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ABSTRACT: Bi2Te3-based alloys are widely utilized in Peltier
coolers owing to their highest thermoelectric performance at near-
room-temperatures. However, their peak dimensionless thermo-
electric figure of merit, zT, is limited to a narrow temperature
window due to minority carrier excitation emerging upon heating at
around 400 K. Here, we show how this issue can be overcome by
incorporating a synthetic rickardite mineral, Cu3−xTe2, in p-type
(Bi, Sb)2Te3. The significant enhancement of the electronic and
thermal properties could be achieved due to small Cu
incorporation into the crystal structure of (Bi, Sb)2Te3 and
homogeneous precipitation of Cu3−xTe2 at the grain boundaries.
This leads to a high average zT value (zTave) of 1.22 between 350 and 500 K for two compositions, Bi0.5Sb1.5Te3 (BST-5) and
Bi0.3Sb1.7Te3 (BST-3), with peak zT values of 1.32 at 467 K and 1.30 at 400 K, respectively. These high zT values result in a
considerably high maximum device ZT of ca. 1.15 and a theoretical efficiency of up to 7% between 325 and 525 K. Additionally,
room-temperature micro-hardness is substantially improved, which is desirable for constructing reliable and durable thermoelectric
modules.

■ INTRODUCTION
The adverse outcomes of heavily utilized energy sources have
motivated scientists to find out ways to recover waste heat
reaching up to 70% for different sectors of end use.1

Thermoelectric (TE) materials have attracted significant
attention as a sustainable and clean energy source by
converting waste heat into electricity and functioning as
solid-state coolers.2,3 However, their low conversion efficiency
restrains their widespread applications. The efficiency of
thermoelectric materials depends on the dimensionless
thermoelectric figure of merit, zT, defined as zT = α2σT/(κph
+ κel), where α, σ, T, κph, and κel are the Seebeck coefficient (or
thermopower), electrical conductivity, absolute temperature,
and lattice and electronic thermal conductivity, respectively.4

Due to the interdependency of thermoelectric transport
coefficients, maximizing the zT values of materials is extremely
challenging.5 Furthermore, for device applications, it is of great
importance to obtain a high efficiency zT over a wide
temperature range, instead of attaining a peak zT at a specific
temperature.6,7

Bi2Te3-based alloys remain the best near-room-temperature
thermoelectric materials and are widely used in Peltier coolers
and low-grade power generation systems.6,8−10 p-type
Bi0.5Sb1.5Te3 (BST) showed high and reproducible zT values
of around 1.2 at 300 K,11−13 while n-type Bi2(Te, Se)3 show
lower zT values that fall below unity at 300 K.14−19 High
carrier mobility and band degeneracy along with intrinsically
low lattice thermal conductivity of these materials allow for a

high thermoelectric efficiency to be reached around room
temperature. On the other hand, the low band gap of ∼0.15 eV
for Bi2Te3 results in excitations of minority carriers that
typically onset at 400 K, causing a dramatic reduction in the zT
values at higher temperatures.9,20

Up to now, many different techniques have been applied to
enhance the zT values of Bi2Te3-based alloys, including
doping/alloying,21−25 defect engineering,8,26 nanostructur-
ing,27−29 or texturing.30−32 Previous studies revealed that the
peak zT values of Bi2Te3-based materials outreach 1.2 around
300 K for alloyed compositions and after applying complex
synthesis procedures.33−35 Commercial materials are usually
synthesized in the form of single crystals or zone-melted ingots
with a high degree of texture.8,19,36 However, the high
deformation texturing techniques applied during the synthesis
lead to high production cost and poor mechanical stability of
the materials.16,32,37,38

With recent studies introducing a second phase to the (Bi,
Sb)2Te3 matrix through alloying or doping, peak zT values
could be shifted toward higher temperatures.39−44 Besides
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enhanced thermoelectric properties, incorporating a phase with
high mechanical strength, such as SiC or MgB2, into the matrix
improved the mechanical properties of Bi2(Te, Se)3

6,45 and
(Bi, Sb)2Te3.

46 Moreover, doping (Bi, Sb)2Te3 with Ag, Pb,
Cu, or Cd increased the hole concentration, thereby hindering
the bipolar effect, but at the expense of reduced carrier
mobility.25,39−42,47 Among these elements, several studies were
focused on Cu through direct doping or by adding a binary
Cu-rich alloy.
Prominent examples of this last strategy notably include

alloying Bi2Te3 with Cu2Se nanostructures and Bi0.3Sb1.7Te3
with Cu2Te. In the first case, the presence of Cu resulted in
forming SeTe and CuBi antisite defects leading to an enhanced
power factor (α2σ). Meanwhile, the formation of Cu7Te5
(rickardite phase, described by another composition) as a
secondary phase and localized Te-deficient regions were shown
to act as hierarchical phonon scattering sources, yielding a
substantial decrease in the lattice thermal conductivity.48

Alloying Bi0.3Sb1.7Te3 with Cu2Te optimized the hole
concentration through both Cu substitution and formation of
intrinsic defects, which also contributed to lower the lattice
thermal conductivity due to enhanced point defect scattering.44

However, most of the alloys reported so far in literature do not
show concomitantly enhanced mechanical properties and high
average zT values.
In an attempt to overcome this issue, we investigated the

influence of the Cu-rich rickardite mineral Cu2.9Te2 on the
thermoelectric and mechanical properties of (Bi, Sb)2Te3
compounds. In addition to benefiting from the presence of
Cu, directly alloying with a mineral can increase the time and
cost efficiency of the fabrication process. Moreover, the
incorporation of secondary phases with different chemical
compositions in microstructures can facilitate the attainment of
unique thermodynamic states, resulting in diverse defect
concentrations that can ultimately enhance the optimization
of thermoelectric properties.47 Synthetic rickardite has been
added to two distinct p-type alloys, Bi0.5Sb1.5Te3 (BST-5) and
Bi0.3Sb1.7Te3 (BST-3), which exhibit different peak zT
temperatures, a desirable characteristic to be implemented in
segmented thermoelectric modules.8 The incorporation of
Cu2.9Te2 results in higher zT values between 400 and 550 K,
ultimately reaching 1.32 at 467 K and 1.30 at 400 K in BST-5
and BST-3, respectively. Likewise, the microhardness of both
samples is significantly enhanced, doubled for the BST-5 and
increased 50% for the BST-3, respectively, compared to
pristine BST. The improved thermoelectric performance and
mechanical stability of these alloys demonstrated herein is of
great relevance for large-scale applications of BST-based
materials in conventional and segmented thermoelectric
devices.

■ EXPERIMENTAL METHOD
Sample Preparation. Bi0.5Sb1.5Te3 and Bi0.3Sb1.7Te3 samples were

prepared by solid-state synthesis with annealing and high energy ball
milling, respectively. Raw materials of bismuth (Bi, Sigma-Aldrich
>99.999% metals basis), antimony (Sb, Sigma-Aldrich >99.999%
metals basis) shots, and tellurium pieces (Te, Sigma-Aldrich
>99.999% metals basis) were used as starting materials to synthesize
both compositions. Rickardite mineral, Cu2.9Te2, incorporated into
BST medium was synthesized by following the same procedure
described in our previous study.49 To prepare the Cu2.9Te2 sample,
elemental copper (Cu, Sigma-Aldrich 99.99% metal basis) and
tellurium (Te, Alfa Aesar 99.999% metals basis) were reacted in a
stoichiometric ratio by solid-state synthesis. The raw materials were

sealed inside a carbon-coated fused silica tube under vacuum, which
was then placed in a muffle furnace and held at 1223 K for 12 h. After
quenching the tube in water at room temperature, the tube was placed
back in the furnace for further annealing at 623 K for 4 days. For the
preparation of Bi0.5Sb1.5Te3, the raw materials were sealed into a fused
silica tube under vacuum and transferred to a muffle furnace, where
they were held at 1073 K for 10 h. To perform the mechanochemical
treatment, the as-synthesized Bi0.5Sb1.5Te3 was mixed with Cu2.9Te2
powder and loaded into a stainless-steel container inside an Ar-filled
glovebox. The mixture was then ball-milled for 10 min. To prepare
the Cu2.9Te2-incorporated Bi0.3Sb1.7Te3 samples, stoichiometric
amounts of Bi, Sb, and Te elements, along with the previously
prepared Cu2.9Te2, were loaded into a stainless-steel vial and ball-
milled for 90 min using high-energy ball milling.

Composite samples were prepared with the ratios varying between
x = 0−0.150 for (Bi0.5Sb1.5Te3)1−x(Cu2.9Te2)x and x = 0−0.005 for
(Bi0.3Sb1.7Te3)1−x(Cu2.9Te2)x. The samples, labeled by their nominal
stoichiometry, represent the undoped sample without ball-milling,
while the x = 0 sample represents the ball-milled, undoped sample to
determine the effect of ball milling on the transport properties. The
obtained powders were loaded into a graphite die and consolidated by
spark plasma sintering (SPS) for 10 min at 873 K under a pressure of
50 MPa. The dense 10 mm height cylindrical pellets were obtained for
chemical characterizations and transport property measurements. The
measured densities of the BST-5 samples fell within the range of
6.56−6.70 g/cm3, which corresponds to relative densities of 97−99%.
However, the as-synthesized BST-5 sample using the solid-state
method without ball-milling had a density of 6.33 g/cm3 with a
relative density of 94%. For the BST-3 samples, the measured
densities were in the range of 6.38 to 6.57 g/cm3, with relative
densities between 97 and 99% (Table S1).
Sample Characterization. The phase purity of samples was

characterized by using a Rigaku MiniFlex 600 (Cu Kα = 1.5418 Å, 40
kV voltage, and 15 mA) and a Huber Guinier G670 camera (Cu Kα1
radiation = 1.54056 Å). Lattice parameter calculations were
performed with WinCSD program package.50 Microstructure analyses
of the samples were performed using scanning electron microscopy
(SEM, Jeol JSM 7800F Field Emission cathode) equipped with an
EDX system and optical microscopy (OM, Zeiss Axioplan 2)
techniques and OM. The chemical compositions of the target phase
were determined by electron microprobe analysis using wavelength-
dispersive X-ray spectroscopy (WDS, Cameca SX 100, tungsten
cathode). Atom-probe tomography (APT) studies were performed
using a Cameca local-electrode atom-probe 4000X-Si tomograph. The
micro array samples for the APT analysis were prepared by using
focus ion beam (FIB) FEI Helios Nanolab 600 SEM/FIB dual beam
system via the lift out method. Microhardness of the samples were
measured by Shimadzu HMV-G Vickers Microhardness Tester by
taking the average of 15 various spots with a load of 9.807 mN. Hv
values were calculated according to the relation Hv = 1.8544F0/d2
where F0 is the applied load and d is the diagonal length of
indentation impression.
Transport Property Measurements. The SPS-consolidated

pellets were cut into appropriate shapes with a diamond-wire saw
for thermal and electrical transport measurements along cross-plane
and in-plane directions. All measurements were performed between
323 and 523 K. Thermal diffusivity D measurements were carried out
using a NETZSCH LFA HT467 laser flash apparatus. Thermal
conductivities of samples were calculated using κ = DCpd, where Cp is
the Dulong-Petit heat capacity and d is the experimental density of the
sample. Electrical conductivity and Seebeck coefficient measurements
were carried out on bar-shaped samples using a four-probe method on
a ZEM-3 measurement system (Ulvac-Riko, Japan). Hall coefficient
measurements were performed by the Van der Pauw technique with a
reversible magnetic field of 1 T using pressure-assisted tungsten
electrodes. zTave values of the samples were calculated by using

=zT
zT T

Th Tcave
d

Tc
Th

. The thermoelectric device figure of merit, ZT, and
the maximum conversion efficiency, ηmax, were calculated using the
method reported by Snyder and Snyder.51

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c00229
Chem. Mater. 2023, 35, 3603−3613

3604

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00229/suppl_file/cm3c00229_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
Crystal Structure and Phase Analysis. The rhombohe-

dral crystal structure of (Bi, Sb)2Te3 is built up by quintuple
layers with the sequence Te(1)-Bi-Te(2)-Bi-Te(1) (Figure
1a). In this structure, Te(1) layers are connected by weak Van

der Waals interactions while Bi-Te octahedra are formed by
strong covalent bonds.5,36 This unique crystal structure induces
strong anisotropy, which necessitates the measurement of in-
plane (perpendicular to the pressing direction) and cross-plane
(parallel to the pressing direction) transport properties. The
synthetic rickardite mineral, Cu3−xTe2 (x ≤ 0.2) crystallizes in
an orthorhombic space group Pmmn (Figure 1b) at room
temperature,49 and undergoes phase transitions at higher
temperatures (tetragonal above 473 K and presumably
hexagonal above 673 K).49 In the orthorhombic crystal
structure of Cu3−xTe2, Cu atoms are distributed on two
crystallographic sites, whereas Te atoms are located on one
site. While the 2a site is fully occupied by Cu1 atoms, Cu2

atoms only partially occupy the 2b site. The Cu1-Te
interaction creates a corrugated Cu1-Te framework accom-
modating the Cu2 atoms in the cavities. The tetragonal
structure of rickardite, isotypic to Cu2Sb, can be described in
the P4/nmm space group with Cu1-Te layers weakly bounded
to the Te atoms through partially filled Cu2 sites.

The PXRD patterns of BST-5 and BST-3 samples show that
the target Bi0.5Sb1.5Te3 and Bi0.3Sb1.7Te3 phases have been
obtained successfully (Figure 2). Figure 2b shows that the
most intense peaks of Cu2.9Te2 are only observed in BST-5
samples with a high percentage of addition. Due to its low
concentration in the BST-3 matrix, there is no detectable
Cu2.9Te2 peaks. The lattice parameter calculations indicate a
slight decrease in the a value and a marginal increase in the c
value for both BST-5 and BST-3 samples upon doping with
Cu2.9Te2, as shown in Figure S1. Previous studies have
observed that in the crystal structure of BST, Cu can either
substitute on the Bi/Sb site,5,42,44,47,52,53 or be intercalated in
the van der Waals gaps located between quintuple layers.54 If
Cu is intercalated, then the c parameter should increase with
the increase in Cu content. On the other hand, if Cu
substitutes on the Bi/Sb site, the a parameter may decrease
due to the difference in ionic radii between Cu1+ (91 pm,
Shannon55) and Cu2+ (87 pm, Shannon) compared to Sb3+

(90 pm, Shannon) and Bi3+ (117 pm, Shannon). Our PXRD
analyses indicate that both scenarios may occur simulta-
neously, with a small fraction of Cu being incorporated into
the BST matrix.

Figures 3 and S2 show that the Cu2.9Te2 grains in the BST-5
and BST-3 microstructures decorate the grain boundaries
almost homogeneously. Cu2.9Te2 grains are seen as dark spots
in the microstructure, which can be differentiated by elemental
mapping (Figure 4). The accurate compositions were obtained
from WDS analysis by averaging 10 measured data points
performed on the BST grains (Table S2). Even for the lowest
doping level, Cu could be detected on the BST-5 sample with x
= 0.005 as Cu0.037(1)Bi0.491(6)Sb1.487(4)Te3 in cross-plane and

Figure 1. Crystal structures of (a) (Bi, Sb)2Te3 and (b) low-
temperature orthorhombic phase of Cu3−xTe2.

Figure 2. XRD patterns (Cu Kα) of (a) BST-5, (b) magnified region (2θ between 31 and 47°) shows Cu2.9Te2 and (c) BST-3 after SPS. The black
and red ticks mark the theoretical peak positions of the (Bi, Sb)2Te3 phases and orthorhombic phase of Cu2.9Te2, respectively.
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Cu0.037(1)Bi0.493(5)Sb1.478(4)Te3 in in-plane directions, indicating
that a small amount of Cu was incorporated into the crystal
structure of the main phase. On the other hand, it was not
possible to detect Cu on the BST-3 sample with x = 0.00075 as
this level of doping is below the detection limit of WDS. The
compositions of the main phases were found to be close to the
nominal compositions of Bi0.5Sb1.5Te3 and Bi0.3Sb1.7Te3,
respectively, with only slight variations of Bi and Sb content
among the measured points.
To determine the distribution of elements and Cu

localization at the atomic scale, APT was utilized. Due to the
ease of erosion of the tip by ion milling during shaping,
isolating the BST/CuTe grain boundary proved difficult even
after multiple attempts. Despite this, the obtained microarray
was found to be in close proximity to a grain boundary to a
rickardite region. Figure 5a displays the 3D reconstructed APT

data, containing 60 million atoms, with a 10% fraction display.
Figure 5b presents the compositional line profile of Bi, Sb, and
Te atoms from the selected cylinder (C2) volume, indicating a
small degree of compositional inhomogeneity in the Bi and Sb
contents, as reported in prior studies.56 The presence of Cu in
the microarray in the BST grain can be identified by examining
the mass-to-charge ratio spectrum (Figure S3a) of the sample
and focusing on Cu+ isotope regions (Figure S3b). However,
due to the overlap of mass-to-charge values of Te2+ isotopes of
126 and 130 with Cu+ isotopes of 63 and 65, the quantitative
determination of Cu inclusion in the BST region is not
possible. Nevertheless, the intensity difference between these
lines provides evidence of Cu inclusion in the grain. The atoms
are assigned together based on the mass-to-charge ratio values
of 63, 64, and 65, and Figure S3c presents the 3D
reconstructed APT data from the selected cylinder (C1)
volume of the first 15 million atoms of the microarray, in which
the assigned atoms make up less than 1% of the ionic
concentration. In addition to APT data obtained from very
limited area of the sample, the existence of Cu and
compositional fluctuation with respect to Bi, Sb, and Te
content were observed using EDS line scan analysis for the
main grains and the grain boundaries (Figure S4).

As reported previously for polycrystalline Cu2.9Te2, the
strong orientation contrast in polarized light helps to locate the
phase throughout the BST matrix.49 Figures S5 and S6 show
the polarized optical micrographs of the BST-5 sample with x
= 0.005 and x = 0.025, respectively. The rickardite phase is
clearly visible and is in contact with some large and small
micron-sized grains of the BST phase. As shown in Figure 6, in
the in-plane direction of the BST-5 sample with x = 0.005, the
BST grains show a plate-like morphology and are thus highly
oriented while this texture is less obvious along the cross-plane
direction. This feature was found to be more pronounced for
the x = 0.025 composition (Figure S7). The anisotropic crystal
structure along with solid-state synthesis with long annealing

Figure 3. BSE (back-scattered electron) images (20 kV HV) of the
BST-5 sample with x = 0.005: (a,b) cross-plane and (c,d) in-plane
direction.

Figure 4. SE (secondary electron) images (20 kV HV) of the BST-5 sample with x = 0.005: (a) cross-plane and (b) in-plane direction with
elemental mappings of Bi, Sb, Te, and Cu.
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times at relatively high temperatures, may facilitate the
formation of such oriented grains.
For the BST-3-based samples, the rickardite phase is less

easily detectable by SEM because of the minute amount of
Cu2.9Te2 in these samples. On the other hand, polarized OM
images of (Bi0.3Sb1.7Te3)0.99925(Cu2.9Te2)0.00075 present some
sh iny orange par t i c l e s l i ke those observed in
(Bi0.5Sb1.5Te3)0.995(Cu2.9Te2)0.005 and can be thus safely
attributed to Cu2.9Te2 (Figure 6). In terms of grain size and
nature of the preferred orientation, the microstructure
indicates very different features compared to the BST-5
samples. First, the grain sizes are found to be very small (sub-
micron) and more homogeneous throughout the micro-
structure. Additionally, no preferred orientation is observed
in either direction due to the synthetic route followed for
preparing the BST-3 samples relying on high-energy ball
milling.
Transport Properties. Thermoelectric Transport Proper-

ties of (Bi0.5Sb1.5Te3)1−x(Cu2.9Te2)x. The electronic properties of
Bi2Te3-based alloys are governed by their defect chemistry.9 In
the binary compound Bi2Te3, both BiTe antisite defect
(contributing one hole per defect), due to the small difference
in electronegativity between Bi (2.02, Pauling scale) and Te
(2.10, Pauling scale), and Te vacancies (contributing two
electrons per defect) are the main types of defects. The former
is mainly responsible for the intrinsic p-type properties
observed in most single crystals and large-grain polycrystals.9

Upon alloying Bi2Te3 with Sb2Te3, the substitution of Sb for Bi

tips the balance between both types of defects toward antisite
defects due to the smaller difference in electronegativity
between Sb (2.05) and Te (2.10) compared to Bi (2.02) and
Te (2.10). Thus, in Sb-rich compositions, such as Bi0.5Sb1.5Te3
considered herein, degenerate p-type electronic properties are
e x p e c t e d . T h e t r a n s p o r t p r o p e r t i e s o f t h e
(Bi0.5Sb1.5Te3)1−x(Cu2.9Te2)x samples along the cross-plane
direction are consistent with these expectations for pristine
samples (Figure 7), with an electrical conductivity σ decreasing
with the increase in temperature and positive Seebeck
coefficients S. These measurements further evidence the direct
role of rickardite in tuning the thermoelectric performance of
BST. σ gradually increases with the increase in x from 500 S
cm−1 in BST up to 3000 S cm−1 for x = 0.15. For all doped
samples, the trend in σ(T) with the increase in temperature is
indicative of a degenerate semiconducting nature. The
increased metallic character of transport is further reflected
by the magnitude of S, which decreases with the increase in x.
The maximum in S reached near 350 K in the pristine BST
sample signals the beginning of the intrinsic regime of
conduction characterized by excitation of minority carriers
across the electronic band gap.

The trend observed in the electronic transport can be
explained by the dissolution of a small fraction of Cu into the
BST matrix evidenced by APT and WDS analyses. Assuming
that Cu mainly substitutes for Bi/Sb, the distinct valence state
of Cu with fewer electrons with respect to Sb is expected to
give rise to enhanced hole concentrations in doped samples.

Figure 5. (a) 3D atom maps of elemental fractions and Bi (green) by APT analysis and (b) composition line profile of constituent elements
calculated from selected cylinder volume in atom maps of Bi obtained from BST-3 with x = 0.00075 sample, indicating some inhomogeneity of Bi
and Sb distributions in the grains of the BST phase.

Figure 6. OM images of the BST-5 sample with x = 0.005 and BST-3 sample with x = 0.00075: top ones along the cross-plane and bottom ones
along the in-plane direction, indicating the preferred orientation of the BST grains along the in-plane direction for BST-5 but not for BST-3.
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This doping mechanism is supported by the Hall carrier
concentration trends indicative of higher hole concentrations

attained with increasing x (Figure 7c). We note that 10 min of
high-energy ball milling without Cu2.9Te2 addition led to lower

Figure 7. Temperature-dependent thermoelectric transport properties of (Bi0.5Sb1.5Te3)1−x(Cu2.9Te2)x samples through the cross-plane direction.
(a) Electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) carrier concentration, (e) thermal conductivity, and (f) dimensionless
thermoelectric figure of merit, zT.

Figure 8. Temperature-dependent thermoelectric transport properties of (Bi0.5Sb1.5Te3)1−x(Cu2.9Te2)x samples through the in-plane direction. (a)
Electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) carrier concentration, (e) thermal conductivity, and (f) dimensionless
thermoelectric figure of merit, zT.
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hole concentrations due to the formation of intrinsic donor-
like defects as previously discussed.57 The temperature-
dependent Hall mobility μH = 1/(nHeρ) data, shown in Figure
S8a, imply acoustic phonon scattering as the prominent
scattering mechanism. All these results are consistent with the
intrinsic regime, reached above 350 K in the BST sample,
being shifted toward higher temperatures in doped samples.
Maximum power factor values are achieved for both x = 0.005
and 0.010 in the BST-5 samples (Figure 7d).
Figure 7e shows the temperature dependence of the total

thermal conductivity κ, which is the sum of an electronic
contribution due to charge carriers κe, a lattice contribution κl,
and a bipolar contribution due to minority carriers κb. The
slight upturn in κ observed at 450 K in BST reflects this last
contribution, which is suppressed upon incorporating increas-
ing amounts of Cu2.9Te2. κe has been estimated by the
Wiedemann−Franz law κe = LσT, where L is the Lorenz
n u m b e r c a l c u l a t e d t h r o u g h t h e r e l a t i o n

= + | |( )1.5 expL a
10 W K 116 V / K8 2 .58 In doped samples, the

lattice thermal conductivity κl is lowered, an effect that can be
ascribed to enhanced phonon scattering resulting from the
presence of Cu2.9Te2.
The combination of improved power factor and lowered

phonon transport upon adding rickardite leads to a significant
increase in the zT values (Figure 7f). Although the room-
temperature value is nearly similar for x = 0.005 and 0.010,
their medium-temperature zT reaches a peak value of 1.32,
which is among the highest values reported for doping studies
on BST-5.59,60 The shift in the temperature at which this
maximum occurs is a direct consequence of the suppression of
the bipolar contribution to S. More importantly, the zT values
plateau between 425 and 525 K giving rise to an improved
average zT of 1.22, which is an essential requirement for
designing thermoelectric modules with enhanced device
efficiency.
In the in-plane direction of BST-5 samples, the electronic

and thermal transport behaviors are parallel to those observed
along the cross-plane direction (Figures 8 and S9). The
electrical conductivity in the pristine compound is almost twice
as high as along the cross-plane direction due to its higher
carrier concentration as depicted in Figure 8a,c. In addition to
higher carrier concentration, preferred orientation of the BST
grains along the in-plane direction may contribute to that
further (see Figure 6). The 10 min ball-milled sample without
Cu2.9Te2 shows slightly lower electrical conductivity and higher
Seebeck coefficient compared to the as-synthesized material.
This is consistent with the reduced concentration of p-type
defects due to the ball-milling process.61 The highest power
factor is achieved for the x = 0.05 sample. As x increases, the
thermal conductivity increases similar to the cross-plane
direction. Room-temperature zT value was the highest for
the 10 min ball-milled sample without Cu2.9Te2. However, at
temperatures above 400 K, the zT value of this sample
considerably drops down due to minority carrier activation.
The x = 0.05 sample attained the highest zT of ca. 1.3 at 475 K
thanks to its highest power factor and lowest κl values.

T h e rm o e l e c t r i c T r a n s p o r t P r o p e r t i e s o f
(Bi0.3Sb1.7Te3)1−x(Cu2.9Te2)x. The beneficial influence of rick-
ardite on the peak and average zT is further demonstrated in
the series (Bi0.3Sb1.7Te3)1−x(Cu2.9Te2)x with x = 0, 0.00025,
0.00075, 0.0015, and 0.005 in which both quantities are also
improved (Figures S10 and S11). Similar to the results

obtained in BST-5, rickardite incorporation increases the zT of
BST-3 along the in-plane direction up to a maximum value of
1.27 for x = 0.00075. For these samples, the suppression of
bipolar conduction is also observed in the thermal con-
ductivities of doped samples which have a linear decreasing
trend with temperature. In addition to increasing the peak zT,
Cu2.9Te2 addition shifts the temperature, where the zT values
plateau to around 400 K. On the other hand, Cu2.9Te2
incorporation through the cross-plane direction causes a
stepwise increment in the value and temperature of plateau
zT. Benefiting from these increased zT values, a module design
with a segmented single p-type leg is proposed for both
thermoelectric power generation and Peltier cooling (Figure
9). The p-type leg is composed of BST-3 and BST-5 cross-

plane samples with x = 0.00025 and 0.010, respectively, to
achieve device ZT values of 0.95−1.15 in the temperature
range 323−523 K. ηmax reaches 7% at 525 K,51,62,63 which is a
very competitive value for compositionally segmented
BixSbyTe3 tri-block thermoelectric leg.64

Vickers Microhardness Test. Although BST compounds
usually exhibit zT values close to unity, their mechanical
instability makes their integration into micro-devices challeng-
ing. As illustrated in Figure 10, compared with other BST
alloys, rickardite incorporation into the BST matrix is found to
be very promising for improving the mechanical stability of
both BST-5 and BST-3 and, concomitantly, their average figure
of merit (zTave). Vickers microhardness values increase with
the increase in Cu2.9Te2 content for both BST-5 and BST-3
samples and for both directions, with the utmost enhancement
being about 116 and 51% for BST-5 and BST-3, respectively.

The values of (Bi0.5Sb1.5Te3)0.975(Cu2.9Te2)0.025 reach up to
86.28 Hv and 95.86 Hv in cross-plane and in-plane direction,
respectively, which is significantly higher compared to other
BST samples synthesized by solid-state synthesis and
commercially available zone-melted (ZM) BST-5.71 The
zTave values of the samples were calculated between 350 and
500 K to compare with literature data usually reporting them
within this range. Considering their zTave and hardness, the
best BST-5 samples would be for x = 0.010 for cross-plane with
81.55 Hv and 1.22 zTave, while it would be x = 0.025 for in-
plane with 95.86 Hv and 1.17 zTave. The best BST-3 sample
would be x = 0.00075 with zTave of 1.06 and 70.89 Hv for
cross-plane and zTave of 1.21 and 85.99 Hv for in-plane
direction. These values are slightly higher than those reported

Figure 9. Calculated device ZT and theoretical device efficiency of
(Bi, Sb)2Te3/Cu2.9Te2 composite combinations of the best BST-3 and
BST-5 cross-plane samples with x = 0.00025 and 0.010, respectively.
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for BST-3/Cu2Te with zTave ∼ 1.12.44 The commercial BST
(BST-ZM-com.) grown by zone-melted method has zTave
below 0.6 with 50 Hv, that is, low zTave and poor mechanical
stability compared to pristine BST-5 sample in this work.65

Previous studies on BST alloys reporting transport properties
along with mechanical properties generally resulted in
deteriorated zTave values when the mechanical stability of the
samples was enhanced (Figure 10).66−70 The enhancement in
Hv values achieved herein may be the consequence of diffusion
of Cu ions into the BST grains or possibly in the BST
interlayer, thereby forming defects that contribute to prevent
the propagation of dislocations.

■ CONCLUSIONS
By incorporating a synthetic mineral, rickardite, into the state-
of-the-art thermoelectric material (Bi, Sb)2Te3, we have shown
how the peak and average figure of merit values can be
optimized without being at the expense of good mechanical
properties. Although thermoelectric transport properties of
rickardite are poor at temperatures in which (Bi, Sb)2Te3 alloys
are commonly used, the presence of Cu3−xTe2 induces doping
of the main phase and additional scattering centers at the grain
boundaries, drastically enhancing both transport and mechan-
ical properties of (Bi, Sb)2Te3. These results were achieved in
two distinct compositions, namely, Bi0.5Sb1.5Te3 and
Bi0.3Sb1.7Te3. Incorporating Cu2.9Te2 into BST-5 enhances
the zT by ca. 90%, reaching 1.32 at 500 K along the cross-plane
direction, while the plateau zT is shifted toward higher
temperatures and higher values simultaneously in the in-plane
direction. Meanwhile, mechanical properties are also enhanced
by 73 and 116% for cross- and in-plane directions, respectively.
Similar results are obtained for the alloy Bi0.3Sb1.7Te3, for
which the zT values increase to 0.95 and 1.15 at 325 and 525
K, respectively. These results make these optimized materials
attractive for a segmented module comprising rickardite-doped
BST-3 and BST-5 in the p-type leg, with a maximum device ZT
of around 1.15 at 523 K, along with a device efficiency of 7%.
Overall, rickardite incorporation in BST alloys is a very
promising route for achieving high thermoelectric efficiency
and mechanical stability.
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