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ABSTRACT: Modulated doping has always been a conventional
and effective way to optimize thermoelectric (TE) materials.
Unfavorably, the efficiency of conventional doping is always
restricted by the strong interdependence of thermoelectric
parameters. Here, an unconventional grain boundary doping
strategy is reported to solve the above problem using commercial
p-type Bi0.5Sb1.5Te3 as matrix materials. Decoupling of the three key
TE parameters and large net get of the figure of merit (ZT) could
be achieved in Bi0.5Sb1.5Te3 materials by introducing the gradient
Cu-doped grain boundary. A high ZT of ∼1.40 at 350 K and a
superior average ZT of ∼1.24 (300−475 K) are obtained in the as-
prepared samples, projecting a maximum conversion efficiency of
∼8.25% at ΔT = 200 K, which are considerably greater than those
of the commercial Bi0.5Sb1.5Te3 matrix and the traditional Cu-doped
Bi0.5Sb1.5Te3 sample. This study gives deep insights to understand the relationships between the microstructure and the carrier/
phonon transport behaviors and promotes a new strategy for improving the thermoelectric performance of commercial p-type
Bi0.5Sb1.5Te3 materials.
KEYWORDS: thermoelectric, Bi0.5Sb1.5Te3, grain boundaries, cu doping, phonon scattering, commercial material

1. INTRODUCTION
As a potential strategy to improve the efficiency of resource
utilization and achieve carbon neutrality, thermoelectric (TE)
technology has drawn considerable interest recently.1−3 The
efficiency of TE conversion depends on the figure of merit
(ZT) of TE materials, defined as ZT = S2σT/κtot, where S, σ, T,
and κtot are the Seebeck coefficient, electrical conductivity,
absolute temperature, and total thermal conductivity, respec-
tively. Thus, an excellent TE material should possess high S,
large σ, as well as low κtot simultaneously. Over the past few
decades, extensive strategies such as modulation doping and
microstructure engineering have been adopted to improve the
performance of TE materials.4−6 Most of these studies are
based on the improvement of the power factor through carrier
concentration optimization or reduction of lattice thermal
conductivity (κlatt) by enhancing phonon scattering, and
simultaneous optimization of the electrical and thermal
transport properties is a great challenge.7−9 Therefore,
developing a facile strategy to improve the performance by
overcoming the interdependence of TE parameters is a core
goal of TE research.10,11

As a classical room-temperature TE material, Bi2Te3-based
alloys remain dominant in commercial applications for solid-
state refrigeration and power generation.12−15 The large-scale

application of Bi2Te3-based materials is restricted by its poor
TE performance and high material cost. For instance, the ZT
of commercial p-type BST alloy is <1, but the material cost is
about 8.63 × 105 $/W. Numerous strategies have been used to
optimize TE parameters and subsequently enhance ZT values
of Bi2Te3-based alloys, such as modulated doping, nano-
engineering, and grain boundary engineering.16−19 Cu doping
has been confirmed as a general way to enhance the TE
performance of p-type BTS materials, which always results in
the simultaneously increasing of the power factor and thermal
conductivity.20−22 In p-type BST alloys, the Cu atoms prefer to
enter the Sb sites, which could provide additional holes and
enhance carrier mobility. For example, Chen et al. reported a
ZT value of 1.4 at 400−500 K in BST alloys via introducing
Cu doping.10 Grain boundary engineering is effective in
suppressing κlatt, but it always results in the reducing σ, which
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might lead to a worse ZT.23,24 Both modulation doping and
grain boundary engineering focus on one part of the
improvement in either electrical or thermal transport proper-
ties. Herein, we combine grain boundary engineering and Cu
doping to improve TE performance of commercial BST
materials via significantly enhancing phonon scattering while
not hindering the electrical properties.
In this work, we adopt an unconventional grain boundary

doping strategy to enhance the TE performance of the
commercial BST material. Different from traditional modu-
lated doping, decoupling of the three key TE parameters and
large net get of ZT could be achieved by introducing gradient
Cu-doped grain boundaries to BST materials. The introduc-
tion of gradient Cu doping at grain boundaries is beneficial for
the increase of carrier concentration and carrier mobility,
leading to an overall enhancement of PF. Meanwhile, the
synergistic reduction of κlatt is also achieved due to the
enhanced phonon scattering, as described in Figure 1.

Benefiting from the full decoupling of TE parameters, the as-
prepared samples exhibit superior TE performance to the
commercial BST matrix as well as the conventional Cu-doped
sample. Finally, a high ZT = 1.40@350 K and an average ZT =
1.24(300−475 K) are obtained in the optimized sample, which
are about 43 and 76% higher than the corresponding values of
the BTS matrix. In addition, compared with other studies, the
ZT value obtained for this work shows superiority in a wide
range (Figure 1a,b).14,24−30 Finally, a maximum conversion
efficiency of about ∼8.25% is achieved at ΔT = 200 K in the
optimized material.31,32 These results confirm that the
unconventional grain boundary doping strategy is a highly
effective way to decouple TE parameters, which provides a
novel insight into designing high-performance TE materials.

2. EXPERIMENTAL SECTION
2.1. Materials Synthesis. The commercial BST alloy rod was

purchased from Wangu Electronic materials Co., Ltd. The BST/
CuBr2 sample was obtained by ball-milling at a milling speed of 800
rpm for 30 min in ambient Ar. The BST/CuBr2 samples with a CuBr2

content of about 0.X wt% are noted as BCX. The as-prepared BST/
CuBr2 powders were immediately condensed by hot-press-sintering in
a Φ10 mm graphite die at 673 K with an axial pressure of 50 MPa for
30 min. The as-prepared HD1 samples were hot-deformed (HD) in a
Φ11 mm graphite die at 673 K to obtain HD2 samples. In the same
way, the HD3 samples are obtained by HD of the HD2 samples in a
Φ12 mm graphite die. The cuboid about 2.5 mm × 2.5 mm × 9 mm
was cut along the in-plane direction to measure σ and S, and a square
piece about 10 mm × 10 mm × 2 mm was cut along the same
direction to measure the thermal conductivity, as shown in Figure S1.
2.2. Thermoelectric Measurements. The electrical conductivity

and Seebeck coefficient were measured using ULVAC ZEM-3 within
the temperature range 300−475 K. The total thermal conductivity
(κtot) was calculated through κtot = DCpρ, where D, Cp, and ρ are the
thermal diffusivity coefficient, specific heat capacity, and density,
respectively. The thermal diffusivity coefficient was measured by a
laser flash apparatus using Netzsch LFA 467, the specific heat (Cp)
was tested by a differential scanning calorimeter (Mettler DSC1), and
the density (ρ) was obtained by using the mass and dimensions of the
pellet. The uncertainty of σ, S, and κ is estimated to be around ±3%,
±5%, and ± 5%, respectively. The combined uncertainty of the
experimental determination of ZT was evaluated to be about 10−
15%.
2.3. Characterization. Field-emission scanning electron micros-

copy (SEM) analysis of morphology and element distribution was
carried out on a Zeiss SUPRA-55 microscope integrated with Oxford
EDS; X-ray photoelectron spectroscopy (XPS) spectra were acquired
on a Thermo Fisher ESCALAB 250X surface analysis system
equipped with a monochromatized Al anode X-ray source (X-ray
photoelectron spectroscopy, XPS, hν = 1486.6 eV). The overall
morphology and detailed crystallographic information are deduced
from high-resolution field-emission transmission electron microscopy
(FETEM; JEOL-3200FS, 300 kV). A focused ion beam system (FIB;
JIB 4601F, JEOL) was used to prepare the TEM and electron
backscatter diffraction (EBSD) samples of the sintered bulk sample. It
should be noted that the TEM and EBSD were operated along the
measuring direction of TE characteristics.

3. RESULTS AND DISCUSSION
3.1. Enhanced TE Performance by Introducing

Gradient Cu-Doped Grain Boundaries. To evaluate the
effects of the grain boundary doping and conventional Cu
doping in the carrier/phonon transport properties, the TE
properties of the as-prepared BC2 and conventional Cu doping
sample (D-BST) are measured (Figure 2). It should be pointed
out that the conventional Cu doping sample prepared by the
solid-state reaction used commercial BST and Cu powders as
starting materials. As shown in Figure 2a, both samples show
decreased σ with increased temperature, demonstrating their
degenerate semiconductor nature. The σ values of BC2 and D-
BST are obviously higher than that of the BST matrix, which is
in agreement with the previous reports.10 In p-type BST alloys,
the Cu atoms tend to substitute the Sb atoms, which results in
the increase of σ due to the increased hole concentra-
tion.10,20,33 The S values of BC2 (200.7 μV/K) and D-BST
(213.7 μV/K) are lower than that of the BST matrix (272 μV/
K), as shown in Figure 2b. Compared with the sample D-BST,
the BC2 sample with gradient Cu-doped grain boundaries
reveals a significantly increased σ and roughly unchanged S. As
a result, the room-temperature power factor of the BC2 (42.3
μW/cm K2) is about 14 and 49.5% higher than that of the D-
BST (37.1 μW/cm K2) and the BST matrix (28.3 μW/cm K2),
respectively (Figure 2c). These results indicate that the grain
boundary doping strategy is more effective rather than the
conventional Cu doping to optimize the electronic transport
property of p-type BST alloys.

Figure 1. (a) Temperature-dependent ZT of the as-prepared sample.
Several high-performance BST-based materials from literature data are
provided for comparison. (b) ZTavg and ZTmax in as-prepared BST-
based materials. (c) Energy-filtering effect and phonon-scattering
effects at the Cu-doped grain boundaries.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c18575
ACS Appl. Mater. Interfaces 2023, 15, 1167−1174

1168

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18575/suppl_file/am2c18575_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18575?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18575?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18575?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c18575?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To further understand the electrical properties of the as-
prepared samples, the carrier concentration (np) and mobility
at 300 K are measured and analyzed, as presented in Table S1.
The measured np values of sample BC2 (∼3.0 × 1019 cm−3)
and D-BST (∼2.5 × 1019 cm−3) are close, which are both
significantly higher than that of the BST (∼1.1 × 1019 cm−3).
In BST alloys, the Cu atoms prefer to enter the Sb sites due to
the small electronegativity and radius difference between Cu
and Sb, which could act as an acceptor to introduce additional
holes to the system.10 At room temperature, the μH values for
BC2 and D-BST are 209.6 cm2 V−1 S−1 and 197.2 cm2 V−1 S−1,
which are all higher than that of the undoped BST (182.9 cm2
V−1 S−1). These enhanced carrier mobilities might benefit from
weakened ionized impurity scattering and acoustic phonon
scattering.10 As shown in Figure 2d, the density-of-state
effective mass m* values were estimated with an assumption of
a single parabolic band model. It is obvious that the m* value
of the BC2 sample is higher than that of the D-BST and BST
samples, which could be attributed to the decreased minor
carrier (electron) density and weakened negative effects of

minor carriers on the electrical transport properties due to Cu
doping. Moreover, at the gradient Cu-doped grain boundaries,
the accumulation of charges could form a potential barrier, in
which charge carriers are filtered selectively.
Besides improving the electronic transport properties, the

thermal transport properties could also be modulated by
introducing the gradient Cu-doped grain boundaries. Figure 2e
displays the κtot and κlatt values of D-BST, BC, and BST
samples. κtot is the sum of the electronic (κe) and lattice (κlatt)
constituents, and κe could be calculated by the Wiedemann−
Franz law κe = LσT, where L is the Lorenz number and is
described as L = 1.5 + exp.(−|S|/116). At room temperature,
the κtot values of the BC2 and D-BST are much higher than
that of the BTS matrix, which is mainly due to the high κe. The
κe of BC2 sample is about 0.54 W/mK, which is ≈52% of the
κtot. Although the κtot values of the BC2 and D-BST are much
higher than that of the BTS matrix, the κlatt values are
significantly reduced. According to previous reports, introduc-
ing Cu doping to BST could decrease κlatt by enhancing the
phonon scattering from point defects and suppressing the

Figure 2. Comparison of thermoelectric properties of the commercial BST alloy, conventional Cu doping sample, and as-prepared BC2 sample. (a)
σ, (b) S, (c) power factor, (d) S as a function of carrier concentration, (e) κtot and κlatt, and (f) ZT.
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contribution of minor carrier concentrations (electrons).10,34

In the present work, the κlatt of the BC2 (0.5 W/mK) is 21.9%
lower than that of D-BST (0.64 W/mK), which could be
ascribed to the enhanced phonon scattering at Cu-doped grain
boundaries. Consequently, the maximum ZT reaches ∼1.29 at
375 K, and a prominent average ZT of ∼1.18 (350∼475 K) is
attained in the BC2 sample, which shows superiority when
compared with that of D-BST and BST (Figure 2e). It is
obvious that the improved power factor and greatly reduced
thermal conductivity were simultaneously achieved in the BC2
sample, which could be ascribed to the introduced gradient
Cu-doped grain boundaries.
3.2. Microstructures of the Cu-Doped Grain Bounda-

ries. The microstructure of the BC sample is further studied
by TEM. As shown in Figure 3a, the grains of BC are closely
packed and the sizes are from hundreds of nanometers to
several microns. Figure 3b shows the typical HRTEM image of
two neighboring grains with a clear grain boundary. The
corresponding EDS analysis across grain boundary shows the
Cu- and Br-rich complexes compared with the matrix regions.
It is noted that the obvious CuBr2 precipitate is not observed
in the sample. The magnified TEM image and EDS line scans
(Figure 3b,c) reveal that the sandwich-like grain boundary with
a thickness of about 10−15 nm is formed. The Br-rich
amorphous layer with a thickness of about 2∼5 nm could be
observed clearly, which originates from the reaction between
the CuBr2 and BTS matrix during the HD process. Moreover,
due to the diffusion of Cu2+ ions from the BTS grain surface to
the inside, the gradient Cu-doped grain boundary is formed,
which could be clearly observed in the HRTEM and EDS line
scans (Figure 3c,d). It is found that the total thickness of the
Cu-doped grain boundaries layer is about 5−10 nm. Various
and abundant atomic-scale distortions are unveiled at the grain
boundaries, such as point defects, tiny distorted regions,
dislocations, and strain field domains. Thus, in BC samples, Cu
doping ensured the high carrier concentration, and the

potential barriers at grain boundaries contribute to the high
carrier mobility and the Seebeck coefficient. Above discussion
is consistent with the results that although the np value of BC is
higher than that of D-BST, the Seebeck coefficient is roughly
unchanged. Moreover, a large number of grain boundaries and
atomic-scale distortions in the sample can significantly enhance
the scattering of phonons with various wavelengths and reduce
κlatt. Therefore, the simultaneous optimization of the carrier
and phonon transport properties has been achieved in the
present work by introducing gradient Cu-doped grain
boundaries to the commercial BST material.
3.3. Enhancing the TE Performance by the HD

Process. In this work, the formation of Cu-doped grain
boundaries originates from the reaction between the CuBr2
and BTS matrix during the HD process. Due to the relatively
low melting point and hardness, the added CuBr2 secondary
phase could be squeezed to the newly formed grain
boundaries, which is crucial to regulate the microstructure of
the sample. Thus, a multiple HD process is employed to
further improve the TE performance of BC samples. Figure
4a,b presents electronic transport properties of the BC2
samples subjected to the multiple HD process, which reveals
that the trade-off between σ and S could be broken via the
multiple HD process. Both σ and S increased with the
increasing HD number, which may be attributed to the
increased density of Cu-doped grain boundaries. In particular,
σ (∼999.3 S/cm) and S (205.7 μV/K) at 300 K for BC2−3
increased by 10.9 and 6.8% compared to those of BC2−1
(∼900.9 S/cm and 192.6 μV/K), respectively. Finally, the
power factor of BC2−3 is about ∼42.3 μW/cm K2 at 300 K,
which is about ∼26.6% higher than that of the BC2−1 (∼33.4
μW/cm K2). Subsequently, the thermal transport properties
are modulated by the HD process. As shown in Figure 4c. κtot
is increased slightly with the increasing HD number. After
excluding κe, the κlatt is also slightly increased after the HD
process. Typically, the κlatt of 0.53 W/mK at 300 K is achieved

Figure 3. TEM characterizations of the as-prepared BC samples. (a) Low magnification TEM image, (b) HRTEM image and corresponding EDS
elemental maps of the red rectangular region in (a). (c) EDS line mapping and (d) HRTEM image of gradient Cu-doped grain boundaries.
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in the BC2−3, which increased by approximately 13%
compared with that of BC2−1. As a result, the ZT values
are effectively enhanced by the multiple HD process, as shown
in Figure 4d. The maximum ZT is about 1.40 at 350 K,
increased by 10% as compared with that of BC2−1. The
average ZT reached as high as ∼1.24 between 300 and 475 K,
which is 6% higher than that of BC2−1. It should be noted
that for the commercial BST matrix, the TE performance has
no obvious change with the increased HD number, further
confirming that the Cu-doped grain boundary is essential to
improve the TE performance of the BC sample (Figure S2).
3.4. Microstructure Evolution during the HD Process.

To quantitatively investigate the microstructure evolution of
the sample during the HD process, the EBSD characterization
is performed. As shown in Figure 5a, the BC-1 sample
exhibited randomly oriented grains with an average grain size
of about 1.8 μm. With the increasing HD number, the average

grain size decreased slightly due to the fragmentation of grains,
as shown in Figure 5b. The average grain size of the BC2−3 is
about 0.8 μm, which decreased by approximately 56%
compared with that of BC2−1. As shown in EBSD images
(Figures S3 and S4), a few large grains with a laminar structure
appeared, which could be observed in the sample after the HD
process. This result means the recrystallization of BST grains
occurred during the HD process, which lead to the increased
κlatt. The above discussion is consistent with the experimental
results that the κlatt of BC2−3 is higher than that of BC2−1.
XPS spectra of Cu 2p confirm the existence of Cu2+ ions in the
BC samples. For the sample after the HD process, the locations
of Cu 2p peaks have no obvious shift, indicating that the
valence of Cu2+ ions is not changed (Figure 5c). Furthermore,
TEM observations are conducted to investigate the micro-
structure evolution during the HD process. As shown in
Figures 5d and S5, many nano-sized CuBr2 particles are
observed in the BC2−1 sample and mainly located at the
boundary of BST grains. During the HD process, the CuBr2
secondary phase could be squeezed to the grain boundaries,
and the Cu-doped grain boundary could be formed. The above
discussion is in accordance with the TEM results that the
CuBr2 particles at the grain boundary are gradually diminished
with increasing HD numbers (Figures 5e,f). Therefore, by
applying the multiple HD process using CuBr2 as the interface
modification material, the Cu-doped grain boundary is
introduced to the commercial BST material.
3.5. Compositional Optimization of BC Samples. As

mentioned above, the CuBr2 content is essential to the TE
performance of the as-prepared BC sample, As shown in Figure
6, σ, PF, κlatt, and ZT at 300 K as functions of the CuBr2
content for the BC samples with different HD numbers are
displayed. Almost for all samples with different CuBr2 contents,
σ increased with the increase of the HD number (Figure S6).
The increased σ originates from the diffusion of Cu2+ ions at
the BTS grain boundaries as well as the recrystallization of BST
grains during the HD process. Therefore, the PF values are
extremely increased with the increase of the HD number, as
shown in Figure S6. For samples with the same HD number,
the σ increased significantly with the increase of the CuBr2
content and tended to saturate with a high CuBr2 content
(>0.1 wt %) (Figures 6a and S7). Obviously, the BC2 samples

Figure 4. Thermoelectric properties of the as-prepared BC2 samples
with different HD numbers. (a) σ, (b) S, (c) κtot and κlatt, and (d) ZT
value.

Figure 5. (a) EBSD maps of the as-prepared BC sample. (b) Grain size of the sample varies with the HD number and the inset of (b) is the
corresponding EBSD maps. (c) XPS spectra of Cu 2p peaks for the samples with different HD numbers. Typical HRTEM image at grain
boundaries for samples (d) BC-1, (e) BC-2, and (f) BC-3.
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have maximum PF values (Figures 6b and S8). Moreover, the
thermal transport properties of the samples with different
CuBr2 contents are presented in Figures S9 and S10. For
samples with the same HD number, the κtot at 300 K increased
significantly with the increase of the CuBr2 content due to the
increased κe (Figure S11). As shown in Figure 6c, the κlatt of as-
prepared samples could be obtained by excluding κe from κtot.
The introduction of CuBr2 results in an initial drop (CuBr2
content <0.2%) and then rise (CuBr2 content ≥ 0.2%) trend
with the increasing CuBr2 content. At a low CuBr2 content
(<0.2%), the κlatt slightly decreased with the increase of the
HD number. As mentioned above, the massively increased
grain boundary density due to the grain size decrease from 1.8
to 0.8 μm is the main reason for the reduction of κlatt. For the
samples with a high CuBr2 content (≥0.2%), the κlatt increased
with the increasing HD number due to the recrystallization of
BST grains as well as the diffusion of Cu2+ ions during the HD
process. Specially, the maximum ZT of 1.28 at 300 K is
attained for BC2−3 (Figure 6d), about 18.5 and 30.6%
increment as compared to the BC2−1 and commercial BST,
respectively.
3.6. Effects of the Gradient Cu-Doped Grain

Boundary to the Phonon/Carrier Transport Behaviors.
For the polycrystalline bulk TE material, grain boundaries play
multiple roles in the phonon/carrier transportation. Under
normal conditions, the grain boundary acts as a potential
barrier, which leads to an interfacial resistance due to the
energy-filtering effect.23,34,35 In the present work, the energy
filtering as well as Cu doping at the grain boundary all affect
the electron transport behaviors of the as-prepared sample.
Thus, the two-phase model consisting of the grain phase and
the grain boundary phase is used to analyze the carrier/phonon
transport behaviors of the as-prepared sample.36,37 The
additional interfacial electrical resistance originated from the
gradient Cu-doped grain boundary (ρad‑gb) is estimated, as
shown in Figure 7a. It is noted that in the present work, the
calculated ρad‑gb values are negative, implying that the
introduced gradient Cu-doped grain boundary benefits the
increase of σ. Moreover, the absolute value of ρad‑gb decreased
after the HD process, which could be ascribed to the

decreasing of grain boundary layer thickness as well as the
diffusion of Cu2+ ions from grain boundaries to BTS grains.
Typically, the absolute value of ρad‑gb for BC2−1 is about 2.73
× 10−10 m2Ω, nearly 1.9 times greater than that of BC2−3
(1.45 × 10−10 m2 Ω). The interfacial thermal resistance
(κKapitza) originated from the gradient Cu-doped grain
boundary (ρad‑gb) is also estimated, as shown in Figure 7b.
After the HD process, the κKapitza decreased from 12.11 × 10−7

m2 kW−1 (BC2−1) to 6.57 × 10−7 m2 kW−1 (BC2−1), which
could be attributed to the enhanced phonon scattering at Cu-
doped grain boundaries. Thus, in the as-prepared sample, the
Cu dopants at grain boundaries benefit the increase of
electrical conductivity, and the atomic defects and grain
boundaries act as the extra phonon scattering centers that
result in the additional interfacial thermal resistance.
The Debye−Callaway model is adopted to analyze the

contribution of the various phonon-scattering mechanisms to
the reduction of κlatt in the as-prepared sample. By taking
account of the various phonon-scattering mechanisms
including the Umklapp process, point defects, grain bounda-
ries, and dislocation cores, the calculated results agree well with
the experimental data at a low-temperature range. At a high-
temperature range, the calculated results deviated from
experimental data due to the thermally excited bipolar effect.
As shown in Figure 7c, the κbi values of D-BST and BC are
much lower than that of BST, which is consistent with the
reported results that doping Cu into the BST could effectively
suppress the κbi via reducing minor carrier concentrations.
Moreover, the calculated frequency-dependent phonon scatter-
ing process is also present in Figure 7d. The result suggests
that the introduced point defects scattered high-frequency
phonons, the dislocation and nanostructures scattered middle-
frequency phonons, and the abundant grain boundaries
scattered low-frequency phonons.38,39 Therefore, the low κlatt
in the as-prepared sample can be attributed to the combination

Figure 6. TE properties at 300 K of the as-prepared BC samples.
Variations of (a) σ, (b) PF, (c) κlatt, and (d ) ZT as a function of the
CuBr2 content.

Figure 7. (a) Interfacial electrical resistance (ρel‑gb) and (b) interfacial
thermal resistance (κKapitza) at 300 K of the as-prepared BC samples
calculated using the two-phase model. (c) Experimental and
calculated data of the commercial BST alloy, conventional Cu doping
sample, and as-prepared BC2 sample. (d) Frequency-dependent
spectral lattice thermal conductivity of BC2−3 calculated using the
Debye−Callaway model.
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phonon scattering effects of multiscale hierarchical scattering
architectures.40−42

In summary, the Cu-doped grain boundaries significantly
minimize the κlatt by enhancing phonon scattering and
simultaneously enhance PF due to breaking trade-off between
σ and S. Benefiting from the decoupling of the TE parameters,
the maximum and average ZT values of 1.4 and 1.24 are
achieved in the optimized sample, which are 56 and 63%
higher than those of commercial BST ingots, respectively.
These results demonstrate that the grain boundary doping
strategy has great advantages compared to the conventional
doping methods, which can open up exciting possibilities in
developing high-performance TE materials. Meanwhile,
considering the simple synthesis process and using commercial
BST ingots, the present strategy has great realistic application
potential. Furthermore, the further prospect of this study is
introducing other low melting chemical compounds (such as
ZnBr2 and CuBr) and further extending the strategy to other
TE material systems.

4. CONCLUSIONS
In summary, an unconventional grain boundary doping
strategy is employed to enhance the TE performance of the
commercial BST material. The gradient Cu-doped grain
boundaries significantly minimize the κlatt value by enhancing
phonon scattering and simultaneously enhance PF due to
breaking trade-off between σ and S. Benefiting from the
decoupling of the TE parameters, a high ZT of ∼1.40 at 350 K
and a superior average ZT of ∼1.24 (300−475 K) are obtained
in the optimized sample, projecting a maximum conversion
efficiency of ∼8.25% at ΔT = 200 K. These results are much
superior to those of the commercial BST matrix and traditional
Cu-doped BST. The present work not only attests the efficacy
of grain boundary engineering in TE materials but also brings
out a new avenue for conventional modulation doping. Our
work presents a simple and effective strategy to improve the
TE performance of the commercial p-type BST material, which
has high industrial compatibility and great realistic application
potential.
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