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ABSTRACT: Complex bismuth chalcogenides are narrow band
gap semiconductors with intrinsic low thermal conductivity, which
exhibit high potential as highly efficient thermoelectric materials.
Here, we assess the basic thermoelectric properties of polycrystal-
line Rb,BigSe;; in the temperature range 300—823 K as well as
performance-optimizing strategies. We find that the as-made bulk
samples are single phase with the monoclinic crystal structure
(P2,/m) and crystallize in layer morphology. The pristine sample
exhibits an exceedingly low lattice thermal conductivity of 0.6—
0.46 W-m 1K' at 300—823 K, which derives from strong lattice
anharmonicity, large Griineisen parameters, and low phonon
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velocities induced by the complex crystal structure with heavy atom Bi and a large unit cell. The CI doping successfully enhances the
carrier concentration in Rb,BigSe,; with a negligible impact on the electronic band structure, displaying common doping behaviors.
Se vacancy, on the contrary, leads to n-type doping and enhances the effective mass and power factors more significantly.
Consequently, a maximum ZT of ~0.75 at 823 K for the 0.3% Se-vacancy-doped sample is obtained.

B INTRODUCTION

Thermoelectric materials can enable direct conversion between
thermal and electrical energies and can impact waste heat
recovery.1_3 Nevertheless, low efliciency has limited the
application range and mass production of TE devices."* The
conversion efficiency is determined by the dimensionless figure
of merit, ZT = S?6T/k,, = S*6T/(k, + Ki,), where S is the
Seebeck coefficient, ¢ is the electrical conductivity, K, is the
total thermal conductivity, T is the absolute temperature, and
Ko is the sum of electrical (k,) and lattice (k) thermal
conductivities of the materials. Because the parameters in the
equation of ZT are interrelated, it makes independent
optimization of these three parameters extremely challeng-
ing.l_6

To optimize the thermoelectric performance, on one hand,
enhancement of the power factor (PF = S’6) through band
structure engineering (including dopant engineering,’~'* band
convergence,ls_21 band flattening and resonant state induction
for effective mass increase,'”**™*° or texturing for carrier
mobility improvement®) has been widely applied in a variety
of well-known narrow band gap semiconductors such as lead
chalcogenides,g’l_35 I-V—-VI, compounds (I = Cu, Ag, Au, or
alkali metal; V = As, Sb, or Bi; VI = Se or Te),**"’ BiZTe&38
lead antimony silver telluride (LAST)*” and skutterudite.”” On
the other hand, low lattice thermal conductivity could be
obtained by either architecture engineering at all length
scales™**>*" =% or in special materials with a high degree of
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structural complexity.**™** SnSe is a good example for the
latter, where the large lattice anharmonicity and complex
layered crystal structure play significant roles in its ultralow
intrinsic thermal conductivity.”*"**~%*

In this context, the narrow band gap compounds A,BisSe 3
(A = K, Rb, and Cs) possess significant structural and
compositional complexity to be considered as potential
thermoelectric materials.”””>**> Among these, $-K,BisSe,; has
drawn great attention because of its low intrinsic thermal
conductivity and high Seebeck coefficient. Studies regarding
the synthesis, crystal structure, basic transport properties, and
thermoelectric performance enhancement of §-K,BigSe,; have
been reported, with a high peak ZT ~ 1.3 obtained at 873 K
via Cl doping.”* Rb,BigSe;; crystallizes in a complex low-
symmetry monoclinic structure (space group P2,/m), which is
different from that of f-K,BisSe;;*” To date, only the crystal
structure and low-temperature thermoelectric properties have
been reported for Rb,BigSe ;.

In this work, we synthesized polycrystalline Rb,BigSe,; from
high-temperature melting reactions and prepared suitable
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specimens for charge and thermal transport investigations
using spark plasma sintering (SPS). We report here for the first
time advanced microstructural characterization, doping strat-
egies, and phonon/band structure investigation for this system.
The as-made pristine samples of Rb,BigSe;; exhibit n-type
semiconducting behavior with extremely low thermal con-
ductivity. The intrinsic ZT value is ~0.26 at 823 K; however,
the introduction of Se vacancies or doping with CI on the Se
sites is effective in enhancing the electron carrier concentration
and the power factor, leading to a maximum ZT of ~0.75 at
823 K.

B EXPERIMENTAL SECTION

Synthesis and Processing. The synthesis procedure of the
Rb,BigSe ;-based ingot (~12 g) includes two steps. First, Rb,Se was
synthesized through the stoichiometric reaction of Rb (99.99%,
Aldrich Chemical) and Se (99.99%, American Elements) under liquid
ammonia.*” Note that an excess of ~2% Se was added to make sure
that Rb is fully reacted. Second, Rb,Se, Bi shot (99.999%, American
Elements), Se pellets, and BiCly; powder (99.99%, Alfa Aesar) were
mixed according to the nominal composition (Rb,BigSe;3(;_)Cls,
where x/Cl = 0, 0.05, 0.07, 0.15, 0.20%, and Rb,BisSe,3(;_,), where y/
Vse = 0,0.05, 0.15, 0.30, 0.45, and 0.70%). The mixed starting
materials were flame-sealed in carbon-coated quartz tubes under
vacuum (~2 X 1073 Torr), heated to 1023 K over a period of 15 h,
soaked at this temperature for 10 h, and then water-quenched.

The reacted ingots were hand-ground into fine powders and filled
into a graphite die (12.7 mm in diameter). The powders were
densified using the spark plasma sintering technique (SPS-211LX,
Fuji Electronic Industrial Co. Ltd.) under vacuum, at 823 K with a
uniaxial compressive pressure (40 MPa) for 6 min. For structural
homogenization, the obtained pellets (>91% of the theoretical
density) were then annealed at 823 K for 12 h.

Scanning/Transmission Electron Microscopy(S/TEM) Char-
acterization. Scanning electron microscopy (SEM) analyses were
applied with a tungsten filament SEM (Hitachi S-3400N-1I) under 1S
kV. Scanning/transmission electron microscopy (S/TEM) and energy
dispersive spectroscopy (EDS) analyses were carried out using an
aberration-corrected JEOL ARM200F microscope operated at 200
kV. The electron-beam-transmitted TEM specimens were prepared
with Ar-ion milling (3 kV for ~30 min, followed by ion cleaning with
0.3 kV for 45 min) under low temperature with a liquid nitrogen
stage.

Electrical Transport Property Measurement. The electrical
conductivities and Seebeck coefficients were measured simultaneously
by a ZEM-3 system (Ulvac Riko, Japan) under a low-pressure helium
atmosphere (300—823 K). The samples used for measurements were
prepared into ~11 X 3 X 3 mm?® bars and coated with a thin layer of
boron nitride (~0.1 mm) for equipment protection. The uncertainties
of the Seebeck coefficient and electrical conductivity measurements
are ~3 and 5%, respectively.

Thermal Transport Property Measurement. The thermal
conductivities were calculated based on the equation x = D-C,p,
where D is the thermal diffusivity, C, is the specific heat, and p is the
density. The thermal diffusivity (D) was determined by a laser flash
analysis instrument (LFA-457, Netzsch, Germany) under N, flow.
The samples used for D measurements were prepared into pellets with
dimensions ~6 X 6 X 1.2 mm®. The specific heat of the samples was
estimated by C, = 3R/M (R: ideal gas constant and M: average molar
mass of each element). The densities of the samples were calculated
by their dimensions and masses. Combining the uncertainty of
measurements from D (5%), p (5%), and the electrical measurements,
the uncertainty for the ZT determination is ~20%.

B RESULTS AND DISCUSSION

Crystallographic and Microstructural Anisotropy.
Rb,BigSe,; adopts a complex low-symmetry monoclinic crystal
structure with the space group P2,/m."” As illustrated in Figure

1, Rb,BigSe;; has a three-dimensional framework with
rectangular NaCl-type building blocks connected by Sb,Se;-

Sb,Se;-type

Figure 1. Crystal structure of Rb,BigSe;; projected along the b-axis
([010] direction) with the unit cell highlighted in black. The three-
dimensional (3D) framework consists of infinite NaCl-type blocks
(red rectangle) parallel to the b-axis, which are connected by Cdl,-
type (green rectangle) and Sb,Se;-type fragments (blue rectangle).
Rb* ions fill the tunnels between different building blocks.*”

type and Cdl,-type fragments. The connection between
different types of building blocks forms small parallel tunnels
along the b-axis, which are filled with Rb* ions.*” Polycrystal-
line Rb,BigSe;; was prepared by a high-temperature melting
reaction. To enhance its electrical transport properties, we
synthesized Cl-doped Rb,BigSe;;3(;_,)Cl,3, samples, where x/Cl
= 0, 0.05, 0.07, 0.15, and 0.20%, and Se-deficient
Rb,BigSe;3(;—,), where y/Vg. = 0, 0.0S, 0.15, 0.30, 0.4S, and
0.70%, using the same procedure as for pure Rb,BigSe ;.

Powder X-ray diffraction patterns of all synthesized samples
after spark plasma sintering (SPS) are shown in Figure Slab.
All diffraction peaks can be well-indexed to the Rb,BigSe;s
phase as compared to the simulation results (ICSD #92862). A
slight shift to a higher diffraction angle is observed with
increased doping amount because of lattice contraction after Cl
doping or adding Se vacancies.

To study the microstructural anisotropy of the samples after
SPS, fresh fractured surfaces of Rb,BigSe ;9935 (Vs = 0.05%)
along different orientations with respect to the SPS pressing
direction were investigated through scanning electron micros-
copy (SEM). It is noted that the fractography of all samples is
nearly the same; thus, we only show Rb,BigSe|, 9935 here as a
representative. The fresh fractured sample exhibits grains of
Rb,BigSe;; that are arranged in a “layered” fashion; see the
inset in Figure 2f. When applying uniaxial pressure (SPS), the
grains of Rb,BigSe,; tend to arrange in the plane normal to SPS
(in-plane) and form rectangular sheets, Figure 2a—c. The
longer dimension of the grain sheets represents the b-axis
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Figure 2. Microstructural anisotropy in Rb,BigSe ;-based samples. (a)
SEM (SE) image of the fresh fractured surface of Rb,BigSe;; 055 (Ve
= 0.05%) normal to the SPS direction (in-plane). Grains like
rectangular sheets can be observed, and the sheets tend to stack along
the SPS pressing direction. (b, c) Two zoom-in views of (a) with two
different grain orientations, where b-axes are labeled with red arrows
(the longest grain orientation). (d, ) SEM images of the surface
parallel to the SPS direction (out-plane). A higher degree of porosity
between different stacks of sheets is observable. The width of each
sheet is ~1 ym. (f) X-ray diffraction patterns of the in-plane (red) and
out-plane (purple) surfaces of the Rb,BigSe,; sample, which indicate
its anisotropic feature. The schematic inset at the upper left corner
illustrates the grain arrangements.

direction, which can grow into hundreds of microns in length,
whereas the other dimension in this plane is ~20 pym. It is
noteworthy that the b-axes are randomly distributed in-plane
without any preference. Moreover, the sheet-like crystallites
organize to form a “layer” morphology along the SPS direction,
see Figure 2c, where part of the sheet on the top layer is
broken and the underneath one is visible. According to the
SEM image of the surface parallel to the SPS direction (out-
plane), the width of each layer is ~1 pm. In addition, a higher
degree of porosity can be observed between different stackings
of sheets. X-ray diffraction along these two directions confirms

this anisotropy, Figure 2f. More details on the degree of
orientation can be found in the Supporting Information.
Electronic and heat carriers experience more scattering when
passing through more boundaries, leading to lower thermal/
electrical conductivity along the SPS pressing direction, Figure
S4.

A detailed investigation of the microstructure in the
Rb,BigSe ;-based system was performed using scanning/
transmission electron microscopy (S/TEM) analyses. Figure
3a is a typical low-magnification annular dark field (ADF)
STEM image of the Rb,BigSej;o6; (Vs = 0.30%) sample,
showing both mass contrast (Z-contrast) and diffraction
contrast of the specimen. The inset selected area electron
diffraction (SAED) pattern belongs to monoclinic Rb,BigSe;
(space group: P2,/m) along the [100] zone axis. No diffraction
spot splitting, extra/super spots, or streaking is observed,
confirming the single-phase nature of the material. Moreover, a
layered microstructure with ~1—3 pm in width agrees with the
height of each sheet shown in the SEM results above. The
chemical analysis with energy-dispersive spectroscopy (EDS)
mappings indicates that all elements distribute uniformly
across the sample, with an average composition of
Rb,Bi, 4Se}, g6 close to the nominal one.

In addition, aberration-corrected high-resolution STEM
(HRSTEM) was performed to understand the atomic
arrangement in the complex crystal structure. Figure 3b is
the high-angle annular dark field (HAADF) image taken along
the [100] zone axis, where a layered atomic structure is
observable. The inset shows a zoom-in version of Figure 3b
with atom species labeled for clarification. Specifically, the
structure along the [100] zone axis can be divided into two
types of alternating layers: In layer type I, the adjacent Bi atom
planes in projection appear very close (~1 A), whereas
relatively farther apart in layer type II (~3 A). Se and Rb
atomic columns are also detectable with lower brightness.
HRSTEM images (bright field) along another high-index axis
taken from the Cl-doped sample show further confirmation of
the crystal structure (Figure S2a,b).

Electrical Properties of Undoped and Electron-Doped
Rb,BigSe 3. Because of the anisotropic microstructure
discussed above, the thermoelectric properties of Rb,BigSe;
are orientation-dependent. Therefore, in this study, all
transport properties were measured along the direction
perpendicular to the applied pressure of SPS. The temper-
ature-dependent electrical properties of undoped Rb,BigSe,;
are shown with black lines in Figure 4a—f. According to the
electrical conductivity results, the undoped Rb,BigSe,; behaves
as a slightly doped semiconductor. By “undoped”, we refer to
the sample obtained as prepared without any deliberate effort
to dope it. Typically, the electrical conductivity (¢) at room
temperature is very low ~20 S cm™" and gradually decreases to
15 S-em™ at 623 K, after which bipolar diffusion is obvious
and o starts to increase and reaches ~25 S-cm™" at 823 K. The
Seebeck coefficient across the whole testing temperature range
is consistently negative, indicating its n-type semiconducting
nature. Moreover, the absolute value of the Seebeck coefficient
changes with temperature as the opposite of conductivity, as
expected, with a maximum value ~—320 yuV-K™' obtained at
523 K. However, due to the poor conductivity, the power
factor of the undoped sample is less than 2 yW-cm-K ™' at 823
K. Therefore, we utilized known n-type dopants for other
bismuth chalcogenides, namely, Cl and Se-vacancy doping,****
to improve the electrical properties of Rb,BigSe,.
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(a)® ”

Figure 3. S/TEM analyses of Rb,BigSe ;-based materials. (a) Low-
magnification annular dark field (ADF) image of the Rb,BigSe ;o6
(Vg = 0.30%) sample, with the corresponding selected area electron
diffraction (SAED) pattern and EDS mappings shown in the inset.
(b) Atomic-resolution high-angle annular dark field (HAADF) image
taken along the [100] zone axis. The inset is a zoom-in view with the
atom position labeled. Two types of alternating atomic layers with
significantly different Bi plane distances are highlighted.

Upon Cl doping, the electrical conductivity is significantly
enhanced with increasing Cl concentration, Figure 4a.
Specifically, the room temperature ¢ of the 0.2% Cl (Cl =
0.20%) sample increased from 18 to ~340 S-cm™', which
indicates that Cl has been successfully doped into the
Rb,BigSe,; lattice. Generally, the ¢ of all Cl-doped samples
first gradually decreases with temperature until 523 K and then
slightly increases because of bipolar diffusion. Moreover, owing
to the increase of carrier concentration, the absolute values of
Seebeck coeflicients are lower than that of the undoped
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Figure 4. Temperature-dependent (a, b) electrical conductivity, (c, d)
Seebeck coefficient, and (e, f) power factor of Cl-doped
(Rb,BigSe;3(1-y)Cly3, where x/Cl = 0, 0.05, 0.07, 0.15, and 0.20%)
and Se-deficient (szBiSSeB(l_y), where y/Vs, = 0, 0.05, 0.15, 0.30,
0.4S, and 0.70%) samples, respectively. The uncertainties of the
Seebeck coeflicient and electrical conductivity measurements are ~3
and 5%, respectively.

sample, Figure 4c. For instance, the Seebeck coefficient of the
Cl = 0.07% sample at room temperature is around —150 uV-
K™, which increases to —200 pV-K™' at 523 K and then
decreases slightly to —180 yV-K™' at 823 K. As a result, the
power factors for all samples are enhanced, as shown in Figure
4e. The highest power factor at room temperature obtained in
Cl-doped samples is ~4.0 yW-cm-K ™" for Cl = 0.05%, and this
value remains essentially unchanged across the testing
temperature regime.

Similar to Cl doping, the introduction of Se vacancies in Se-
deficient samples also introduces free electrons in the
compound, leading to an enhancement of electrical con-
ductivity as the Se-vacancy concentration increases, Figure 4b.
However, at comparable carrier concentration (Table S2), the
Se-deficient samples exhibit a much higher Seebeck coefficient
than the Cl-doped samples. For example, the room-temper-
ature Hall carrier concentration for the Vg, = 0.05% sample is
~3.31 X 10" cm™ and its Seebeck coeflicient is ~—214 V-
K™'. However, for the Cl = 0.15% sample with similar n =
~2.81 X 10¥cm™3, the corresponding Seebeck coefficient of
~—110 uV-K™" is much lower in the absolute value.

We further calculated the room-temperature effective masses
(m*) for the samples based on the Pisarenko relation’ and
assumed a single parabolic band contributing to carrier
conduction. The results indicate that significantly higher
effective masses are obtained through Se vacancy when
comparing to Cl doping. Specifically, the room-temperature
effective mass increases from ~0.36m, for the undoped sample
to ~1.46m, for the 0.15% Vg, sample, more than 2X of that in
the 0.15% Cl sample (0.507m,). As a result, the power factors
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of Se-deficient samples increased more significantly, with the
highest value obtained in the Vg, = 0.30% sample of ~5 yW-
em-K™" at 823 K, Figure 4f.

To understand the differences between Cl doping and Se
vacancies and their effects on the transport behaviors of
Rb,BigSe,3, we performed first principle calculations to study
the electronic band structures of Rb,Bi;sSe,s, Rb,Bi;¢Se,sCl,
and Rb,Bi sSe,s, Figure Sa—f. The calculation results indicate
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Figure S. (a), (c), (e) Density functional theory (DFT)-calculated

electronic band structures and (b), (d), (f) corresponding projected

electronic density of states of Rb,BijsSe,s, Rb,BijsSe,sCl, and
Rb,Bi ¢Se,s, respectively.

that pure Rb,BigSe;; is an indirect band gap semiconductor
with a band gap of ~0.5 eV, in good agreement with the
experimentally measured value of ~0.45 eV (Figure S3). The
calculations also reveal a multiband nature for both the valence
and conduction bands. The valence band has two closely lying
maxima separated by about 0.04 eV in energy, Figure Sa. The
first valence band maximum is located at I' point while the
second valence band at Y. There are also two conduction
bands at the Z point and a point along I'=Z with an energy
difference of 0.03 eV. The projected density of states depicts
the atomic contribution to the band structure, especially for
the top portion of the valence band and the bottom portion of
the conduction band. For pure Rb,Bi sSe,, the valence band
maximum is contributed mainly from Se 4p states and the
conduction band minimum is from Bi 6p states, Figure Sb. The
contribution of Rb states in the bands near the Fermi level is
negligible, suggesting that electron transport in this material is
through Bi-based 6p orbitals and hole transport is through Se
4p states.

When substituting some Se with Cl, the band shape of
Rb,Bi (Se,sCl is very close to that of the parent Rb,Bi sSe,,
but with a smaller band gap of 022 eV, Figure Sc. The
corresponding projected density of states (Figure Sd) further

indicates that the conduction band minimum of Rb,Bi,¢Se,sCl
is a hybrid of Bi 6p, Se 4p, and Cl 3p, where the Cl 3p peak is
at almost the same position as that of the Se 4p state.
Correspondingly, the density of state effective mass of
Rb,Bi;sSe,sCl is 0.55m,, very similar to that of the pure
sample of 0.53m,. However, for the Se-deficient sample (Figure
Se—f), the band structure changes significantly due to the
presence of unbonded Bi 6p electrons. Specifically, relative to
pure Rb,Bi Se,s Se vacancy induces very flat bands around
the Fermi level because of the neighbor Bi 6p electrons, which
results in an effective mass of 1.31m,, much larger than that of
the undoped and Cl-doped samples mentioned above. The
projected DOS of the Se orbital states are not plotted due to
very small values.

Ultralow Thermal Conductivity. Figure 6 displays the
temperature-dependent total and lattice thermal conductivities
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Figure 6. Temperature-dependent (a, c) total thermal conductivity
and (b, d) lattice thermal conductivity of Cl-doped
(Rb,BigSe;3(1_y)Cli3 where x/Cl = 0, 0.05, 0.07, 0.15, and 0.20%)
and Se-deficient (RbZBigsen(l_y), where y/Vs, = 0, 0.05, 0.15, 0.30,
0.4S, and 0.70%) samples, respectively. The estimated uncertainty of
the thermal transport measurements is ~10%.

of intrinsic, Cl-doped, and Se-vacancy-doped samples. For
intrinsic Rb,BigSe ;, the total thermal conductivity at room
temperature is ~0.6 W-m™"K™" and decreases to lower than
0.45 W-m™“K™" at 573 K, followed by a slight increase from
573 to 823 K due to bipolar diffusion. The lattice thermal
conductivity value is very close to K, because of the negligible
electronic contribution (k). For Cl-doped samples, k, is
slightly increased but maintains low values. Specifically, the
room temperature K, for the Cl = 0.05% sample is around
0.65 W-m™ "K' and falls to ~0.45 W-m "K' at 523 K. The
sample with 0.05% Cl concentration has the lowest ki, which
is only ~0.43 W-m™'K™" at 823 K, Figure 6c. Similar results
were obtained for the Se-deficient samples where the
introduced vacancy defects preserve the originally low thermal
conductivity. For example, the Vg, = 0.30% sample has ki, of
0.64 W-m™ "K', which decreases with temperature to 0.37 W-
m LK™ at 823 K, Figure 6b,d.

To understand the mechanism of the low thermal
conductivity in Rb,BigSe;3;, we studied the thermal transport
behavior via DFT-based phonon calculations. In short, the
calculations reveal that Rb,BigSe 3 possesses several advanta-
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geous features, namely, slow phonon velocities and large
Griineisen parameters, which are beneficial for obtaining low
lattice thermal conductivity. From the phonon dispersion
relationship shown in Figure 7a, the vibration frequency for the
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Figure 7. (a) Phonon dispersion curves (the colored curves represent
acoustic branches) and (b) corresponding projected phonon density
of states of Rb,BigSe;s. (c) Griineisen parameters along different
reciprocal directions. (d) Calculated lattice thermal conductivity along
three crystal directions and average lattice thermal conductivity from
300 to 900 K.

acoustic branches is relatively low. Owing to the larger lattice
parameters along a (13.49 A) and ¢ (24.71 A) compared with
the b-axis (4.16 A), the vibration energy along '—Z and I'-Y
is even significantly lower than that along the I'=X direction.
Moreover, the calculated phonon velocities for TA, TA', and
LA modes (based on the phonon dispersions) along different
crystal directions are very low, see Table 1.

Table 1. Calculated Phonon Velocities vy, vp4,, and v, (m*
s!) along the a, b, and ¢ Crystal Directions of Rb,BigSe,;,
Respectively

direction VTA VA’ 27 average
a 1028 1946 2312 1482
b 1358 1995 2657 1958
c 1442 1442 3445 1560

According to the calculated projected phonon density of
states (Figure 7b), the acoustic phonon transport (frequency
lower than 40 cm™") in Rb,BigSe,; mainly originates from Bi
atoms with negligible contribution from Se and Rb. In
addition, the Griineisen parameters of Rb,BigSe,; are large,
especially along the a and ¢ directions (Figure 7c). Specifically,
the averaged Griineisen parameters for TA, TA’, and LA
modes are 2.24, 2.38, and 2.54, respectively. Such large values
directly reflect strong lattice anharmonicity and anisotropy in
the materials. These phonon behaviors mentioned above ﬁlay
positive roles in decreasing lattice thermal conductivity,”™” as
shown in Figure 7d. The calculated lattice thermal
conductivities for Rb,BigSe,; along the a and ¢ axes are both
below 0.46 W-m™1-K™! at 300 K, while around 1.4 W-m™.K!
at 300 K along the b axis. The average lattice thermal
conductivity is ~0.74 W-m "-K™' at room temperature and

decreases to an ultralow value of 0.25 W-m™-K™! at 900 K, in
good agreement with the experimental data.

The thermal transport properties of Rb,BigSe; exhibit a
similar trend to B-K,BigSe ;-based materials. The potassium
compound exhibits extremely low lattice thermal conductivities
of 042-020 W-m "K' between 300 and 873 K.** The
reasons for this are similar to those of the Rb,BigSe;
compound, but the slightly lower thermal properties of f-
K,BigSe 3 may originate from the K/Bi mixed occupancy in its
crystal structure or the coexistent minor phase K, Bg:Se,,
contributing further phonon scattering.”*

Improved ZT via Cl- or Se-Vacancy Doping. The
thermoelectric performance with a peak ZT of ~0.26 at 823 K
of undoped Rb,BigSe; is relatively poor mainly because of low
intrinsic electrical conductivity. Because of the enhanced
electrical properties and the preserved low thermal con-
ductivity upon Cl-doping and Se-vacancy introduction, a large
enhancement in the thermoelectric properties is achieved,
Figure 8. For example, when the CI concentration is 0.07%, the
highest ZT is around 0.48 at 823 K. For Se-deficient samples,
the highest ZT of ~0.75 at 823 K is obtained with Vg, = 0.30%
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Figure 8. Temperature-dependent ZT values of (a) Cl-doped
(Rb,BigSe;3(1_y)Cly3, where x/Cl = 0, 0.05, 0.07, 0.15, and 0.20%)
and (b) Se-deficient (Rb,BisSe;3(,_,), where y/Vs, = 0, 0.05, 0.15,
0.30, 0.45, and 0.70%) samples.
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with ~20% of uncertainty, nearly ~200% enhancement over
the undoped sample.

B CONCLUDING REMARKS

The as-made n-type polycrystalline Rb,BigSe;;-based samples
crystallize as a single phase with ~1—100 ym grain size and
exhibit high microstructural anisotropy. Both Cl- and Se-
vacancy doping can successfully induce n-type carriers into the
lattice but affect the electronic band structure differently.
According to DFT calculations, the introduction of Se vacancy
in Rb,BigSe,; induces very flat bands around the Fermi level
due to the existence of unbonded Bi 6p electrons, which
enhances the effective mass from ~0.36m, for the undoped
sample to ~1.46m, for the 0.15% Vg, sample. The undoped
Rb,BigSe;; exhibits low lattice thermal conductivity of ~0.60
W-m1K™! at room temperature, which drops to an ultralow
value of ~0.40 W-m™"-K™" at 5§73 K. DFT phonon calculations
revealed that such low thermal transport behavior is attributed
to strong lattice anharmonicity, slow phonon velocities, and
large Griineisen parameters. On combining the enhanced
electrical properties and the low thermal conductivity, a peak
ZT of ~0.75 at 823 K for the 0.3% Se-vacancy-doped sample is
obtained.
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