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High Thermoelectric Performance Related to PVDF
Ferroelectric Domains in P-Type Flexible PVDF-Bi0.5Sb1.5Te3
Composite Film

Qinghui Jiang,* Deng Pan, Yunfan Wang, Yong Liu, Yubo Luo, Junyou Yang, Baowen Li,
Steve Dunn,* and Haixue Yan*

There is increasing demand to power Internet of Things devices using ambient
energy sources. Flexible, low-temperature, organic/inorganic thermoelectric
devices are a breakthrough next-generation approach to meet this challenge.
However, these systems suffer from poor performance and expensive
processing preventing wide application of the technology. In this study, by
combining a ferroelectric polymer (Polyvinylidene fluoride (PVDF, 𝜷 phase))
with p-type Bi0.5Sb1.5Te3 (BST) a thermoelectric composite film with maximum
is produced power factor. Energy filter from ferroelectric-thermoelectric
junction also leads to high Seebeck voltage ≈242 μV K−1. For the first time,
compelling evidence is provided that the dipole of a ferroelectric material is
helping decouple electron transport related to carrier mobility and the
Seebeck coefficient, to provide 5× or more improvement in thermoelectric
power factor. The best composition, PVDF/BST film with BST 95 wt.% has a
power factor of 712 μW•m−1 K−2. A thermoelectric generator fabricated from
a PVDF/BST film demonstrated Pmax

T 12.02 μW and Pdensity 40.8 W m−2 under
50 K temperature difference. This development also provides a new insight
into a physical technique, applicable to both flexible and non-flexible
thermoelectrics, to obtain comprehensive thermoelectric performance.

1. Introduction

Future on-person diagnostics and Internet of Things (IoT) de-
vices require low-power sources. Replacing the battery with a
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sustainable power source is an ambition to
improve reliability. IoT systems operate in
ambient environments. As such harvesting
thermal energy from the human body has
aroused considerable interest.[1] In particu-
lar, attention has been paid to low-cost, flex-
ible, and efficient thermoelectric (TE) sys-
tems. These would supply the required en-
ergy for low-power micro-devices such as
wireless sensors, wearable technology, and
extreme weather clothing.[2]

Power factor, represented by the product
of electrical conductivity (𝝈) and the square
of the Seebeck coefficient (S), directly influ-
ences the ability of a thermoelectric mate-
rial to efficiently convert temperature gradi-
ents into electric current. A high power fac-
tor is essential for achieving high thermo-
electric efficiency (also associated with TE
figure of merit (ZT)), as it enables the gen-
eration of larger electrical currents at the
same temperature gradient. For advanced
thermoelectrics, these key parameters are

comprehensively reflected in a radar chart, as Figure S1 (Support-
ing Information), to compare the thermoelectric performance of
thermoelectric (TE) systems for IoT.

Inorganic TE film like Ag2Se or Bi2Te3 have a high power
factor after optimizing composition[3] or processing.[4] However,
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their high processing temperature (high cost) and limited
scalability and flexibility are the barriers for flexible de-
vices. Organic thermoelectric polymers such as Poly (3,4-
ethylenedioxythiophene)/poly (styrenesulfonate) attract atten-
tion as they are lightweight, have mechanical adaptability, non-
toxic, and solution processable.[5] They, however, have lower
Seebeck coefficient and efficiency compared with inorganic
materials.

Organic/inorganic composites have high TE properties and
are flexible.[6] One approach is to incorporate inorganic fillers
in polymer matrices aiming for a high power factor. The per-
formance of organic/inorganic composites depends on the con-
ductive network formed by fillers influencing the power factor.
Typically, the power factor of the composites can be improved
by annealing[7] or hot pressing[8] processing methods. However,
these post-processing methods are barriers to the cost-effective
production of flexible thermoelectric devices. There is a huge
challenge to make an impact by developing low-cost rapid pro-
cesses for large-scale TE composite films.

Polyvinylidene fluoride (PVDF) is a thermoplastic resin
with low thermal conductivity and excellent chemical sta-
bility. Previous systems PVDF include Bi2Se3/PVDF,[9]

Cu0.1Bi2Se3/PVDF,[10] Ta4SiTe4/PVDF/GDY,[11] and Ag2Se/
PVDF.[12] State-of-the-art Cu0.1Bi2Se3/PVDF composites exhibit
a power factor, of 103 μW m−1 K−2, and Seebeck coefficient,
−84 μV K−1 at 290 K. A 13% decrease in performance after
5000 bending cycles was found. In these composites, PVDF
was only used as a binder improving adhesion and flexibility.
Ta4SiTe4/PVDF/graphdiyne composite has a power factor of
489 μW•m−1K−2 and ZT≈0.2 at 300 K and its resistance is
almost unchanged after 10 000 bending cycle with a diam-
eter of 18 mm.[11] The TE performance is lower than those
of thermoelectric-polymer-based, PEDOT: PSS, films,[13] and
carbon nanotube-based flexible thermoelectric materials.[14]

A challenge remains to simultaneously increase electrical con-
ductivity and Seebeck coefficient as these conflict for thermo-
electric materials.[15] Band structure engineering or energy fil-
tering mechanisms can enhance the electrical conductivity with-
out significantly affecting the Seebeck coefficient,[16] and allow
for an increased power factor. Therefore, there is a need to de-
velop new mechanisms to decouple electrical conductivity and
the Seebeck effect. The interplay between the electron transport
in ferroelectric and metal[17] or semiconductor[18] junctions pro-
vides a new and unique possibility to enhance thermoelectric
properties.

Herein, we introduce a PVDF polar 𝛽 phase by Spark Plasma
Annealing (SPA) into p-type Bi0.5Sb1.5Te3(BST)//PVDF compos-
ite films. Ferroelectric polarization in PVDF decouples electric
conductivity and Seebeck coefficient for PVDF/BST composites.
This simultaneously enhances electric conductivity (7.6 times)
and Seebeck coefficient (>20%). A PVDF/BST composite film
with BST 95 wt.% shows electrical conductivity of 122.0 S•cm−1

and a power factor of 712 μW•m−1K−2. The power factor of
527 μW•m−1K−2 after 1000 bends ≈6 mm radius is 77% of the
original value. This work highlights the possibility of enhancing
carrier mobility and the Seebeck coefficient using ferroelectric
polarization of the PVDF polar 𝛽 phase. It also provides a new
approach for the preparation of TE composite materials using a
roll-to-roll compatible technique.

2. Results and Discussion

Figure 1 shows the fabrication process for PVDF/BST films. The
composite slurry was prepared by ball-milling BST particles and
PVDF solution (Figure 1a). The film was fabricated by tape cast-
ing on a flexible polyimide substrate (Figure 1b). Figure 1c shows
photographs of the film (10×10 cm2) produced in the laboratory.
SPA (details in Figure 1d) with a SPA maximum power of 1 kW,
a pulse width, of 20 ms, and an interval, of 2 ms, was used from
the DC power supply at an annealing temperature of 300–340 °C
for 10 min.

PVDF/BST films with different BST weight content (80 wt.%,
85 wt.%, 90 wt.%, 92.5 wt.%, and 95 wt.%) were fabricated by
tape casting combined with SPA. Above BST 95 wt.%, there was
not enough PVDF to act as a binder during tape casting. Figure
S2 (Supporting Information) shows SEM and AFM images of
PVDF/BST films at different BST contents. Samples show an av-
erage roughness, Ra, of ≈20 nm with BST particles randomly dis-
persed in the PVDF. The films, annealed by SPA between 300 and
340 °C look to be a quality in terms of microstructure compared
to films prepared by cold pressed and annealed in air at 300 °C
(Figure S3, Supporting Information).

Figure 2 shows the electrical properties of PVDF/BST films
with BST from 80 to 95 wt.%. As BST content increases, the
percolation threshold is approached, and BST particles start to
touch (Figure S4, Supporting Information). For BST content
80 wt.% the samples are below the percolation threshold lead-
ing to a relatively low conductivity, 17.6 S cm−1, and power fac-
tor of 77 μW•m−1K−2. Figure 2a, shows the carrier concentra-
tion, nH, and the carrier mobility, μH, increasing with BST con-
tent due to the contribution of holes from BST. In Figure 2b,
Seebeck coefficients increase with BST content according to the
General Effective Medium theory.[19] An increase in interfaces be-
tween BST and PVDF allows ferroelectric polarization (Figure S2,
Supporting Information) to further improve the Seebeck coeffi-
cient of PVDF/BST film. As a result, the film with BST 95 wt.%
content has a Seebeck coefficient of 242 μV K−1. This exceeds
Bi0.5Sb1.5Te3/PAN samples (160-175 μV K−1).[20]

See Table 1 for more comparisons on the power factor. BST
95 wt.% has a power factor of 712 μW•m−1K−2 (Figure 2c). This
is 9 times higher than 77 μW•m−1K−2 measured for the BST
80 wt.% film. As shown in Table 1, the power factor of the film
with BST 95 wt.% in our work is currently the champion value
for BST or PVDF-based organic/inorganic flexible films. By ap-
plying SPA using a pulsed square wave it is possible to rapidly
densify the composite in a process[21] that is highly scalable.
The scalable manufacturing and acceptable power delivery make
SPA-processed PVDF/BST composite films competitive in future
commercial applications (Figure S5, Supporting Information).

Figure 3 shows AFM images of BST (95 wt.%)/PVDF films
SPA processed at 340 °C for 10 min. Figure 3a shows topogra-
phy with an average roughness of ≈20 nm and Figure 3b shows
phase-response under an applied field (10 V). The flat surface
indicates no chain reorientation from external stretching. The
piezoelectric properties with 19 V (AC) at point 1 in Figure 3a was
examined by piezoelectric force microscopy (PFM), as shown in
Figure 3c. Piezoresponse phase-voltage hysteresis loops demon-
strate switchable polarization of PVDF. Over 10 V there is an
abrupt phase change for the film. Domain switching is shown by
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Figure 1. Schematic diagrams of preparation processes of PVDF/BST composite films. a), preparation of composite slurry. b), tape casting. c), digital
photos. d), post-treatments of the pristine composite film.

Figure 2. Electrical properties of PVDF/BST films with different BST weight contents by SPA at 340 °C for 10 min. a), electric transport properties. b),
Seebeck coefficient and conductivity. c), power factor.

a change of phase signal when the voltage is reversed from −15 V
to +15 V. The amplitude–voltage butterfly loops show changes of
strain at DC voltages between 10 V and 15 V. Figure S6 (Sup-
porting Information) can also show that applied tip bias of 10 V
electric field can realize the abrupt inversion of the ferroelectric
domains in this film. These features are indicative of ferroelec-
tric switching. Figure 3d shows details of topography and phase
along the line in Figure 3b. This indicates a range of nano-sized
ferroelectric domains in PVDF with ≈52 peaks in 3.2 μm. These
results show that SPA controls PVDF crystalline structures with
PVDF polar 𝛽 phase, which is consistent with the FTIR data
(Figure S7, Supporting Information). It is noteworthy that the

𝛽 phase transformation in the PVDF film was not induced by
stretching.[33]

Electrical conductivity is higher in domain walls than in
domains.[34] A higher domain wall density increases carrier
conduction paths with associated increased carrier mobility
for PVDF/BST films (see Figure 4a). In addition, a review of
the microscopy (Figure S2, Supporting Information) shows the
composite has a smooth and consistent interface. This results
in reduced scattering and increased electron mobility (28.89
cm2•V−1s−1) in films treated at 340 °C /10 min. A comparison
of the impact of SPA treatment is shown in Figure 4b. The car-
rier concentration, 8.4 × 1018 cm−3, for 340 °C /10 min treated
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Table 1. Comparison of fabrication methods and power factor (PF, at room temperature) of different composite materials..

Materials Methods heat-treatment method PF(μWm−1K−2) Reference

PEDOT:PSS Spin casting 5 vol.% of EG or DMSO 469 [22]

Cu0.1Bi2Se3/PVDF Drop casting – 103.2 [9]

Ta4SiTe4/PVDF/GDY Drop casting Baking:120 °C, 10 hrs 489 [11]

Ni/PVDF Drop casting Annealing:110 °C, 30 mins 200 [23]

Ag2Te/PVDF Drop casting – 30.9 [24]

BST/Te/Epoxy Dispenser printing Curing:250 °C,12 hrs 60 [25]

Bi2Te3/Se/Epoxy Dispenser printing Annealing:350 °C,12 hrs 270 [26]

BST/PLG 3D Extrusion – 36 [27]

BST ink Inkjet printing Annealing:400 °C,30 mins 58 [28]

BST/Epoxy Screen printing Annealing:300 °C,6 hrs 123 [29]

BST/C24H44O6 Brush printing Annealing:400 °C,4 hrs 147 [30]

BST/PEDOT:PSS Spin coating Annealing:150 °C,10 mins 237 [31]

Carbon nanotube ultrasonic spray Annealing:130 ± 10 oC 340 [32]

PVDF/BST Tape casting SPA:340 oC,10 mins 711.9 This work

Figure 3. PFM morphologies of PVDF/BST films with 95 wt.% BST content by SPA at 340 °C for 10 min. a), topography image, and b), phase image
under an applied field of 10 V. c), phase–voltage hysteresis loops and amplitude hysteresis loop up to 19 V at point 1 in Figure a). d), roughness and
phase data along the blue line in Figure b).

films is not the highest for our samples. Therefore, we conclude
there is an influence of interface quality and domain wall density
related to the improvement in electrical conductivity.

As discussed in Figure 2a domain walls promote carrier mo-
bility. Therefore, carrier mobility, μH, increases with PVDF/BST
where domain walls are at the highest concentration. At BST
95 wt.%, carrier mobility was measured via the Hall effect

as 75 cm2•V−1S−1. This mobility approximates to single-phase
BST and is higher than for BST-based composites such as 14–
27 cm2V−1S−1 in BST/SWCNT[35] and 45–50 cm2•V−1S−1 in
Bi0.5Sb1.5Te3/Epoxy.[36] As we reach the percolation threshold
for BST it becomes possible for particles to contact each other.
This leads to an increase in electrical conductivity,[37] Figure 2b,
such that the BST 95% film has a measured conductivity of
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Figure 4. Schematic mechanism related to ferroelectric domains of PVDF in PVDF/BST films. a), the schematic diagram of the mechanism of high carrier
mobility in PVDF/BST film. b), Hall carrier concentration, mobility, and electrical conductivity, and c), Seebeck coefficient of PVDF/BST composite films
with 85 wt.% BST content under different post-treatments. d), the schematic representation of energy filtering effect in PVDF/BST film. e), power factor
of PVDF/BST composite films with 85 wt.% BST content under different post-treatments. The inset of e is bending tests of PVDF/BST composite films
under two post-treatments.

122.0 S cm−1. This is 7 times as high as the film with BST
80 wt.%.

Figure 4b shows the electric properties of PVDF/BST films
with 85 wt.% at room temperature after different post-casting
treatments. Traditional annealing at 300 °C leads to an electri-
cal conductivity of 3.68 S cm−1. After SPA there are fewer voids
and the conductive particles are closer resulting in a conductivity
of 5.13 S cm−1. The electrical conductivity was further increased
by increasing the holding time or annealing temperature. By pro-
cessing at 300 °C/10 min conductivity improved to 11.29 S cm−1,

while 340 °C/10 min led to a conductivity of 38.85 S cm−1. The
electric conductivity of 340 °C/10 min processed films is 7.6 times
higher than that of the film with 300 °C/ 5 min, even though both
films have similar microstructures and densities (Figure S3, Sup-
porting Information). In Table S1 (Supporting Information) we
show that single-phase BST samples fabricated at 300 and 340 °C
have electric conductivities of 394 and 526 S cm−1. This leads to
the conclusion that in 85 wt.% BST film the ≈7.6 times improve-
ment of electric conductivity across annealing temperatures is
derived from the influence of PVDF polar phases on transport
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Figure 5. Device performance of single-leg TEG. a), Voc-ΔT; b), Uout-Iout. c), Pout-Iout. d), Pmax-ΔT curves. e,f), demonstration of flexible thermoelectric
devices on the wrist.

behavior. Supporting evidence of the transition to polar PVDF
can be found in Figures S6 and S7 (Supporting Information).

Seebeck coefficient is proportional to the difference of mean
energy (EJ) and Fermi level (EF), i.e., S∝(EJ−EF) .[38] It would be
expected that the ferroelectric polarization of PVDF increases EJ
for accumulated charge carriers. As shown in Figure 4c, the See-
beck coefficient (227 μV K−1) of films processed at 340 °C for
10 min improved when compared to films sintered using tradi-
tional annealing, 200–205 μV K−1, and BST sintered at 340 °C,
190 μV K−1 (Table S1, Supporting Information). PVDF has a wide
bandgap[39] of ≈6.5 eV. The band gap, ≈0.2 eV, and electron affin-
ity, 4.5 eV, of BST[40] leads to barriers for carrier migration at in-
terfaces. Ferroelectric polarization will further distort band struc-
ture at interfaces. This distorted band structure blocks low and
high energy carriers, see Figure 4d. This is energy filtering reduc-
ing carrier concentration in Figure 4b. Seebeck coefficient can be
calculated using,[41]

S =
8𝜋2k2

B

3eh2

(
𝜋

3n

)2∕3
m∗T (1)

Where kB, e, h, n, and m* denote the Boltzmann constant, ele-
mentary charge, Planck constant, carrier concentration, and ef-
fective mass. There is a negative correlation with the Seebeck co-
efficient and carrier concentration. Based on our findings, ferro-
electric polarization effectively decouples electrical conductivity
and Seebeck coefficient in PVDF/BST films. This improves the
power factor to 200.6 μW•m−1K−2 for SPA processed films ≈10x
higher than 20 μW•m−1K−2 for PVDF/BST films prepared using
traditional annealing at 300 °C in Figure 4e.

We show the impact of a bending radius of 6 mm on relative
changes of performance in inset Figure 4e and Figure S8 (Sup-
porting Information). PVDF leads to a composite PVDF/BST
with good flexibility. The film with 85 wt.% BST produced by
traditional annealing at 300 °C for 3 h exhibits a large number
of voids. This reduces the stability of the structure (Figure S3,
Supporting Information) enabling crack initiation during bend-
ing and a reduction in electrical conductivity. For traditionally
annealed samples, electrical conductivity decreased by 22% over
1000 bending cycles. The film with 85 wt.% BST processed by
SPA at 340 °C for 10 min electrical conductivity reduced by 7.7%
over 1000 bending cycles. We attribute this to the high film den-
sity and quality of interfaces between BST and PVDF.

A single-leg thermoelectric generator with 7×11 mm was fabri-
cated using 95 wt.% BST film. In Figure 5 we show performance
parameters. The internal resistance of the generator(the size is
shown in the inset of Figure 5a) was 4 Ω. Figure 5a shows the
open-circuit voltages (Voc) under a range of ΔT. Voc linearly in-
creases with ΔT. The generator produces 12.1 mV at ΔT≈50 K.
Seebeck coefficient ≈242 μV K−1 can be calculated as the slope of
Figure 5a, which is consistent with Figure 2b.According to Ohm’s
law,

Uout = EΔT − Iout ⋅ rin (2)

Where Uout is the output voltage, Iout, output current, rin, inter-
nal resistance, EΔT is the Seebeck voltage of the TE generator and
equal to the Voc of the TE generator. As shown in Figure 5b, the
output voltage Uout of TEG is linear with the output current Iout.
Both parameters linearly increase with temperature difference,

Small 2023, 2306786 © 2023 The Authors. Small published by Wiley-VCH GmbH2306786 (6 of 9)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202306786 by T
est, W

iley O
nline L

ibrary on [15/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

whose product is output power Pout (Figure 5c). Pout increases
with Uout and Iout reaching a maximum when load resistance
equals internal resistance. Theoretical maximum output power,
Pmax

T, can be obtained from,

PT
max =

V2
oc

4rin
= wt

4l
𝜎 ⋅ S 2 ⋅ ΔT 2 (3)

WhereΔT is the temperature difference between the hot and cold
side of the leg, w is the width, l is the effective length, and t is
the thickness of the composite film. According to Equation 3, at
any temperature difference, Pmax

T is linear with power factor. A
higher power factor leads to improved maximum output power.
Meanwhile, Pmax

T and ΔT have a quadratic relationship, inset
Figure 5d. For the TEG fabricated from BST95/PVDF, Pmax

T is
12.02 μW under ΔT≈50 K. In reality, contact resistance leads to
losses and reduced measured power.[42] This accounts for the dif-
ference in measured PT

max of 7.89 μW at ΔT≈50 K.
The power density was determined as follows:

Pdensity =
PR

max

A
(4)

where A is the cross-sectional area calculated from the width
and thickness of the film. Figure 5d shows Pdensity of the TEG
measured to be 1.8, 6.0, 14.2, 26.0, and 40.8 W m−2, at 10,
20, 30, 40, and 50 K temperature differences. Pdensity of the
present work is ≈100 times higher than previously reported for
inorganic/organic composite-based TEG. Relevant examples are
≈0.52 W m−2 at 50 K of Sb2Te3/PAN[43] and ≈1.7 W m−2 at 19 K
of Sb2Te3/PEDPT: PSS.[44] Additionally, our recorded Pdensity for
PVDF/BST SPA processed at 340 °C for 10 min exceeds single-
phase inorganic films such as 8.4 W m−2 at 36 K of Bi2Te3/Sb2Te3
film hot-pressed for 2 h at 325 °C[45] and 38 W/m2 at 50 K[46] in
Bi2Te3/Sb2Te3 film annealed at 530 °C.

Two flexible devices were fabricated by connecting PVDF/BST
film legs and copper wire with silver paste on a polyethylene tube
or sheet, inset Figure 5e,f. The device in Figure 5e has 5 legs in
series on a polyethylene tube with 10 mm diameter. A human
wrist was used as the hot side. The device in Figure 5f has 5 legs
in series and every leg has two PVDF/BST films in parallel de-
creasing internal resistance (all the legs have an effective size of
5×10 mm). One side of the legs is on a polyethylene sheet and the
other side contacts a human wrist. The devices on the polyethy-
lene tube and sheet have temperature differences of 5.3 and 2.5 K
and generate voltage of 6.3 and 3.0 mV and maximum output
power of 0.57 and 0.25 μW.

3. Conclusion

We have developed a Spark Plasma Annealing process to im-
prove the performance of tape-cast flexible PVDF/BST films. The
PVDF matrix is in the ferroelectric 𝛽 phase after SPA process-
ing. The ferroelectric polarization of PVDF influences electric
transport properties through decoupling electrical carrier and
phonon transport. This leads to simultaneous improvement in
electric conductivity (7.8 times) and Seebeck coefficient (10%) of
the best-performing films. As a result, a PVDF/BST film (85 wt.%
BST) has maximum power factor (200.6 μW•m−1K−2), ten times

higher than (about 20 μW•m−1K−2) of PVDF/BST film. The elec-
trical properties of the film decrease by 7.7% after 1000 bending
cycles around 6 mm. The best composition, PVDF/BST film with
BST 95 wt.% has a power factor of 712 μW•m−1K−2. A TEG fabri-
cated from a PVDF/BST film demonstrated Pmax

T 12.02 μW and
Pdensity 40.8 W m−2 under 50 K temperature difference. The com-
bination of tape casting and SPA is a scalable and rapid fabrica-
tion process. Coupled with the improved power performance this
enables the incorporation of PVDF/BST composites with SPA
processing into devices as a viable technology to make flexible
thermoelectric devices for future application.

4. Experimental Section
Preparation of Composite Slurry: Commercial p-type Bi0.5Sb1.5Te3 ingot

(Sagreon, China) was used as raw thermoelectric inorganic component
(Seebeck coefficient 205±2 μV K−1, electric conductivity 1000±50 S cm−1

and thermal conductivity 1.3±0.06 W•m−1K−1 at room temperature). Af-
ter ground by hand, the powders were high-energy ball milled for 3 h under
the protection of an argon atmosphere by a high energy ball milling ma-
chine (SPEX 8000 M, CertiPrep, USA).

Polyvinylidene fluoride (PVDF, average molecular weight 400000, Al-
addin) is used as an organic vehicle and binder. N-methylpyrrolidone
(NMP, anhydrous 99.5%, Sigmaaldrich) is used as the solvent and dilu-
ent. PVDF/NMP solution was prepared with heating and magnetic stirring
at 50 °C.

Finally, Bi0.5Sb1.5Te3 powders and PVDF/NMP solution were mixed
with different mass ratios of Bi0.5Sb1.5Te3 and PVDF, and the composite
slurries were obtained by ball milling at 300 rpm for 2 h in 200 ml pots with
the steel balls with the diameter of 5 mm (Planetary ball milling, Nanda
Company).

Preparation of Bi0.5Sb1.5Te3/PVDF Composite Film: The composite
slurry was blade-coated on the polyimide substrate with a blade gap of
200 μm and dried in a vacuum at 50°C to remove organic solvents. The
thickness of pristine composite films can be also tailored by the height of
the blade (100, 200, 300, and 400 μm). The traditional method is the com-
bination of cold pressing and heat treatment (annealing) at 300°C for 3 h
in a vacuum. In this work, the spark plasma annealing process is simulated
by Spark Plasma Sintering (SPS) equipment.

Characterization and Measurements: Phase analysis of
Bi0.5Sb1.5Te3/PVDF composite films was completed using an X-ray
Diffraction (Shimadzu XRD-6100) with Cu-K𝛼 radiation (0.1540 nm) with
the scanning speed of 10°min−1 (Figures S9–S11, Supporting Informa-
tion). Scanning Electron Microscopes (NanoSEM 450, FEI Netherlands
and GeminiSEM300, Carl Zeiss Germany) were used to observe the
microstructure of the films (the fracture surface of the film is shown in
Figure S12, Supporting Information). An atomic force microscope (SPM
9700, Shimadzu, Japan) was used to observe the surface microstructure
of the films. The samples were scanned in the area of 30 μm×30 μm with
a lateral resolution ≈0.2 nm. The piezoelectric response was obtained
using a cantilever with an Au conductive coated tip in a piezoresponse
force microscope (PFM) (Cypher ES, Oxford).

Differential Thermal Analysis and Thermogravimetric Analysis of PVDF
and composite film were performed using a Diamond TG/DTA (Perkin
Elmer) device from room temperature to 500 °C under a nitrogen atmo-
sphere with a heating rate of 10 °C min−1 (Figure S13, Supporting Infor-
mation).

The Seebeck equipments (lab-made equipment and ZEM-3, ULVAC)
were used to test the Seebeck coefficient of the composite films at room
temperature based on a dynamic method related with ΔV and ΔT. The in-
plane electrical conductivity, Hall mobility, and carrier concentration of the
films at room temperature were measured by the Ecopia HMS-5500 Hall
Effect Tester (magnetic field ≈0.55 T, and current 0–20 mA). The change
in electrical conductivity before and after the test was used to characterize
the merits of the flexibility(shown in Figure S14, Supporting Information).
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A simple device was set up to measure the performance parameters of
Figure 5a-d of one leg, shown in Figure S15 (Supporting Information).

Percolation Calculation and Thermal Conductivity Simulation of
PVDF/BST Films: The transport behaviors such as electrical and
thermal conductivity of composite were commonly empirically described
by percolation theory. For example, in classical percolation theory, the
electric/thermal conductivity of the composite in the conducting region
can be described by the equation31:

𝜎 = 𝜎f

(
𝜙 − 𝜙c

1 − 𝜙c

)t

,𝜙 > 𝜙c (5)

where 𝜎, 𝜎f, ϕ, ϕc, and t is the electric conductivity of the composite,
the electric conductivity of the filter, he volume fraction of the conduc-
tive filter, the percolation threshold, and the critical exponent. When the
volume fraction of the filter reaches the percolation threshold, there was
a sharp increase in conductivity. As shown in Figure S4 (Supporting In-
formation), the fits of electric conductivity data give ϕc 0.29 and t 2.1,
which was similar to theory values (0.33 and 2.0) predicted based on the
spheroidal[47]/isotropic[48] model.

The thermal conductivity of films is calculated using the General Effec-
tive Medium (GEM) theory whose equation is followed as[19]:

𝜑

𝜅
1∕t
f

− 𝜅1∕t

𝜅
1∕t

f
+ [(1 − 𝜑c)∕𝜑c]𝜅1∕t

= (1 − 𝜑)
𝜅1∕t − 𝜅

1∕t
m

𝜅
1∕t
m + [(1 − 𝜑c)∕𝜑c]𝜅 1∕t

(6)

where 𝜅m, 𝜅f , and 𝜅 is the thermal conductivity of the matrix, the filter,
and the composite film without consideration of the interfaces’ effect.
The thermal conductivity of BST[49] and PVDF[50] phase was 1.0 and 0.2
W•m−1K−1, respectively. Then the thermal conductivity of PVDF/BST films
with different BST contents can be calculated with ϕc = 0.29 and t = 2.1
according to Equation (6), as shown in the inset of Figure S16 (Supporting
Information). It increases with BST content and for 95 wt.% BST content,
thermal conductivity is about 0.79 Wm−1K−1. (The estimated thermal con-
ductivity should be higher than real thermal conductivity because the GEM
model does not take into account the influence of the interface. ZT values
can be calculated according to ZT = TS2𝜎/𝜅, and the ZT values of com-
posite films with 95 wt.% BST content is ≈0.27, as shown in Figure S16
(Supporting Information).

Experimental Thermal Conductivity of PVDF/BST Film: The composite
slurry with 95 wt.% BST was also dried at 60 °C in a vacuum for 1 day, put
into the graphite die with an inner diameter of 10 mm, and then consol-
idated to the bulk with a thickness ≈1 mm by the same SPA conditions
and its thermal conductivity was measured using the laser flash diffusiv-
ity method with a NETZSCH LFA-427 equipment. The average value of
thermal conductivity of composite with 95 wt.% was 0.547 (Figure S17,
Supporting Information), which was 70 percent of the calculated value.
This indicates that the interfaces of PVDF and BST could also effectively
scatter phonon. 𝜅 can be calculated according to the equation 𝜅 = 𝜌CpD
(𝜌 density, Cp specific heat capacity, and D thermal diffusivity). The ZTexp
value of composite film with 95 wt.% BST content is about 0.39.

Reference Properties of Inorganic BST Bulk: The BST powders after high
energy balling for 3 hr were put into the graphite die with an inner diameter
of 12.5 mm and then consolidated to the bulk with a thickness of 1–3 mm
by spark plasma sintering at 300 °C and 340 °C for 10 min. Their electrical
conductivity, Seebeck coefficient, and thermal conductivity are measured
using ZEM-3 or NETZSCH LFA-427, shown in Table S1 (Supporting Infor-
mation). The thermal conductivity of pure BST bulk pellet fabricated by
SPS at 300–340 °C was about 0.63–0.68 W•m−1K−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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