better explore the structure−

property relationships of our K2Bi8Se13 samples, we investigated
the microstructural features using TEM techniques. A diversity
of microstructural defects can be found in the K2Bi8Se13 sample.
The low magnification image shown in Figure 4a displays
several grain boundaries with a size range from 100 nm to 3
μm. Within a typical grain, two phases appear to coexist, which
are identified as K2Bi8Se13 and K2.5Bi8.5Se14; this observation is
consistent with the XRD patterns presented above. The high
magnification image of the grain in Figure 4b shows these two

Figure 1. Crystal structure of K2Bi8Se13.
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phases align in a parallel fashion. The (100) planes of the
K2Bi8Se13 phase (major) are parallel to the (100) planes of the
K2.5Bi8.5Se14 phase (minor), as observed along the selected area
diffraction pattern observed down the [010] direction with an
aperture observing both phases, Figure 4c. The images show
that the two phases intergrow within a single grain instead of
growing as individual grains. This results in plenty of two-phase
boundaries at both the (100) side with a comparatively good
lattice match (coherent) and the (001) side which has a great
lattice mismatch. The concurrence of K2Bi8Se13 and
K2.5Bi8.5Se14 phases could be due to comparable formation
enthalpy at the present composition and process conditions as
well as good lattice match along the (100) planes. It should be
noted that such a large amount of coherent interfaces along the
(001) planes could be beneficial for heat impedance. In

addition, we observe that, even in a single phase domain of
K2Bi8Se13, a great amount of stacking faults (SF) are observed;
see Figure 4d. One domain always has a 1/2 unit cell offset
along the [100] direction relative to the adjacent one. All
observed grains have a common crystal axis along the [010]
direction which is the monoclinic b-axis.
Small angle grain boundaries (SAGB) with angles α less than

10° can often be found in the K2Bi8Se13 sample. When viewed
along [010] shown in Figure 4e, one can see that the
orientations of the same phase at either side of the grain
boundary are slightly rotated around the [010] axis by an angle
α, which is also seen in the corresponding FFT pattern in
Figure 4f.

4. Thermoelectric Transport Properties. In this work,
the optimization strategy is based on the favorable electronic
structure of the material, which can be described as below
rational successive steps. In the beginning, we characterized the
anisotropic features of the K2Bi8Se13 samples with XRD
characterization. Figure S1 shows XRD patterns of K2Bi8Se13
bulk along the directions that are parallel and perpendicular to
the spark plasma sintering (SPS) pressing direction. The
patterns indicate a small anisotropy in crystallite orientation,
which is consistent with the needle shape powders along the
monoclinic b-axis of K2Bi8Se13. The needle shape powders tend

Figure 2. (a) X-ray diffraction pattern of K2Bi8Se13 with different BiCl3 doping fractions. The carrier concentrations are 2.0 × 1019, 3.5 × 1019, 5.1 ×
1019, 6.4 × 1019, 7.7 × 1019, and 8.8 × 1019 cm−3 for undoped, 1% BiCl3, 2% BiCl3, 3% BiCl3, 4% BiCl3, and 5% BiCl3 doped K2Bi8Se13, respectively.
The extra peak labeled by a star is the K2.5Bi8.5Se14 phase. (b) Rietveld refinement two-phase fitting of the diffraction data.

Figure 3. Electronic structure of K2Bi8Se13 with spin−orbit coupling (SOC). (a) Band structure. (b) Total and projected density of states. (c and d)
The p-orbital contributions (proportional to the circle size) of Se and Bi atoms, respectively.

Table 1. Calculated Effective Masses at Valence Band
Maximum (VBM) and Conduction Band Minimum (CBM),
Given in Units of the Free Electron Mass (me)

VBM CBM

mxx*/me 0.30 0.35
myy*/me 0.15 0.19
mzz*/me 1.74 1.28
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to be perpendicular to the SPS direction. The anisotropic
characters of K2Bi8Se13 are well supported by the observed
thermoelectric transport properties of K2Bi8Se13 along two
directions. It can be seen in Figure S2 that the electrical
conductivity measured perpendicular to the pressing direction
is superior to that parallel to the SPS direction and the Seebeck
coefficients show almost isotropic behavior, resulting in a
superior power factor along the perpendicular direction.
However, the thermal conductivity is higher along the
perpendicular direction, which can be compensated by the
higher power factor. Finally, these results indicate that the ZT
peak of ∼0.9 at 873 K along the perpendicular direction is
higher than the ZT value of ∼0.7 along the parallel direction
(Figures S2 and S3). Having determined the optimal sample
direction for the thermoelectric properties, we then optimized
these properties by using controlled amounts of BiCl3 as
dopant. In the next work, the thermoelectric properties of
K2Bi8Se13 were studied along the perpendicular direction.
Figure 5 shows the temperature dependence of thermo-

electric properties for K2Bi8Se13 samples with different carrier
concentrations. With rising temperature, the electrical con-
ductivity decreases from ∼150 S cm−1 at 300 K to ∼50 S cm−1

at 873 K for the sample with a carrier concentration of 2.0 ×
1019 cm−3, Figure 5a, which is derived from the Hall coefficient
measurements (the Supporting Information shows the detailed
measurements). The electrical conductivities increase signifi-
cantly when the carrier concentration increases from 2.0 × 1019

to 8.8 × 1019 cm−3. Specifically, with a carrier concentration of
8.8 × 1019 cm−3, the electrical conductivity is ∼450 S cm−1

(room temperature), almost 3 times larger than that of 2.0 ×
1019 cm−3. The rising carrier concentrations and electrical
conductivities with increasing BiCl3 fractions indicate that
electron doping has been successful with K2Bi8Se13.
Figure 5b shows that the Seebeck coefficient of undoped

K2Bi8Se13 is ∼−170 μV K−1 at 300 K and increases to ∼−270

μV K−1 at 873 K. Rising carrier concentrations result in the
decline of the Seebeck coefficients, from ∼−170 μV K−1 for 2.0
× 1019 cm−3 to −100 μV K−1 for 8.8 × 1019 cm−3.
For the undoped sample, the power factor shows a maximum

of ∼4.5 μW cm−1 K−2 at room temperature and decreases to
∼2.75 μW cm−1 K−2 at 773 K, as shown in Figure 5c. The

Figure 4. TEM images of the K2Bi8Se13 along the [010] direction showing the following: (a) a general view at low magnification image, displaying a
grain size of 100 nm to 3 μm; (b) a high magnification image showing K2Bi8Se13 embedded with the K2.5Bi8.5Se14 phase, (c) diffraction pattern of the
binary phases (K2Bi8Se13 and K2.5Bi8.5Se14) indicated by two sets of indexes, (d) a great amount of stacking faults (SF) are observed in the K2Bi8Se13
phase, both (e) small angle grain boundary (SAGB) and (f) diffraction pattern of the SAGB indicate a grain boundary angle of α < 10° in the
K2Bi8Se13.

Figure 5. Thermoelectric properties as a function of temperature for
K2Bi8Se13 with different carrier concentrations: (a) electrical
conductivity; (b) Seebeck coefficient; (c) power factor, and (d)
Pisarenko plots at 300 K. The black solid line is the theoretical
Pisarenko line that takes into account the first single conduction band
with ∼0.44 m0, and the red solid line represents the theoretical
Pisarenko line with ∼0.64 m0. The experimental Seebeck coefficient
(blue spots) deviates to higher values with increasing carrier
concentration, indicating multiple bands involved the electrical
transports.
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power factor peak shifts to higher temperature when the carrier
concentration is increased, reaching ∼6 μW cm−1 K−2 at 823 K
with a carrier concentration of 8.8 × 1019 cm−3, twice higher
than that of the sample with 2.0 × 1019 cm−3.
The power factor enhancements are ascribed to the high

electrical conductivity while maintaining large Seebeck
coefficients. If we compare the sample with a carrier
concentration of 8.8 × 1019 cm−3 with samples of n-type lead
chalcogenides and Bi2Se3 with similar carrier concentrations,
the Seebeck coefficient of K2Bi8Se13 is much larger. Namely, the
Seebeck coefficient for K2Bi8Se13 of ∼−105 μV K−1 is much
higher than ∼−45 μV K−1 for PbTe,33 ∼−40 μV K−1 for
PbSe,34 ∼−64 μV K−1 for PbS,35 and ∼−80 μV K−1 for
Bi2Se3

36 for a carrier concentration of ∼6.0 × 1019 cm−3. This is
a strong enhancement and is related to the multiple conduction
bands in the electronic structure that lie near each other in
energy. As shown in Figure 3a, a small energy gap of 0.046 eV
between first and second conduction bands can be observed
and a gap of ∼0.124 eV between first and third conduction
bands can be observed. Because of these small energy gaps,
several Fermi electron pockets can form simultaneously upon
heavy n-type doping.1,10,22,37,38 This expectation is well
supported by the Pisarenko plot, which clearly shows the
Seebeck coefficient enhancement, Figure 5d.
To further probe the origin of the Seebeck coefficient

enhancements, we calculated this quantity using the non-
parabolic single band Kane model.32 In this model, carrier
concentration is given by the formula
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In the above equations, kB is the Boltzmann constant, ℏ is the
reduced Plank constant, ε is the reduced energy of the electron
state, η is the reduced Fermi energy. Nv is the degeneracy of the
CBM valley, which is 2 in our calculation. m* is the
nondegeneracy DOS effective mass, which is (mx*my*mz)

1/3,
and K equals mz/(mx*my)

1/2.
It can be clearly seen from Figure 5d that for high carrier

concentrations (>5 × 1019 cm−3) the experimentally observed
Seebeck coefficients are higher than the values obtained by the
single-band model using only the calculated DOS effective mass
of the first conduction band (m* = 0.44m0), experimental
Seebeck coefficients deviating to higher values with increasing
carrier concentrations. In spite of a larger effective mass of m* =
0.64m0 (the Seebeck coefficient of the SPB model with 0.64m0
is comparable to the experimental data when the carrier
concentration reaches 1 × 1020 cm−3) being applied to match

the experimental values, a significant difference still remains. To
match the observed large Seebeck coefficients, a single-band
model is therefore inadequate, suggesting the involvement of
multiple bands in the electrical transport (i.e., the Fermi level is
pushed up in energy with increasing carrier concentration,
placing it into several conduction bands activating several Fermi
pockets).
Figure 6a shows the total thermal conductivity as a function

of temperature for K2Bi8Se13 with different carrier concen-

trations. At room temperature, the κtot value of undoped
K2Bi8Se13 is about 0.5 W m−1 K−1, which is extremely low in
comparison with well-known thermoelectrics,2,39,40 and con-
tinues to decrease with rising temperature, reaching a
remarkably low value of ∼0.30 W m−1 K−1 at 873 K. The
total thermal conductivities increase with rising carrier
concentrations because of the electronic thermal conductivity
contributions. The lattice thermal conductivity (κlat) can be
calculated through subtracting the electron part (κele) from the
total thermal conductivity (κtot) via the relationship κele = LσT,
where L is the Lorenz number extracted on the basis of the
approximately reduced chemical potential (η).41,42 Figure S4
shows the thermal diffusivity, heat capacity, L number, and κele,
and the densities of samples are listed in Table S1. The lattice
thermal conductivities show independent behaviors of doping
level, and possess the very low value of ∼0.20 W m−1 K−1 at
873 K, as shown in Figure 6b. One can see that the lattice
thermal conductivity of K2Bi8Se13 is comparable to these well-
known materials with impressed low thermal conductiv-
ity,11,15,43−46 Figure 6c. Specifically, the thermal conductivity
of K2Bi8Se13 is lower than those for BiCuSeO at 300−900
K.43,47

The improved power factor and low thermal conductivity
collectively contribute to the large ZT value. As shown in
Figure 6d, a ZT value of ∼1.3 at 873 K is reached for the
sample with a carrier concentration of 6.4 × 1019 cm−3. This
demonstrates that K2Bi8Se13 is a promising candidate for power
generations.

Figure 6. Thermoelectric properties as a function of temperature for
K2Bi8Se13 with different carrier concentrations: (a) total thermal
conductivity; (b) lattice thermal conductivity; (c) lattice thermal
conductivity comparisons of K2Bi8Se13 and some typical thermoelectric
with low thermal conductivity, and (d) ZT values.
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5. Elastic Properties. The low thermal conductivity in
K2Bi8Se13 is remarkable. We believe that the microscale grain
boundaries and nanoscale interfaces of K2Bi8Se13 and possibly
the minor K2.5Bi8.5Se14 phase significantly scatter phonons with
different wavelengths. To further elucidate the origin of the low
thermal conductivity in the K2Bi8Se13 system, we carried out
the ultrasonic pulse echo measurements to evaluate the
longitudinal (vl) and shear (vs) phonon velocities, Young’s
modulus (E), Grüneisen parameter (γ), and Debye temperature
(θD). Generally, the small Young’s modulus and large
Grüneisen parameter reflect weak interatomic bonding strength
and strong anharmonicity in the crystal lattice, respectively,
both of which result in low lattice thermal conductivity via the
formula as follows:11,15,44,47−49

κ
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where ρ is the sample density, Ma is the mean atomic weight of
all the constituent atoms, a3 is the average volume occupied by
one atom, ν is the number of atoms in the unit primitive cell, M
is the atomic weight of the molecule of the compound, and m is
the number of atoms in the molecule. As shown above, eqs 6
and 7 summarize the key-variable interconnections quite nicely.
The average phonon velocity (va), Young’s modulus (E), and
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where ρ is the sample density, vl is the longitudinal phonon
velocity, vs is the shear phonon velocity, and υp is the Poisson
ratio, respectively. The phonon velocities were acquired directly
by the ultrasonic pulse echo measurements, as listed in Table 2.
The average phonon velocity (va), Young’s modulus (E), and
Grüneisen parameter (γ) for K2Bi8Se13 are 1605 ms−1, 37.1
GPa, and 1.77, respectively.
As shown in Table 2, the Young’s modulus value of ∼37.1

GPa for K2Bi8Se13 is lower than these compounds,43,44,47,50

such as ∼70.3 GPa for Bi2Se3, ∼76.5 GPa for BiCuSeO, and
∼39.2 GPa for AgSbTe2. The low Young’s modulus is
consistent with the low average phonon velocity arising from
the weak chemical bonds, which is typically reflected by the
elastic property comparisons between K2Bi8Se13 and Bi2Se3. It
is well-known that the lone pair electrons of Bi3+, Sb3+, and Sn2+

contribute significantly to the low thermal conductiv-
ity.11,12,43,44,51 Here, the small Young’s modulus and low
thermal conductivity of K2Bi8Se13 are believed to be partly

derived from the lone pair of electrons in Bi3+. As described in
the report, the structure has several types of Bi atoms with
greatly varying coordination environments. This gives low
crystal symmetry and several types of distorted BiSex (x = 5−8)
polyhedra ranging from octahedra to singly capped or bicapped
trigonal prisms. The Bi−Se bonds in the polyhedra vary
significantly from 2.721 to 3.361 Å.28 The distortions in the Bi
coordination polyhedra are therefore large and reflect the
strong tendency of the Bi3+ 6s2 lone electron pair to
stereochemically express itself by occupying its own space.
Only when the BiSex coordination polyhedron is a perfect
undistorted octahedron (x = 6) is the Bi3+ 6s2 lone pair of
electrons completely quenched.52 Therefore, the degree of
distortion in each Bi polyhedron is a measure of the
stereochemical expression. This implies a “soft” and highly
anharmonic crystal lattice.

The lone pair of s electrons (from Bi3+ or Sb3+) contributes
to the Grüneisen parameters for K2Bi8Se13, Bi2Se3, BiCuSeO,
and AgSbTe2 of 1.77, 1.65, 1.50, and 2.05, respectively.

43,44,47,50

Ag9TlTe5 possesses an extremely high Grüneisen parameter of
∼3.74;15 the very large Grüneisen parameter in Ag9TlTe5 is the
result of the well-known anharmonic behavior of Ag atoms as
well as the 6s2 lone pair of Tl.53 The Ag9TlTe5 compound
contains two different anharmonic ions each with a different
mechanism of anharmonicity.
The value of Debye temperature also reflects the thermal

conductivity to some extent; see eq 6. The Debye temperature
θD is defined as follows15

θ
π

ν=
⎡
⎣⎢

⎤
⎦⎥

h
k

N
V

3
4D

B

1/3

a
(12)

where h is Planck’s constant, kB is the Boltzmann constant, N is
the number of atoms in a unit cell, V is the unit-cell volume,
and va is the average phonon velocity, respectively. Using eq 12,
we get that the Debye temperature of K2Bi8Se13 is ∼154 K,
which is smaller than ∼164 K for PbTe, ∼190 K for PbSe, 205
K for Bi2Se3, and ∼213 K for PbS,15,40,50,54 consistent with the
low thermal conductivity in the K2Bi8Se13 system.

■ CONCLUDING REMARKS
The n-type K2Bi8Se13 system is a promising thermoelectric
material. Electron doping with BiCl3 as dopant achieves carrier
concentrations as high as 8.8 × 1019 cm−3 and high Seebeck
coefficients. The enhanced Seebeck coefficients derive from
populating the multiple conduction bands lying close in energy
thanks to the special complex electronic structure of K2Bi8Se13.
Extremely low lattice thermal conductivities of 0.42−0.20 W
m−1 K−1 were observed in the temperature ranges from 300 to
873 K. Direct phonon velocity measurements and elastic

Table 2. Comparisons of Elastic Properties at Room
Temperature of K2Bi8Se13 and Other Materials with Low
Thermal Conductivity

parameters K2Bi8Se13 Bi2Se3
50 BiCuSeO43,47 AgSbTe2

44 Ag9TlTe5
15

vl (ms−1) 2683 3390 3290 3123 4420
vs (ms−1) 1438 1870 1900 1538 1053
va (ms−1) 1605 2083 2107 1727 1203
E (GPa) 37.1 70.3 76.5 39.2 23.4
νp 0.30 0.28 0.25 0.34 0.47
γ 1.77 1.65 1.50 2.05 3.74
θD (K) 154 205 243 125 120
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properties suggest that the low thermal conductivities stem
from the small Young’s modulus, high Grüneisen parameter,
and low Debye temperature, which are related to its complex
low-symmetry monoclinic crystal structure. The combination of
improved power factor and low thermal conductivity
contributes to a high ZT of 1.3 at 873 K, which indicates
that the K2Bi8Se13 system is a potential thermoelectric material
for power generation in the medium temperature range.
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