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a b s t r a c t

Bismuth telluride (Bi2Te3) has attracted much attention in the field of thermoelectrics since it is one kind
of commercial room-temperature thermoelectric material. Herein three kinds of Bi2Te3 thermoelectric
fibers with internal tensile stress are fabricated utilizing an optical fiber template method. The effects of
internal stress on the microstructure and the electrical transportation of Bi2Te3 thermoelectric fibers are
investigated. The Bi2Te3 cores in the fibers are highly crystalline and possess a tensile nanosheet
structure with preferential orientation as evidenced by X-ray diffraction and Raman studies. Tensile
stress can enhance electrical properties of the fibers. And a paper cup generator covered with 20 pieces
of optimized fibers provides a mW-level output power. It is inferred that tensile stress tuning can be an
effective tool for the material optimization of thermoelectric performance.

© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermoelectric (TE) materials, having capability to convert en-
ergy between heat and electricity, are critical materials for effective
waste heat recovery and compact refrigeration systems [1e3]. It is a
huge challenge to substantially improve TE materials properties,
even though doped Bi2Te3 crystals with 2.4 ZT value, dimensionless
thermoelectric figure of merit, have been reported to be the best
room-temperature TE materials so far (ZT ¼ S2sT/k, where S is
Seebeck coefficient, s is electrical conductivity, T is absolute tem-
perature and k is thermal conductivity) [4e9]. It has been found
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that applying pressure stress to materials permits significantly
changing the relevant properties of materials, for example, band-
gaps tuning [10e12]. Pressure stress effects on the main TE prop-
erties of Bi2Te3, such as power factor (PF]S2s) and ZT, have been
studied in some works [13e16]. It was proved that a pressure over
6 GPa induces a phase transition of Bi2Te3, from a rhombohedral
phase to a monoclinic phase [17e20], illustrating that a compres-
sive stress could modulate crystal structure. Logically, it can be
expected how a tensile stress adjust the structure of a crystal,
following changes of its properties. However, it is relatively difficult
to apply tensile stress on a crystal as it crystallizes from the melt.

Here, we investigate tensile stress effects on the course of Bi2Te3
crystallizing. The tensile stress comes from the conventional optical
fiber configuration, in which Bi2Te3 and glasses are selected as the
core and the cladding of the fibers, respectively. It is demonstrated
that high tensile stress can adjust the Bi2Te3 structure and greatly
enhance the PF of Bi2Te3 fiber core. And the fibers are further uti-
lized to construct an efficient TE fiber cup generator. We propose a
mechanism of the tension-driven enhancement of TE performance,
whichwill be important for future development of broad functional
material systems.
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Fig. 1. EDS elemental mappings in the chip sample of (a) ZF, (b) KF, and (c) BF fibers.

Fig. 2. XRD patterns of the Bi2Te3 powder, rod, and three Bi2Te3 cores.

Table 1
Basic physical properties of Bi2Te3, ZF3, K9, and Pyrex3.3 glass.

Bi2Te3 ZF3 K9 Pyrex3.3

Melting point Tm (�C) 585 / / /
Glass transition point Tg (�C) / 424 555 520
Softening point Tf (�C) / 480 630 820
Volume density r (g/mL) 7.58 4.2 2.49 2.23
Thermal expansion coefficient a (10�6/K) 17 8.8 7 3.3
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2. Material and methods

2.1. Samples preparation

In this work, the rod-in-tube technique was used for fabricating
composite Bi2Te3 TE fibers with Bi2Te3 crystalline core and glass
claddings. Bi2Te3 raw powders of 99.99% purity (under 200 mesh,
Aladdin Industrial) were molten, then hardened into shape in a
quartz tube to obtain dense Bi2Te3 rods as the core of fiber preform,
and the detailed fabrication method of undoped Bi2Te3 rods was
same as a previous study [21]. To fabricate Bi2Te3-core glass-clad
fibers, the lead silicate (ZF3), alkali silicate (K9), and borosilicate
(Pyrex3.3) glass tubes (Nantong Zhenhua Optical-electric Corpo-
ration) were chosen as the fiber cladding, given their suitable fiber-
drawing properties and different thermal expansion coefficients.
Three obtained Bi2Te3 rods with 3-mm-outer diameter were
respectively inserted into three glass tubes of ZF3, K9, and Pyrex3.3
with 3-mm-inner and 30-mm-outer diameter, which were closed
at one end and possessed different soft temperature of 480 �C,
630 �C, and 820 �C, respectively. Then the other end of each tube
was evacuated and thermally sealed under 10�3 Pa to form three
fiber preforms. Three kinds of meter-long Bi2Te3 TE fibers were
drawn at approximately 660 �C, 840 �C, and 950 �C, respectively,
using an optical fiber drawing tower. Moreover, the ZF3, K9, and
Pyrex3.3 glass-clad TE fibers with an inner diameter of 50 ± 5 mm
are marked as ZF, KF, and BF.
2.2. Measurements

The crystalline phase of the pure fibrous cores was identified by
an X-ray powder diffractometer (X’Pert PROX, Cu Ka). Three
microchip samples at the core-clad interfaces of fibers were ob-
tained for analyzing their element distribution and microstructure,
using the focused ion beam (FIB, FEI Helios 450s). FIB was operated
at 30 kV starting voltage of the ion beam for initial thinning until
sample thickness reached less than several micrometers and then
5 kV accelerating voltage was used for final thinning. High-
resolution transmission electron microscopy (HR-TEM) measure-
ments were performed using a transmission electron microscope
(FEI Titan Themis 200) with a high angle annular dark field
(HAADF) detector. The cross-section of the TE fibers was observed
by a field electron-scanning electron microscope (FE-SEM, ZEISS
Merlin). TEM was operated at 200 kV and SEM was operated at
20 kV. Raman spectra were collected on the polished cross-section



Fig. 3. (a) Scanning electron micrograph of the BF core cross-section, and (b) high-magnification image of the boxed region in (a), with the inset in (b): a summary of sheet
thickness; (c) Structural model of a Bi2Te3 hexagonal unit cell; (d) Schematic diagram of tensile stress in the fiber core.

Fig. 4. (a) HAADF image of a BF chip sample and (b) SAED pattern of the circled region in (a); (c) HR-TEM image of the BF core and (d) enlarged view of the boxed region in (c).
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of Bi2Te3 core in the backscattering configuration excited by 633 nm
using a Raman spectrometer (LabRam HR-Evolution, Horiba Jobin
Yvon).

Several TE fibers were cut from the as-drawn fibers. Two ends of
the fibers were coated with 20-nm-thickness platinum thin films
by vacuum sputtering and were attached with silver wires through
silver paste for measuring electrical conductivity. To measure the
seebeck coefficient, one end of the fibers was heated by a heater
(TC038-PC, HC Photonics) and the other end contacted with a heat
sink. The generated TE voltage DU of the fibers were obtained by a
digital source meter (Keithley 2450), while the temperature dif-
ference DT between the two ends was measured by two pairs of T-
type thermocouples connected to a thermometer (HH806AU,
OMEGA). DT was maintained to be less than 5 K by carefully con-
trolling the power of the heater. After the steady state had been
established, the apparent Seebeck coefficient S was calculated by
equation S ¼ DU/DT, subtracting the Seebeck coefficient of silver
electrodes (~6 mV/K). A prototype power generator was made by
connecting 20 pieces of TE fibers (coated with platinum at both
ends) in series by silver paste and wires. To evaluate its TE perfor-
mance, the power generator was wrapped around a paper cup filled
with hot water. The output voltage was measured as a function of
the temperature difference between hot bottom and clod top of the
cup. And the output powerwas evaluated bymeasuring the current
flowing through and the voltage drop across a load resistor, which
was connected with the generator in series.



Fig. 5. Distribution maps of (a) Raman peak around 60 cm�1 and (b) stress values on the BF core.
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3. Results and discussion

3.1. Compositional and structural characterization

To analysis the element distribution of ZF, KF, and BF fibers,
three microchip samples at the core-clad interface were cut by FIB.
The energy dispersive spectrometer (EDS) elemental mappings of
these samples are exhibited in Fig. 1aec, in which the left and right
parts of the broken line denote the Bi2Te3 core and the glass clad-
ding regions, respectively. As shown in Fig. 1a for the ZF fiber, there
is little diffusion of Bi element into the cladding region. While, in
Fig. 1b and c, there exist some Bi diffusions into glass cladding in
about 100 nm and 500 nm depth for the KF and BF fiber, respec-
tively. This should be attributed to higher drawing temperatures of
the BF and KF fibers than that of ZF fiber. Nevertheless, only 500-
nm-depth Bi diffusion should not seriously change the 40Bie60Te
proportion in the Bi2Te3 core of BF fiber for its relatively large core
diameter (50 ± 5 mm). Moreover, the composition in the ZF/KF/BF
core was found to be ~40Bie60Te mol.% by an electron probe
microanalyzer (EPMA), as shown in Fig. S1 in the Supplementary
Information.

Bi2Te3 cores were obtained by etching the as-drawn fibers in HF
acid solution to strip glass cladding for X-ray diffractions (XRD)
crystalline study. Fig. 2 shows the XRD patterns of the Bi2Te3
powder, rod, and three cores of ZF, KF, BF. It is obvious that all the
diffraction peaks of the five samples can be indexed to the hexag-
onal Bi2Te3 crystalline phase (JCPDS No. 15e0863). Since the fiber
underwent a quick cooling process during drawing fibers, the
crystalline core should consist of polycrystals. The average size of
Bi2Te3 polycrystalline particles in ZF, KF, and BF core was predicted
to be nanoscale, when the XRD peak widths of ZF, KF, and BF core
are broad and comparable to the peakwidths of Bi2Te3 rawmaterial
with an average grain diameter smaller than 100 nm.

It can be also observed in Fig. 2 that there exist differences in
diffraction peak intensities among the Bi2Te3 powder, rod and three
cores. These Bi2Te3 cores show stronger diffraction intensities at (0
0 l) crystal planes than those of the Bi2Te3 powder and rod. This
indicates there exists, to a certain degree, a preferred orientation of
polycrystalline particles in fiber cores. According to the Lotgering
method [23], the crystalline orientation degree of the (0 0 l) c-plane
is termed as F:

F ¼ P � P0
1� P0

(1)
P0 ¼
I0ð00lÞP
I0ðhklÞ

(2)

P¼ Ið00lÞ
P

IðhklÞ (3)

where P and P0 are the ratios of the integrated intensities (I) of all (0
0 l) planes to those of all (h k l) planes for preferentially and
randomly oriented samples, respectively. For a standard poly-
crystalline powder sample of JCPDS, the value of F is equal to 0. On
the contrary, if a sample is absolute (0 0 l) oriented sample of a
single crystal, F should be 1. It is calculated that FZF~0.58, FKF~0.73,
and FBF~0.9. The results indicate that all the Bi2Te3 polycrystals in
three cores have a preferred orientation, and the Bi2Te3 polycrystals
in BF core possess the strongest preferred orientation.

The preferred orientation of those polycrystalline cores should
involve stress effect in the composite fiber configuration. During
drawing these fibers, the fibers coming out the drawing heater
underwent quick cooling (>150 �C/s). The volume shrinkages of the
core and the cladding are differential for their distinct thermal
expansion properties. Table 1 shows the basic thermal properties of
Bi2Te3, ZF3 glass, K9 glass, and Pyrex3.3 glass. The thermal expan-
sion coefficient of Bi2Te3 (17 � 10�6 K�1) [24] at 300 K is approxi-
mately two times that of ZF3 glass (8.8� 10�6 K�1), three times that
of K9 glass (7 � 10�6 K�1), and five times that of Pyrex3.3 glass
(3.3 � 10�6 K�1). Therefore, it can be inferred that each Bi2Te3 core
in these fibers should shrink faster than its corresponding glass
cladding during melt cooling and crystallizing, making Bi2Te3 core
crystallize under a tensile stress in the core-clad fiber structure.

Among ZF, KF, and BF fibers, the BF core should undergo the
biggest tensile stress because of the greatest thermal expansion
difference between the core and the cladding. Fig. 3a exhibits the
scanning electronmicrograph of the BF fiber cross-section. Fig. 3b is
the high-magnification image of the blue marked area in Fig. 3a. It
can be observed that there are many bright and dark parallel stripes
of nanosheets in the fiber core and these nanosheets display an
ordered distribution. Fig. 3c shows the atomic
eTe(1)eBieTe(2)eBieTe(1)e quintuples of Bi2Te3 structure [22], in
which Te(1)eTe(1) is of van der Waals bond among layers and
Te(1)eBi/BieTe(2) is of covalent bond in single layer. Logically, the
direction of tensile stress is mostly vertical to the fiber axis, as
shown in Fig. 3d. Thus, Bi2Te3 core should crystallize in a manner
that weaker van der Waals bond direction parallels to the tensile
stress, i. e. Bi2Te3 layers are more parallel to the fiber axis. This is
beneficial to decrease the Gibbs free energy of the fiber system. In
the three fibers, the BF core micrographs exhibit a better c-plane



Fig. 6. (a) Schematic of the optical lattice vibrations in Bi2Te3 quintuples; (b) Raman
spectra of the BF core annealed at 300e800 K and BF core without cladding; (c)
Comparison among Raman spectra of BF core without cladding and three Bi2Te3 cores
unannealed/annealed at 600 K.
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orientation than ZF core and KF core, as shown in Fig. S2 in the
Supplementary Information, which is consistent with the F values
of orientation degree in the XRD patterns.

The sizes of nanosheets have been calculated based on the SEM
data by using an image software and the results showed in the inset
of Fig. 3b. For the BF core, most nanosheets are smaller than 25 nm,
and the averaged thickness of single sheet is about 19 nm. In the
sameway, the averaged single-sheet thickness in the ZF and KF core
is obtained to be 31 nm and 25 nm (Fig. S2 in the Supplementary
Information), being in accordance with the XRD patterns.
To analysis the microstructure of BF core with tension, a TEM

test on the BF chip sample mentioned above was carried out and
the related result is exhibited in Fig. 4. Fig. 4a presents a HAADF
image of the BF chip sample. The left and right parts of the white
broken line respectively denote the Bi2Te3 core and the glass
cladding areas. In the core, there are many narrow stripes near the
blue line selected area, stating an ordered structure in the BF core.
And the selected area electron diffraction (SAED) pattern is shown
in Fig. 4b, verifying that the Bi2Te3 core is in an ordered crystalline
state and marking the corresponding lattice planes of (0 0 15) and
(0 0 30). As Fig. 4c shows an HR-TEM image of the BF core, the core
exhibits a crystal lattice spacing of ~1.01 nm, corresponding to
interplanar spacing of the hexagonal Bi2Te3 (0 0 3) lattice plane.
Fig. 4d shows an enlarged view of the boxed region in Fig. 4c and
the atomic structure model of Bi2Te3 (0 1 0). The direction of Bi2Te3
(0 1 0) is parallel to the fiber axis.

3.2. Stress analysis

To characterize the stress in the BF core, as shown in Fig. 5a, a
distribution map of Raman peak around 60 cm�1 was obtained on
the BF fiber cross-section. Generally speaking for Bi2Te3 poly-
crystals, there is a sharp peak of ~60 cm�1 in its Raman spectra [21].
And the peak will shift when Bi2Te3 polycrystals are under stress.
Pressure stress makes the peak shift to a higher frequency and
tensile stress makes it shift to a lower frequency, and the Raman
frequency shift of Bi2Te3 polycrystals have a linear relationship with
the stress value [25]. In Fig. 5a, the BF core exhibits Raman peaks
distribution of 58e63 cm�1, marked in gradient color from blue to
yellow. Then the effective Raman peak of the BF core distributes at a
50-mm-diameter circular region with a spatial resolution of 1 mm.
Commonly, Bi2Te3 Raman peak shift would be mainly affected by
composition and stress [26]. In fact, the compositions in the ZF, KF,
and BF core were found to be ~40Bie60Te mol.% by EPMA, so the
effect of composition change on these Raman peaks could be
ignored. Herein, the Raman peak shift in the BF core mainly de-
pends on stress. To estimate the stress value, the relationship be-
tween the stress value s and the Raman peak frequency u can be
evaluated by a formula [25,27]:

s ¼ �26.3∙(u e us) (4)

where us is the representative Raman peak position of Bi2Te3 single
crystal without stress, i.e. 62 cm�1 at 300 K [25], based on the defect
effect of stress on the Raman spectra [28]. According to this for-
mula, a distribution map of the calculated stress values on the BF
cross-section is displayed in Fig. 5b. The internal areas of the 50-
mm-diameter core possess 0eþ105.2 MPa stress, meaning the inner
core suffers a tensile stress. Then the average stress value in the
inner core can be statisticised being 41.0 MPa. While the core-clad
interface possesses �26.3e0 MPa stress, meaning the interface
suffers a compressive stress. It is analogous to the stress distribu-
tion theory of reinforced glasses.

Fig. 6a displays the schematic of the optical-mode lattice vi-
brations in eTe(1)eBieTe(2)eBieTe(1)e quintuples [29]. There are
fifteen lattice vibration modes in Bi2Te3: three of which are three
acoustic modes and twelve optical modes. According to the group
theoretical classification [29], twelve optical modes include two
A1g, four Eg, two A1u, and four Eu symmetry. Due to the inversion
symmetry of the crystal, these optical modes are exclusively
either Raman (2A1g and 4Eg) or infrared (2A1u and 4Eu) active.
Both Eg and A1g modes are twofold degenerate: the atoms in Eg
vibrate in c basal plane, and the atoms in A1g vibrate along c axis.

For obtaining the relationship between the stress and lattice



Fig. 7. Bi2Te3 band structure under (a) 0%, (b) 0.1%, (c) 0.3%, (d) 0.5% c-axis tensile strain.
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vibrations in the fiber cores, the cores are annealed for 24 h at six
temperature points from 300 K to 800 K respectively and one of
the 800 K annealed cores is etched out by HF. Fig. 6b presents the
Raman spectra on the samples of 24-h-annealed BF cores at
300e800 K with cladding and BF core annealed at 800 K without
cladding. Due to the Raman peak around 60 cm�1, it is observed
that the core without cladding possesses a peak position of
~62 cm�1, which is larger than other peak position and the same
as the single crystal without stress [25]. It means this core is
within almost zero stress, and then the treatment of annealing
and etching could be applied in stress relieving. One more
interesting thing is that there are main vibration peaks of A1g, Eg,
and Eu for all samples, but an additional peak appears at
~117 cm�1 in the 500 K and 600 K annealed samples. There are
two possible reasons could induce this additional peak. One is
the change of BieTe elemental ratio after annealing, when Bi
content is below 38 mol.% as reported in another literature [26].
The other is the specific lattice vibration in Bi2Te3 nanosheets
[29]. However, the compositions in the ZF, KF, and BF core were
all found to remain ~40Bie60Te mol.% by EPMA. Hence, this
additional peak could be identified as the nanosheet lattice vi-
bration in annealed Bi2Te3 core with less residual strain. It might
be A1u lattice-vibration mode composed of longitudinal optical
phonons, and the A1u-mode peak is infrared active in Bi2Te3 thin
film but not in bulk Bi2Te3 [30]. The A1u-mode peak appears in BF
core samples with 500 K or 600 K annealing treatment can be
attributed to crystal symmetry breaking between two interfaces
of single Bi2Te3 nanosheet [29]. Fig. 6c shows the Raman spectra
comparison among the Bi2Te3 cores of unannealed and annealed
ZF, KF, BF at 600 K A1u-mode peaks can also be observed for the
600 K annealed ZF, KF, and BF cores, but not for other cores, and
there is a blue shift of A1u peak in the annealed cores from ZF to
KF and BF. These confirm the lattice vibrations of Bi2Te3 quin-
tuples would be affected by different tensile stress.
3.3. Band calculation

It has been confirmed that stress has strong influence on ma-
terial band structure [10]. Since the Bi2Te3 core is too tiny to
measure its energy band, the band structure of Bi2Te3 under c axis
strain is calculated for simplification as its c axis strain should be
greater than the a/b axis strain [31]. Next, the elastic constant (C33)
along c axis of Bi2Te3 is adopted being 47.7 GPa [31] and the
average tensile stress value in the BF core are evaluated being
41.0 MPa as above, so the corresponding average tensile strain
along c axis should be ~0.09%. Next, 0%e0.5% c-axis tensile strain
in Bi2Te3 is chosen for band calculation through first-principle
calculations by using the Vienna Ab initio Simulation Package
[32,33] based on the density functional theory [34]. The core-
valence electron interactions are treated using the projector
augmented-wave method [35]. The exchange-correlation poten-
tial is chosen as the generalized gradient approximation with the
Perdew-Burke-Ernzerh (PBE) form [36]. A plane-wave basis set
with a kinetic-energy cutoff of 320 eV is used. Spin-orbit coupling



Fig. 8. (a) Electrical conductivities, (b) Seebeck coefficients, and (c) power factors of the Bi2Te3 rod and fiber core at 300e400 K.

Table 2
Electrical conductivities and Seebeck coefficients of the Bi2Te3 rod and the three Bi2Te3 cores with/without glass cladding at 300 K with 5% uncertainty.

Electrical properties Bi2Te3 rod ZF core KF core BF core ZF core with cladding KF core with cladding BF core with cladding

s (104 S/m) 4.19 5.21 5.4 6.82 7.02 7.68 9.02
S (mV/K) 139 114 128 125 96 118 114
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(SOC) is considered and the default intensity parameters of SOC
are applied. Finally, the band structures of Bi2Te3 with 0e5%
tensile strain are calculated. Fig. 7 shows six band structures of
Bi2Te3 under 0%, 0.1%, 0.3% and 0.5% tensile strain along c axis.
Their indirect band gaps are calculated respectively being
0.086 eV, 0.085 eV, 0.082 eV and 0.075 eV, all of which are lower
than a band-gap experimental value of 0.145 eV in Bi2Te3 without
tensile strain [37]. Hence, the indirect band gaps of Bi2Te3 should
decrease with the increasing c-axis tensile strain, and this result of
the reductive band-gap trend states that Bi2Te3 under suitable
tensile stress might tailor electrical transportation. And the den-
sity of state of Bi2Te3 under strain can be seen in Fig. S3 of the
Supplementary Information. Comparedwith the pressure stress, it
is more difficult to generate a tensile stress during melt crystal-
lization. However, specific tensile stress can be introduced into
our composite Bi2Te3 fibers for tailoring its band structure by the
skillful use of the core-clad thermal expansion difference.
3.4. Thermoelectric properties characterization

Fig. 8 illustrates a pronounced difference in tensile behavior of
electrical conductivities (s), Seebeck coefficients (S), and power
factors (PF) among Bi2Te3 rod and fibers. Their electrical properties
were tested by a same homemade setup as our previous study [38].
Fig. 8a presents the measured s of the Bi2Te3 rod and cores at a
temperature range of 300e400 K. All the s values monotonously
decrease with increasing temperature, exhibiting typical metallic-
like electrical transport properties, which come from the well-
known carrier-defect and carrier-phonon scattering effects [39].
All the s are enhancedwith increasing tensile stress and orientation
degree, which order is Bi2Te3 rodeZFeKFeBF 600 KeBF. The similar
s enhancement in oriented SneSe core fibers was discussed pre-
viously [38], declaring the tensile stress for tuning electrical
transportation could be applied to various layered chalcogenides.
Fig. 8b illuminates S of the Bi2Te3 rod and core at 300e400 K. The
corresponding S decrease slowly almost with increasing tension,
which order is rodeBF 600 KeKFeBF, except for the lowest S of the
deformed ZF core (see Fig. S2a in the Supplementary Information).
It was reported that improving orientation degree slightly reduced
scattering factor and S [40]. For confirming that the Bi2Te3 cores
possess a good stability, the electrical conductivities of as-drawn BF
fibers are measured under 300e550 K (see Fig. S4 in the Supple-
mentary Information). Further, as shown in Table 2, the electrical
conductivities of every core without cladding are lower than that
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with cladding, and the Seebeck coefficient of every core is higher
than that with cladding. At the same time, the order of electrical
conductivities maintains in ZFeKFeBF, which might arise from the
maintaining oriented microstructure induced by tension before.

Fig. 8c displays PF of the Bi2Te3 rod and cores at 300e400 K.
With applied tensile stress, the PF of samples at 400 K initially in-
creases from 0.82 mW m�1 K�2 for the rod, to 1.0 mW m�1 K�2 for
KF, and to 1.35mWm�1 K�2 for BF. It can be attributed to the better
orientation and larger carrier mobility in KF/BF than the rod [21].
The most interesting finding is that the 600 K-annealed BF core
possesses the highest PF of 1.54 mWm�1 K�2 at 400 K. It should be
attributed to the enhanced S after annealing for 24 h, because S
might increase when the BF core tension was partly eliminated
after annealing. Moreover, the annealed BF core has a power factor
of 1.32 mW m�1 K�2 and a ZT value of ~0.76 at 300 K, when the
thermal conductivity of the core is estimated being
~0.52 W m�1 K�1 from our previous 89-mm-diameter Bi2Te3 fiber
core [21]. For checking TE performance of the Bi2Te3 fibers, we
prepare a daily paper cup covered with 20 pieces of BF fibers in
series via silver electrodes, namely TE fiber cup generator, which
can provide mW power under DT ¼ 19 K from waste heat of hot
water (see Fig. S5 in the Supplementary Information). Hence, tun-
ing tensile stress can be used to improve electrical transport in TE
fibers and develop TE generators.

4. Conclusions

This study presented a simple method to fabricate the Bi2Te3 TE
fibers with oriented nanosheet microstructure and outstanding
electrical transportation. Rational tensile stress and annealing
treatment can significantly enhance the power factor of the high-
performance Bi2Te3 TE fibers. The resulting undoped Bi2Te3 cores
exhibit a power factor of 1.32 mW m�1 K�2 and a ZT of ~0.76 at
300 K. And the TE fiber cup generator covered with Bi2Te3 TE fibers
reaches a power of 0.47 mW under DT ¼ 19 K. Tensile stress tuning
from the physical mechanism of thermal size reduction can be an
effective tool for the layered chalcogenidematerials optimization at
band structures and thermoelectric properties.
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