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ABSTRACT

Thermoelectric cooling based on the Peltier effect requires high-performance materials near room temperature. While Bi,Te; remains the
most viable commercial thermoelectric material, n-type Bi,Te;_,Se, (BTS) lags behind its p-type counterpart due to intrinsic anisotropy. In
this work, Bi,Te, ¢Seq 4 synthesized by melting-hot pressing followed by 100 h annealing (MT-HP-AN) at 723 K exhibits markedly improved
performance. Annealing introduces cation vacancies via Te(Se) volatilization, lowering carrier density and enhancing mobility, while simulta-
neously increasing phonon scattering. A peak ZT of 1.06 at 373 K and an average ZT of 0.99 at 300-423 K are achieved. This MT-HP-AN
approach offers a simple yet effective strategy to decouple carrier and phonon transport, advancing the potential of n-type BTS for thermo-

electric cooling applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0293474

Thermoelectric (TE) materials, capable of directly converting
heat into electricity and vice versa, are critical for solid-state cooling in
emerging fields such as 5G communication and microelectronics.
The cooling efficiency of thermoelectric devices depends on the
dimensionless figure of merit (ZT) of thermoelectric materials. ZT
value can be expressed as ZT = (68*T)/(Kee + Kiar), where 6, S, T, Kelo
and Ky, are the electrical conductivity, Seebeck coefficient, absolute
temperature in Kelvin, electronic thermal conductivity, and lattice
thermal conductivity, respectively.” In general, S’ is referred to as
power factor (PF), and the sum of K. and Ky, is referred to as total
thermal conductivity (k). Therefore, achieving high ZT value
requires a high PF value and a low x... However, these parameters are
interdependent due to strong electron-phonon coupling. Decoupling
carrier and phonon transport is therefore essential for improving ther-
moelectric performance.’

Bi,Tes-based compounds are known as the best thermoelectric
materials near room temperature.” It includes both p-type Bi,_,Sb,Tes
(BST) and n-type Bi,Te;_,Se, (BTS), making it an excellent candidate
for large-scale commercial power generation and cooling applica-
tions.”” In recent years, researchers have improved the ZT value of
1.2-19 near room temperature in p-type BST by introducing

nanostructuring” and all-scale dislocation.” However, n-type BTS lags
behind its p-type counterpart, necessitating improvements for higher
efficiency conversion and broader applications.'’ The reasons for the
limited improvement in thermoelectric properties of n-type BTS are as
follows. On the one hand, in terms of crystal structure, n-type BTS
exhibits stronger crystallographic anisotropy than its p-type counter-
part, leading to its electrical properties being highly sensitive to grain
orientation. It has been reported that the conductivity anisotropy ratio
of n-type BTS single crystals ranges from 4 to 7, which is significantly
higher than the p-type counterpart (~3).” The distinct anisotropy
ratios reveal that the mobility of n-type alloys is more sensitive to the
crystal texture. This pronounced anisotropy indicates that the carrier
mobility in n-type alloys is more sensitive to crystal texture. On the
other hand, n-type BTS typically contains a higher concentration of
intrinsic point defects, such as vacancies and antisite defects, which
have a more pronounced impact on its thermoelectric performance."’
Therefore, the same methods that are used to optimized thermoelectric
properties of p-type BST are invalid for n-type BTS.

The ZT value of n-type BTS is generally enhanced by manipulat-
ing the synthesis process, such as extrinsic chemical doping and micro-
structure engineering.'” However, while these approaches often
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suppress the lattice thermal conductivity through the introduction of
multiple defects, they also tend to degrade electrical transport proper-
ties due to intensified carrier scattering.'” More recently, the texture
process has emerged as a promising strategy to improve thermoelectric
performance of n-type BTS by enhancing grain orientation.
Techniques such as hot extrusion, hot forging, liquid-phase hot defor-
mation techniques, and rotary swaging method have demonstrated
effectiveness in promoting grain rearrangement, thereby enhancing
grain orientation and thermoelectric properties."* Unfortunately, these
methods face considerable challenges, including the need for precise
control of temperature and pressure, multiple hot extrusion deforma-
tions cycles, and limited process repeatability, which collectively hinder
scalability for industrial applications. In addition, the intrinsic anisot-
ropy of n-type BTS further complicates performance optimization.
Therefore, a straightforward strategy that decouples phonon and car-
rier transport—while accounting for its anisotropic nature—could pro-
vide a more practical pathway for enhancing the thermoelectric
performance of n-type BTS.
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In this work, we demonstrate that a simple annealing strategy
enables effective decoupling of carrier and phonon transport in
Se-alloyed Bi,Tes, thereby significantly improving its thermoelectric
properties. The n-type BTS were synthesized via a convenient and con-
trolled melting-hot pressing (MT-HP) route. The annealing process
was found to tune the carrier density and mobility of n-type BTS via
the formation of cation vacancies, thereby enhancing the power factor
(PF). Meanwhile, Te(Se) volatilization during annealing introduced
atomic-scale defects, which strengthened phonon scattering and sub-
stantially reduced xi,,. As a result, a synergistic optimization of carrier
and phonon transport was achieved through annealing treatment. The
Bi, Te, 6Seq.4 sample annealed for 100 h exhibited a peak ZT value of
1.06 at 373 K and an average ZT of 0.99 in the range of 300-423 K.

We compared the thermoelectric properties of BTS polycrystal-
line samples prepared by melting combined with either spark plasma
sintering (MT-SPS) or hot pressing (MT-HP), as presented in Fig. 1
and summarized in Table S1. Both methods offer advantages such as
simplified operation, reduced processing time, homogeneous elemental
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FIG. 1. Comparisons of thermoelectric transport properties in n-type Bix(Te,Se)s-based thermoelectric materials. (a) Carrier mobility as a function of 1/i; at room temperature
(the unit of 1/xi, is W~ m K). Data from Refs. 12 and 14-23. (b) p/kia values of n-type Biy(Te,Se)s materials prepared by melting process combined with spark plasma sinter-
ing (MT-SPS) or hot pressing sintering (MT-HP) with and without annealing treatment (MT-SPS-AN or MT-HP-AN) (the unit of u/ki is cm? V=" s~/W m~" K="). Data from
Refs. 20 and 21. (c) and (d) Comparisons of the temperature-dependent ZT value and ZT,, value at 300-423 K with those of other n-type Bi,(Te,Se); materials, including
BiTe; g55€0.15, BiTep 7S€q 3, BixTea 5S€q 5, BinTes 4Seq 6, BioTes 3S€q.7, and BiyTe, 1Seg o. Data from Refs. 14, 15, 17, 19, 21, and 23.
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FIG. 2. Temperature-dependent thermoelectric transport properties of BiyTes_,Sey (x =0-0.5). (a) Electrical conductivity. (b) Seebeck coefficient. (c) Power factor. (d) Total
thermal conductivity. (e) Lattice thermal conductivity. (f) ZT values.

distribution, and good reproducibility. Remarkably, the annealed
Bi,Te, ¢Sep4 sample exhibits significantly enhanced thermoelectric
performance compared to other n-type BTS compositions. As shown
in Fig. 1(a), the sample achieves a high room-temperature carrier
mobility (1) of 29597cm® V' s and a large reciprocal Ky, of

219W ' m K, outperforming reported n-type Biy(Te,Se); composi-
tions such as Bi,Te,gsSeq s~ BiTe,;Seqs "% BiyTe,sSeqs
Bi,Te,4Sepq " BiyTe, 5S¢y " and Bi,Te, Sepo.” > These improve-
ments are attributed to the synergistic effect of the MT-HP method
and the subsequent annealing treatment (MT-HP-AN), as shown in
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FIG. 3. Temperature-dependent electric transport properties of Bi,Te, ¢Seq 4 annealed at 723K as a function of annealing time. (a) Electrical conductivity. (b) Carrier density

and mobility. (c) Seebeck coefficient. (d) Power factor.

Fig. 1(b). Notably, whether prepared via MT-HP or MT-SPS, the
annealed samples consistently exhibited enhanced thermoelectric per-
formance compared to their unannealed counterparts, confirming the
efficacy of annealing in optimizing the transport properties of n-type
BTS. The optimized Bi, Te, ¢Seq 4 composition exhibits a high ZT value
of 1.06 at 373 K and a room-temperature ZTxy value of 0.78, resulting
in an average ZT,,. value of 0.99 at 300-423 K, among the highest for
n-type Biy(Te,Se); alloys [Figs. 1(c) and 1(d)]. The enhanced thermo-
electric properties are attributed to high carrier mobility and reduced
lattice thermal conductivity. Combined with a scalable MT-HP synthe-
sis and annealing strategy, this work offers a practical route to high-
performance n-type Bi,Tes-based thermoelectrics.

In this work, we first prepared a series of Bi,Te;_,Se, samples by
MT-HP method with a hot pressing temperature of 673 K. PXRD pat-
terns [Fig. S1(a)] confirm phase purity with all samples crystallizing in
the rhombohedral Bi, Te; structure. The gradual peak shift [Fig. S1(b)]
with increasing Se content indicates lattice contraction due to substitu-
tion of Te with smaller Se atoms, without structural transformation.
Thermoelectric measurements along both in-plane (L) and out-of-
plane directions (||) (Fig. S2) reveal superior performance in the in-
plane direction. As shown in Fig. 2, increasing Se content decreases

electrical conductivity while enhancing the absolute Seebeck coefficient
(|S]) from 124.74 to 154.84 uV K" at room temperature [Figs. 2(a)
and 2(b)]. This behavior is attributed to the suppression of “donor-
like” antisite Bi’ Te(Se) defects.”* However, due to the concurrent drop
in conductivity, the power factor shows no significant improvement
across the series [Fig. 2(c)].

Kior and Ky, of Bi;Te; ,Sey are shown in Figs. 2(d) and 2(e). Se
substitution effectively reduces ki, by suppressing both electronic
thermal conductivity x. and &j,, contributions. The decrease in K.
correlates with the reduced electrical conductivity (Fig. S3). Moreover,
the bandgap E,, estimated using E,= 2e|Sy.|T,” increases with Se
content due to the enhanced |S,,,.x|, thereby suppressing bipolar diffu-
sion. The reduction in xj, is attributed to both suppressed bipolar
thermal conduction and increased phonon scattering arising from Se-
induced lattice distortion. As shown in Fig. 2(f), Bi,Te, ¢Seq 4 achieves
a peak ZT of 0.67 at 373K, surpassing the conventionally favored
Bi,Te, 7Seq 3 composition.

Additionally, we also investigated the effect of hot pressing tem-
perature on the thermoelectric performance of Bi,Te;4Sep4 under a
constant pressure of 50 MPa (Figs. S4 and S5). As shown in Fig. $4, the
sample hot-pressed at 723K exhibits the optimal thermoelectric
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ductivity (the unit of fuy/ia is cm? V=" s ='W m=" K1),

performance. The HP process can be considered as an annealing treat-
ment and we will discuss this amplified effect in detail in the later
annealing process.

Figure 3 shows the electrical transport properties as a function of
measuring temperature for the Bi,Te,(Sey, annealed at 723K. As
shown in Fig. 3(a), the electrical conductivity of all annealed samples is
reduced compared to unannealed samples due to the reduced carrier
density during annealing process in Fig. 3(b). As shown in Fig. 3(b),
the carrier density and mobility exhibit opposite trends as the anneal-
ing time is prolonged. The annealed samples exhibited a reduction in
carrier density from 3.02 x 10" to 2.43 x 10" cm ™, accompanied by
an increase in carrier mobility from 288.44 to 295.97 cm®* V™' s~ after
being annealed for 100 h. The main reasons that caused the decrease
of carrier density are the enhanced formation of antisite defect Bi’
Te(Se) and cation vacancy V' Bi caused by the volatilization of Te(Se)
during the annealing process.”® With the volatilization of Te(Se) dur-
ing the annealing process, the evaporation of each Te(Se) leaves one
Te(Se) vacancy V%'C(Se).“ Subsequently, the antisite defect Bi’ Te(Se)
and Bi vacancy V> Bi are produced as Bi atoms enter Te vacancies.”®
On the one hand, the “donor-like” defects” formed in the grinding

and pressing process can be reduced by annealing treatment as it pro-
motes grain rearrangement and recrystallization,”*”**

As discussed above, with the extension of annealing time, the car-
rier density decreases. The decrease in carrier density is therefore is
attributed to compensated electrons by holes and reduced “donor-like”
defects, a finding consistent with other reports.”** As shown in
Fig. 3(c), the |S]| values of all annealed samples are increased due to the
decrease in carrier density. In addition, the variations of density of
states (DOS) effective mass in Fig. S7 are associated with the volatiliza-
tion of elements during the annealing process. Consequently, due to its
enhanced |S| values and high electrical conductivity, a room-
temperature PF value of 27.65 yW cm™ ' K2 and a peak PF value of
27.17 uW cm ™' K2 at 373K are obtained in the Bi,Te, ¢Seg 4 sample
annealed for 100 h at 723 K, as shown in Fig. 3(d).

Figure 4 shows the temperature-dependent thermal transport
properties of Bi,Te,¢Sep4 annealed at 723 K with different annealing
time. As shown in Fig. 4(a), compared to the unannealed sample, the
Kior Values of all annealed samples are reduced owing to the reduced
carrier density and intensive point defects scattering introduced by
enhanced cation vacancies during the annealing process. The x values
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FIG. 5. SEM graphs, EDS mapping, and EDS spectra of Bi,Te, sSeq 4 bulks before and after annealing. (a)—(c) Without annealing. (d)—(f) Annealing at 723 K for 100 h.

TABLE I. Chemical composition of Bi,Te, ¢Seq 4 bulks before and after annealing.

Annealing time (h) Bi/Te/Se ratio Bi/(Te+Se) ratio
0 2/2.61/0.31 2/2.92
100 2/2.35/0.27 2/2.62

of annealed samples are lower than that of the unannealed sample, as
shown in Fig. S8. This reduction is attributed to decreased electrical
conductivity caused by a lower carrier density after annealing.
Additionally, enhanced point defect scattering caused by element vola-
tilization greatly hinders phonon propagation, resulting in a decrease in
Kiae [Fig. 4(b)]. Notably, x,, at high temperatures deviates from the con-
ventional Umklapp scattering behavior (K < T7Y). Here, Ky, was
derived by subtracting the electronic contribution from the total ther-
mal conductivity. At elevated temperatures, bipolar thermal conduction
becomes significant in Biy(Te,Se);-based materials due to thermally
activated minority carriers. Since this bipolar contribution cannot be
fully removed by the Wiedemann-Franz law estimation of i, it is
included in the residual term, which gives rise to the apparent upturn
in the derived Ki,.. The room-temperature lattice thermal conductivity
in Bi,Te,¢Sep4 decreases with prolonged annealing time in Fig. 4(c).
An exceptionally low value of 0.48 Wm ™' K~ can be achieved at room
temperature in the Bi,Te,¢Seq 4 sample annealed for 100 h. Here, the
temperature-dependent ratio of weighted carrier mobility to lattice

thermal conductivity (fiw/Ki,,) is calculated out to evaluate the contri-
bution of annealing to thermoelectrical transport properties. The
parameter /iy can be calculated with measured electrical conductivity
and Seebeck coefficient using the following relationships: ™’

3¢ o\

Hy = W (W) ) (1)
Fy() = L e @)
ke ((r+5/2)F.3(1)

S=rt—|——F——""-— 3
e ((r+ 32Fapm) ) ®

where e, h, m,, and kg denote the unit charge, Planck constant, electron
mass, and the Boltzmann constant, respectively. F,(n) is the Fermi
integral, 1 represents the reduced Fermi level, and r is the scattering
factor which equals —1/2 when the acoustic scattering mechanism
dominates. After annealing, the fiw/k,, value of all samples is signifi-
cantly enhanced, as shown in Fig. 4(d). This enhanced fiy/ky value
indicates that the atomic defects introduced into the matrix during the
annealing process can intensify phonon scattering while maintaining
high carrier mobility, thereby realizing synergistic optimization
between carrier and phonon transport properties.

To investigate the effects of annealing on microstructure and
composition, SEM and EDS mapping were performed on Bi,Te; Seq 4
samples before and after 100h annealing. As shown in Fig. 5,
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FIG. 6. Comparison of thermoelectric transport properties in n-type Bi,(Te,Se)s-based thermoelectric materials. (a) Carrier mobility as a function of carrier density at room tem-
perature with different manufacturing process, including zone melting (ZM), MT-HP, MT-SPS, MT-SPS-AN. Data from Refs. 12, 14-23 and 31. (b) and (c) Quality factor B (the
unit of Bis cm? V=" s~//W m~" K~"). Data from Refs. 14, 15, 17, 19, and 21-23. (d) ZT values of Bi,Te, sSeq 4 With different annealing time.

micrographs perpendicular to the pressing direction reveal that pore
density and size increase after annealing at 723K [Figs. 5(a) and 5(b1)
vs 5(d) and 5(el)], consistent with density measurements (Table S3).
The reduced density likely originates from volatilization of Te(Se) dur-
ing annealing, in agreement with prior reports.”®

EDS elemental mapping [Figs. 5(b) and 5(c) and 5(e) and 5(f)]
shows clear evidence of element depletion in the pore regions of
annealed samples, correlating with the reduction in ), Notably, both
unannealed and annealed samples exhibit deviation from the nominal
Bi, Te; 6Seq 4 composition (Table I), likely due to Se loss during synthe-
sis steps such as flame sealing, grinding, and hot pressing, attributable
to the lower evaporation enthalpy of Se (37.70kJ mol ') compared to
Te (52.55 kJ mol !)."" After 100 h annealing, the Bi/(Te+Se) ratio fur-
ther increases, indicating enhanced volatilization of Te(Se) during pro-
longed heat treatment.

As mentioned above, appropriate annealing treatment can opti-
mize the thermoelectric performance of n-type BTS. As shown in
Fig. 6(a), the Bi,Te, ¢Seq 4 sample prepared by MT-HP-AN has a suit-
able room-temperature carrier density of 2.43 x 10'°cm > and a high
carrier mobility of 295.97 cm> V™' s™. Such high carrier mobility is

superior to that of commercial BTS prepared by zone melting (ZM)”’
and other BTS samples prepared by MT-HP,'>** MT-SPS,"**** and
MT-SPS-AN.”" Since appropriate annealing process can synergistically
optimize thermal and electrical transport, we plotted the temperature-
dependent quality factor B to better evaluate this contribution, which
is defined by the following relation:"

7\ 52
B=9lw <—) . )
Kiat \300

As shown in Fig. 6(b), it can be seen that the B values of the
Bi,Te, 6Se94 sample here surpass those of other n-type Biy(Te,Se);
samples with different Se content, including Bi,Te,gsSeq s
Bi,Te,,Seps  BisTe,sSeps,'’ BiTe,sSeps  BiryTeysSeys = and
BiyTe, 1Seq.0.” This phenomenon results from different manufacturing
processes (MT-HP,””> MT-SPS,"* MT-SPS-AN?') and is demonstrated
in Fig. 6(c), indicating that annealing treatment in BTS alloys is an
effective method to simultaneously boost electrical properties and
weaken thermal transport properties. As a result, after annealing treat-
ment, the final ZT value in n-type BTS undergoes significant
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enhancement in the whole working temperature range. A room-
temperature ZTgt value of 0.78 and a maximum ZT value of 1.06 at
373K have been realized in the Bi,Te, ¢Se 4 sample annealed for 100
h, which results in a high average ZT,,. value of 1.0 at 300-423 K,
shown in Fig. 6(d). The introduction of atomic defects in Bi,Te, ¢Seq 4
during the annealing process can lead to a reduction of lattice thermal
conductivity while simultaneously maintaining a relatively high power
factor, which greatly optimizes the thermoelectric transport properties.
The present superior thermoelectric properties at low to medium tem-
perature indicate that optimized Bi,Te,¢Seq4 has great potential for
thermoelectric cooling applications in advanced information systems.

In summary, the thermoelectric performance of Se-alloyed n-type
Bi,Tes-based (BTS) polycrystals was found to be significantly
enhanced via a simple annealing treatment that effectively decouples
carrier and phonon transport. The optimal composition of
Bi, Te, 6Seq 4 was identified to suppress i, through defect engineering.
Systematic annealing at 723K tuned carrier density and mobility
through the cation vacancy (V" Bi) formation induced by Te(Se) vola-
tilization. After 100 h of annealing, the sample exhibited reduced car-
rier density, enhanced mobility (295.97 cm® V's™h), and improved
power factor. Concurrently, increased point defects strengthened pho-
non scattering, leading to significantly reduced xi,.. These combined
effects yielded a peak ZT of 1.06 and an average ZT,,. of 0.99 at 300-
423 K. This study presents a practical post-synthesis route for optimiz-
ing thermoelectric performance in n-type BTS alloys, demonstrating
strong potential for chip-level thermal management and cooling
applications.

See the supplementary material for detailed experimental proce-
dures, additional characterization data, and description of the theoreti-
cal calculation methods.
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