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Flexible thermoelectric generator with high
Seebeck coefficients made from polymer
composites and heat-sink fabrics
Shuping Lin 1,2, Lisha Zhang1,2, Wei Zeng1,3, Dongliang Shi4, Su Liu1,2, Xujiao Ding1,2, Bao Yang1,5, Jin Liu 1,2,

Kwok-ho Lam4, Baolin Huang6 & Xiaoming Tao 1,2✉

Light and flexible thermoelectric generators working around room temperature and within a

small temperature range are much desirable for numerous applications of wearable micro-

electronics, internet of things, and waste heat recovery. Herein, we report a high performance

flexible thermoelectric generator made of polymeric thermoelectric composites and heat sink

fabrics. The thermoelectric composites comprise n- and p-type Bi2Te3 particles and poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate, exhibiting a synergic effect that results in

Seebeck coefficients higher than those of the constituent alloys and conductive polymer. The

flexible and light thermoelectric generator produces an output power of 9.0 mW, a specific

output power of 2.3 mW/g, and an areal power density of 6.5W/m2 at ΔT= 45 K. By using

the heat sink fabrics to maintain a large and uniform distribution of temperature difference

across the generator, a three-fold increment of the output power is obtained.
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Harvesting low-grade thermal energy from three-
dimensional complex shaped objects or human body
requires a generator device with low rigidities of bending,

in-plane shear, and tensile deformation so that intimate close
contacts and efficient heat transfer can be achieved between the
generator and heat source. Therefore, light and flexible thermo-
electric generators (FTEGs) working at room- or low-temperature
are much desirable for applications of wearable microelectronics,
IoT, active microclimate controlling systems, and waste heat
utilization1–6.

An output power in the order of mini-watts from an FTEG,
operating within a temperature difference of ~50 K, is required
for driving common wearable microelectronic and IoT devices
working at near room temperature. The FTEG output perfor-
mance depends on its functional and structural materials, device
structural design, and fabrication process. At present, heavy and
rigid semi-conductor functional and structural materials have
been used to fabricate most thermoelectric generators that require
annealing at high temperature, at which most polymers or fibers
cannot survive5. In addition, the application of liquid-state ionic
gelation is limited owing to their super low electrical conductivity,
noncontinuous discharge, and inflexible encapsulation. New
high-performance flexible thermoelectric (TE) materials must be
developed so that they can be adopted in divers FTEGs fabrica-
tion. Inorganic-polymer composites may offer an alternative
strategy to replace the rigid, heavy, and sometimes toxic semi-
conductor TE materials. Since polymers are lighter and more
flexible with endowed environmental friendliness. Cooperating
various nanostructured inorganic thermoelectric particles or nano
films into polymers can obtain both high TE performance with
the required flexibility and light-weight. The flexible TE precursor
materials may take a solution form, containing inorganic semi-
conductors, organic binders, or conducting polymers. They can
be printed, painted, or drop casted, followed by drying or curing
processes at an elevated temperature, in order to form solid TE
materials or structures5. However, a great challenge is that FTEGs
made from such precursors may inevitably have non-conducting
binder residuals between the semiconducting particles that reduce
the electric conductivity and bring down the TE performance of
the composites. It is necessary to strike a balance between the
flexibility and performance of FTEGs.

There are several major types of FTEGs categorized by their
device structures, that is, sandwich, thin-film, and fabric-structured
FTEGs. An increasing number of thin-film structured FTEGs has
been reported, where physical/chemical deposition, photo-
lithography, patterning, and ink printing have been used5.
Although thin-film structured FTEGs demonstrated have a output
power in a range of nW~µW7,8. It is still believed that one of the
favorable techniques for the flexible device fabrication because of
material saving, one-shot synthesis, structural flexibility, and low-
temperature operation. The sandwich-structured FTEGs have
better performance. Cho’s group has developed several lightweight
watch-like Bi2Te3-based FTEGs via screen printing9. However,
high temperature annealing is usually needed for such FTEGs. The
functional materials are semi-conductive alloys, rigid but have high
TE performance. Son’s group reported p- and n-type Bi2Te3
inorganic paints, geometrically compatible to curve surface10,11.
The fabric type FTEGs are newcomers, yet they show some pro-
mises in flexibility but fail to offer high performance. The impacts
of FTEG device structure on their output performance have
remained elusive. For instance, so far very few studies have paid
attention to the heat sink effect on FTEGs, although improved
performance is known for a rigid generator with heat sink.

The progress of FTEGs has been hindered by lack of suitable
TE materials, poor understanding of structural design of the
flexible devices and their fabrication process. Therefore, in this

paper, we will address the following critical issues. At first, we
design and synthesize new printable flexible TE materials via the
route of composite precursor with inorganic semi-conductor
particles of n- and p-type Bi2Te3 alloys and conductive polymer
PEDOT:PSS. We investigate the annealing processes of the
composites and determine the optimized operating conditions for
the flexible device assembly. We discover significant synergistic
effects on the Seebeck coefficients of both n- and p-type com-
posites that render the composites higher coefficient values than
the individual constituent pure alloys and polymer. The resultant
sandwich-structured FTEG shows an output power of 9.0 mW,
specific output power of 2.3 mW/g and areal power density of
6.5W/m2 at ΔT= 45 K, illustrating its promising application in
low-grade thermal energy harvesting devices requiring a driving
power of several mWs. The marked three-fold improvement of
output power of FTEG with heat-sink fabrics are revealed. Dis-
cussions on the further improvements for the FTEGs are offered
considering the derived theoretical upper limit of the output
power. This work will stimulate more research interests in pur-
suing easy-encapsulating flexible TE materials and their large
feasible scope of applications in wearable electronics, IoT, low-
heat waste thermal energy harvesting.

Results and discussion
Sandwich structured FTEGs. Figure 1a, b illustrates the sand-
wich device structures and photographs of as-made wearable
FTEGs by using the flexible substrates and relatively rigid com-
posites. The sandwich structured FTEG includes two flexible
polyimide (PI) thin-film circuit boards with electrodes and con-
necting tracks, and the chips made from the TE composites
consisting of n- and p-type Bi2Te3 alloys and conductive polymer
PEDOT:PSS, sandwiched between the PI films, and connected
electrically with the electrodes. The p- and n-type composite
chips with ZT of 0.4 and 0.5 were connected serially in a π-pair
fashion. Compared with the works of BixTey-based composites
previously reported in the literatures, both the present n- and p-
TE composites show superior properties12–19 (Fig. 1c). To reveal
the effects of heat sinks on the device performance, copper fabrics
and thermally conductive glue were employed. The fabrication
steps of the FTEG are described in the section of “Methods”. The
photos of wearable FTEGs of 35 × 40 mm2 in area are shown with
and without the heat sinker fabrics (Fig. 1b). Comprising the
whole segments, the FTEG still keeps thin (~2 mm) and light
(0.38 g/cm2) compared to conventional rigid TEGs with bulky top
and bottom ceramic layers.

The FTEG were made from n- and p-Bi2Te3 /PEDOT:PSS
composites, which were prepared by following the processed in
section “Methods” and Supplementary Fig. 1a, b. In the n/p-type
composite, several constituent components are present: n-Bi2Te3
(Bi2Te2.68Se0.32) and p-Bi2Te3 (Bi0.52 Sb1.48Te3) alloy particles,
PEDOT:PSS, with dimethyl sulfoxide (DMSO), ethanol, α-
terpineol and isopropanol added as binding materials for
fabricating composite precursor as the flexible materials. The
resultant composite precursors acted as a printing paste ink,
followed by solidification and annealing at specific temperatures.
The major challenge for our strategy is to adjust the rheological
property of the ink to guarantee the uniformity of extrusion
structure. The high stability of the materials is required to avoid
pinhead clogging which might arise from particle sedimentation.
Isopropanol and α-terpineol are used to adjust the paste viscosity.
Also, we believe the PEDOT:PSS serves as the Sulfur doping agent
and conducting connection, regulating the electrical behavior of
the composite. The Seebeck coefficient of both n-/p-Bi2Te3 ink-
based samples without PEDOT:PSS are inferior than the
corresponding samples with PEDOT:PSS. For the electrical
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conductivity, the results are also slightly lower than that of the
composite samples (see Supplementary Fig. 2).

Figure 1d depicts the measured open-circuit voltage as a
function of the temperature difference cross the composite FTEG
devices with and without copper fabric heat sink. The curves are

almost linear. The voltage is 381 mV for the FTEG with fabric
heat sink at ΔT= 45 K. It doubles that for FTEG without fabric
heat sink at the same temperature difference. When the internal
resistance is matching the external load, the measured output
power curve of FTEG with heat sink tripled that of the FTEG
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without the sink fabrics. The heat sink fabric made of fine copper
filaments has an outstanding flexibility and thermal conductivity.
When ΔT= 45 K, the 32-pair FTEG device of 3.5 × 4.0 cm2,
equipped with the fabric heat sink, produces an output power of
9.0 mW (Fig. 1e). This output is comparable to that of a
previously reported shape-conformable TEG employing all
inorganic Bi2Te3 inks10,11. The FTEG is of lightweight and the
specific output power is approximately 2.25 mW/g. The areal
output power density is up to 0.64 mW/cm2 or 6.4W/m2 (Fig. 1f).
More importantly, for wearable applications, the temperature
difference between human body and environment is small,
normally around 15 K if indoor conditions are applied. The single
FTEG produces 1.5 mW at 15 K, at an areal power density of
1.07W/m2. It has competitiveness as compared with other energy
harvesting approaches, as the areal output power density of this
FTEG is more than twice of the 500 mW/m2 produced by the best
triboelectric generator reported so far20.

Numeric calculations based on the measured performance of
materials, as described in Supplementary Table 1, yield the
theoretical upper limit of the output power of 25.9 mW for an
ideal 32-pair FTEG unit made from the identical TE composite
and device structure without contact resistance. The output
power of the realized device is only 34.7% of the theoretical upper
limit thus indicating the large space for improving the device
structure and fabrication process in the future.

To deeply understand the influence of the heat sink fabric on
the performance of FTEG device, analytical and numerical
treatments were applied. The related calculation parameters are
presented in the method section. Figure 1g illustrates the
simulated large temperature variations of FTEGs without the
fabric heat sink, while with the heat sink fabric, the temperature
variation on each TE leg is neglectable (Fig. 1h). Taking a closer
observation on the surface of the PI substrate, this flexible
substrate is not smooth as shown in Supplementary Fig. 3. There
will be air gaps between the FTEG and heat source. This effect
will induce the temperature variation. The soft and conformable
thermal conductive adhesive tape also fills up the airgap between
the FTEG and hot or cold surface of the experimental setup.

The calculated results shown in Fig. 1i, j further reveal the
relationship between output power and thermal conductance for
one unit under distinct temperature difference with or without
heat sink fabric, respectively. When the temperature difference is
42 K, for the device with and without heat sink, the output power
is 7.4 and 2.8 mW, respectively (Fig. 1e). Correspondingly, the
calculated output powers of one pair unit are 0.463 and
0.175 mW, respectively. Some segments of the simulated lines
are crossed with the line of 0.463 and 0.175 mW. This means that
the numerical results are close to the experimental results under
certain temperature difference and thermal conductance. The
detailed information is listed in Supplementary Tables 2 and 3.
The results reveal that if the thermal conductance at each
interface is a constant, the average of temperature difference on
TE legs should be in the range of 37–42 K for the device with heat
sink; in the range of 23–27 K for the device without heat sink.
Therefore, the application of heat sink in the way of enhancing

the average temperature difference on TE legs is very effective to
achieve the potential of a FTEG device.

Keeping the same thermal conditions of the experimental set-up
for about 60min, the temperature gradient between the both sides
of devices will reduce gradually (Fig. 2a–c). This reduction in
composite FTEG with heat sink is from 45 to 34 K, smaller than
that (44–31 K) of the one without heat sink (Fig. 2a). The output
voltage and power reduce with time too (Fig. 2b, c). The copper
fabric as the heat sink reduces the thermal resistance while the
micro-void in composite can increase the thermal resistance of
the device. To illustrate the mechanical performance of the large
FTEG (4*3.5 cm, 32 pairs), we measured the resistance variation
of the device under bending with radius up to ~15mm, that is, the
index of resistance change (ΔR) to the initial resistance (R0). As
shown in the Fig. 2d, the electrical resistance of the FTEG
increases slightly with the bending curvature of 15 cm−1, the
resulted ΔR/R of the device is less than 40%. Moreover, the FTEG
exhibits excellent fatigue resistance as it can be repeatedly bent for
100 cycles, and its resistance recovers after being released (Fig. 2e).
For the TE performance, the as-made FTEG with 32 pairs is bent
and attached on the tube (curvature radius of ~15mm) containing
warm water with around 305 K and generates an output current-
voltage of 88mV. In general, the variance of the output current-
voltage and output power at a applied of ~10 K can be neglected
even after 100 bending cycles along the same direction (Fig. 2f).
These results show that our highly integration possess a certain
extent bendability with a high stable power output, which allows
the large-area compliant TEGs to be applied on the human body
for energy harvesting. As shown in the Fig. 2g, the FTEG was
attached on the arm, here, we assume the thermal contact
resistance as zero, thus, the arm skin temperature can be simply
regarded as the hot side (Th). For another, the cold side is exposed
to the atmosphere, and the room temperature can be considered
as Tc. Thus, the temperature gradient through the FTEG is
ΔT= Th – Tc. The as-made FTEG with 32 pairs attached on the
arm generates an output voltage of about 88 mV with a ΔT of ~8 K
(FLIR image). Such an FTEG is enough to drive the sub-microwatt
or microwatt electronics for instance memory device or biology
sensors. In general, this FTEG indicates the promising potential to
working on the human body as the self-powered wearable
electronics.

Figure 2h, i illustrates that an as-made FTEG with 8 pairs is
bent and attached on the curved surface of a beaker containing
hot water and generates an output voltage of 45 mV. Significantly,
owing to the heat sink fabric and inner low thermal conducting
TE chips, the device can keep the temperature difference for
powering for a while after adding the hot water and going
through the natural cooling process. The drop of the output
voltage of this device is shown as a function of time (Fig. 2j). The
retention rate of the output voltage of this device is 60.7% after
37 s with the hot-water natural cooling, while the reported
apparatus without heat sink design remained only 16.7% within
20 s21. Thus, in this system, the thermal-electric conversion shows
more efficiency and long-term. Such an FTEG can drive an
illuminating fabric with arrays of LEDs in seconds, when applying

Fig. 1 Composite FTEGs on flexible circuit boards. a Schematic illustration of FTEG, comprising n- and p-TE composite chip pairs connected by flexible
polyimide circuit boards as well as copper fabrics as the heat sink. b Photograph of the fabricated FTEG device made from p-/n-composites with (top) and
without(middle) the fabric heat sink. (Scale bar: 10 mm). c Performance benchmark of this work against other BixTey-based composites reported in the
literatures. The gray background denotes the p-type composites, pink background means the n-type composites. d Output voltage, e output power, f power
density and power per mass of the composites FTEGs with/ without the heat-sink copper fabric. Simulated temperature distributions of FETGs without
(g)/with (h) the heat-sink fabrics. Calculated relationships between the output power and thermal conductance of one unit under various fixed
temperature differences, i and j correspond to the device with and without the heat sink, respectively.
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a temperature difference to the FTEG by the lab-made
experimental set-up (Fig. 2k, l).

Here, we further compared the major TE properties of our
composites and the output power of FTEGs made from the TE
composites, and other BixTey-based FTEGs reported previously in
the literature, as illustrated by Supplementary Table 4. It is very

encouraging that the present n-type composite has the highest
near-room-temperature Seebeck coefficient, superior to all other
n-type BixTey alloys and their corresponding BixTey/PEDOT:PSS
materials. The present p-type composite also exhibits a high
Seebeck coefficient, slightly higher than its constitutive alloy and
much higher than other reported works. Due to the low electrical
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conductivity of the composites, the power factors for the n- and
p-type composites have much space to improve, as compared
with their constituent alloys. The output power of the composite
FETG is better or comparable to most reported
previously9–12,21–28. The present composite FTEG has an
improvement space of one order of magnitude before reaching
it theoretical limit of the output power for the composite FTEGs.
The optimization of device structure and reduction of contact
resistance can further improve the output power of the
composite FTEGs.

We also used the same TE composite precursor ink paste to print
on thin films of elastomer polydimethylsiloxane by a substrate
transfer process, followed by thermal annealing treatment of 423 K.
The PDMS FTEG shows a great foldability and durability in
repeated bending test, as illustrated in Supplementary Fig. 4. The
electrical resistance of the FTEG increases slightly with the bending
curvature (from 0 to 2.5 cm−1). The FTEG exhibits excellent
fatigue resistance as it can be repeatedly bent for 100,000 cycles,
and its resistance recovers after being released. Mechanically, the
FTEG also reverts to its original state when being released. These
results show that the FTEG can be crimped and worked on the
curved body as TE power sources. However, the thin-film-
structured FTEG exhibits four orders of power less than the
sandwich-structured FTEGs made of composite (Supplementary
Fig. 5). We believe that the lack of densification process and lower
annealing temperature of the printed FTEGs contribute to the
impaired compactness of TE composite and its TE performance.

TE properties of n-type Bi2Te3/PEDOTP:PSS composites. As
shown in Supplementary Fig. 6, the size of n-Bi2Te3 particles used
in these FTEGs fabrications are varied with the average size of
~5 µm. According to the X-ray diffraction (XRD), the peaks
allocations of n-Bi2Te3 in the composites are in accordance with
Bi2Te3, PDF #08-0027, accompanied by spikes of amorphous
matrix, PEDOT:PSS (Supplementary Fig. 7a). On the basis of
thermal stability test (Supplementary Fig. 7b), the n-composites
go through a few stages with the thermal increment. In the first
stage, the weight loss up to 473 K is attributed to the vaporization
of organic solvents. In other word, the n-Bi2Te3 and PEDOT:PSS
coexist in the composite29. Then in the second stage, the de-
composition of PSS starts from 538 K and ends at 593 K with a
weight loss of 25 wt%. When the materials comes to the third
stage, the decomposition of PEDOT begins with 623 K and ends
at 873 K with a weight loss of 10 wt%29. Combined with the X-ray
photoelectron spectroscopy analysis, the samples under 623 K
annealing or above, both liner structure of PEDOT and part of
carbonization co-existed (Supplementary Fig. 8 and Note 1). The
annealing process has an effect on not only the structure and
composition of the composites but also the TE properties. The
treatment temperatures were selected according to the stages, as
423, 593, 623, and 673 K, respectively.

The morphology and thermoeletric properties of n-Bi2Te3 alloy
and n-Bi2Te3/PEDOT:PSS composite, annealed at the selected

temperatures, measuring from RT to 423 K, are evaluated.
Figure 3a–d demonstrates the top-view SEM images of
n-composite samples annealed at various temperatures. The
n-composite particles tend to merge with the increasing
temperature treatments (from 423 to 623 K). The particles
distribute randomly without any apparent aligned structure.
The presence of PEDOT:PSS plays an significant role in this
phenomenon. When temperature increases up to 623 K, the
PEDOT:PSS connects the particles. However, when the tempera-
ture further rises (673 K), the degradation and vaporization of
polymers dominate thus some pores are visible inside the
composite.

The electrical conductivity (σ) of the composite samples
enhances with the annealing treatment. Yet, the σ of PEDOT:PSS
is low at 6.96 × 102 S m−1 and does not change much from the
298 to 423 K. The pure n-Bi2Te3 alloy samples always exhibit
higher σ when comparing with the composites (Fig. 3e and
Supplementary Fig. 9a). It appears the room-temperature
electrical conductivity of the composites reaches a peak between
593 and 623 K, then declines with the increasing annealing
temperature30,31. The conducting performance of n-composites is
dominated by the intrinsic property of the n-Bi2Te3 and
PEDOT:PSS matrix, and also influenced by the polymer-filler
interactions. For the DMSO doped n-composite sample, the
PEDOT chains covert from a coil shape to an entangled linear
structure (Supplementary Fig. 10 and Note 2). This conforma-
tional change has a positive effect on electrical conductivity since
the linear structure reduces the energy barrier of the PEDOT
chains, promoting the carrier shifting through the p-conjugated
PEDOT skeletons32.

The room-temperature σ of the n-composite is plotted against
the weight residual under annealing in Fig. 3f, illustrating the four
stages of n-composites transformation. We can use the
percolation-like theory to interpret this phenomenon33,34. In
the first stage, the composite contains n-Bi2Te3 particles,
PEDOT:PSS and few organic insulated binders (n-composite
−423 K), demonstrating the lowest σ of 2.23 × 102 S m−1. Then
the conductivity is enhanced with the annealing temperature up
to 593 K (Second stage), the σ of sample increases to
90.09 × 102 S m−1. The room temperature σ of the annealed
composite peaks between 623 and 673 K, being about 94.89 ×
102 S m−1 and 55.97 × 102 Sm−1, respectively. From the first to
the third stage, with the increasing annealing temperature, the
insulating PSS degrades first. The degradation and re-orientation
of the PEDOT:PSS may affect the electrical conductivity, and the
PEDOT acts as the bridges to couple the Bi2Te3 particles, forming
the crisscross circulation network between the particles, which
facilitates the charge transport. More pores appear because of the
Se sublimation (Supplementary Table 5) and degradation of
PEDOT:PSS. The electrical performance are blunted since the
pores inside impeded grain growth instead. Eventually, when the
percolation threshold is achieved, in this regards, adding more
fillers could not promote the electron shifting further.

Fig. 2 Output performance of FTEGs. aMeasured temperature differences of FTEGs as time lapses. b, cMeasured output voltage and power of composite
FTEGs plotted against time, when the temperature difference is fixed by the testing device. d Electrical resistance of the FTEG with the bending radius.
(inset images: the lateral view of the compliant FTEG under bending radius). e The stability of electrical resistance of the bent FTEG during and after 100
bending cycles with ~15 mm bending radius. f Experimentally measured output voltage and power of 32-pairs FTEG after different bending cycles.
g Demonstration for measuring the VOC of FTEG (32 pairs) worn on arm at room temperature. (Scale bar: 40mm), FLIR image: Temperature distribution
between arm and surface of FTEG. h Experimental demonstration for observing the response of FTEG attached on beaker filled with hot water. (Scale bar:
40mm, see Supplementary Movie 1). i Front view and side view of temperature distributions of the FTEG attached on the outside of a beaker containing
hot water. (Scale bar: 40mm). j Time-resolved Voc of FTEG attached on beaker when adding hot water and going through a natural cooling process. (Scale
bar: 40mm). k An FTEG drives an LED fabric skirt via demo board. (See Supplementary Movie 2). l Time-resolved Voc of FTEG when light on the LEDs.
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The Seebeck coefficient of n-composites are much greatly
improved with annealing in a nonmonotonic manner. The room-
temperature Seebeck coefficients of annealed n-composites can be
listed in a descending order, 673, 423, 623, and 593 K. Most
interestingly, there is a surprisingly large synergy of the n-alloy
and PEDOT:PSS. With the same annealing temperature, the
Seebeck coefficient of each composite is higher than that of its
corresponding pure n-Bi2Te3 counterpart. A coefficient value of
−218.0 μVK−1 at room temperature is obtained from the
composites annealed at 673 K, much higher than −98.0 μVK−1

of its pure alloy (Supplementary Fig. 9b), higher than those

reported previously in other TE composite works (Supplementary
Table 6). Previously, adding p-type PEDOT:PSS into the n-type
inorganics did not yield a high n-type performance18. This
surprisingly great enhancement may be attributed to that the
effect of Sulfur (S) in PEDOT:PSS, which acts as the substitutional
impurity, promoting the Seebeck coefficient of the whole material
system35. As shown in XPS spectrum (Supplementary Fig. 11),
apart from the band of S 2s positioned at 228.4 eV from
PEDOT:PSS, a S 2s sub-band of 232.2 eV that was produced by
the thioligated pnictogen and chalcogen is detected. In the
composite, the S from PEDOT:PSS diffuses into the rigid Bi2Te3
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Fig. 3 Measurement results of n-Bi2Te3/PEDOT:PSS composites and pure PEDOT:PSS samples. a–d Top-view SEM images of n-Bi2Te3/PEDOT:PSS
composites annealed at 423, 593, 623, and 673 K, respectively. e Curves of electrical conductivity vs. temperature of n-Bi2Te3/PEDOT:PSS, and
PEDOT:PSS, respectively. f Room-temperature electrical conductivity of annealed n-Bi2Te3/PEDOT:PSS composites as a function of weight. g Seebeck
coefficients of n-Bi2Te3/PEDOT:PSS samples and PEDOT:PSS. h Hall mobility, and i carrier concentration of n-Bi2Te3/PEDOT:PSS samples, j thermal
conductivity, k Power factor, l figure of merit of n-Bi2Te3/PEDOT:PSS composites and PEDOT:PSS.
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alloy particles, enabled by the annealing treatment. This S doping
is similar to the Se, playing a crucial part in Seebeck coefficient
enhancement. In addition to guiding the connection of composite
annealing at a selected temperature, PEDOT:PSS here also serves
as the Sulfur doping agent, regulating the electrical behavior of
the composite.

Figure 3h presents the mobility (μH) of annealed TE samples as
a function of temperature, with all the samples displaying a
declining trend. At the lowest annealing temperature of 423 K, the
carrier mobility in the composite is the lowest among all the
composite samples. The pores in TE materials may influence the
charge carrier transport because of the potential perturbation
near the pore sites36,37. The Matthiessen’s rule in Eq. (1) describes
the total scattering contributions by different carrier scattering
mechanisms, due to those by impurity, grain boundary, pores,
and the bulk acoustic phonons, respectively38.

1
μtot

¼ 1
μbulk

þ 1
μimpurity

þ 1
μboundary

þ 1
μpore

ð1Þ

Assuming no any other impurities in the n-Bi2Te3 alloys,
μboundary and μpore should be the main reasons to affect the overall
mobility. The boundary and porosity effects on mobility become
weaker for larger grains as suggested by Lee et al.18. For the n-
composite, the mobility is lower than those for the alloys
(Supplementary Fig. 9c). The possible reason is that more
phonons in the composite than in the alloys, and thus increases
carrier scattering, which tends to reduce mobility. The relation-
ship between the mobility and annealing temperature is more
complicated in the composites. Annealing at the range from 423
to 623 K, the mobility of composite is enhanced gradually, after
that it is reduced at 673 K. The mobility increment is ascribed to
the connection of PEDOT and Bi2Te3, activating the conducting
access through the interfaces. However, when the temperature
raising to the 673 K, with thermal degradation of PEDOT, the
mobility reduces owing to the high porosity. Consequently, the
relatively high number density of pores can result in the low
electrical conductivity of 673 K—annealed composite sample.

The composites present relatively low concentration contrast to
the pure n-Bi2Te3,(Fig. 3i) which attributing to the high Seebeck
coefficient. For the n-type Bi2Te3 (Bi2Te2.68Se0.32) samples with
423 K-, 593 K- annealing, the values are relatively low
(1.45 × 1018–1 × 1019 cm−3) compared to typical bulk Bi2Te3-
based materials, which is answerable for the comparatively poor
electrical conducting performance of 623 K-, 673 K- annealed
samples, as well as other related bulk materials (Supplementary
Fig. 9d). This is because the lower the annealing temperature, the
higher the Se content in the semiconductors which will lead to the
reduced carrier density. When doping with the Se in the Bi2Te3
system, Se will occupies the Te vacancies and make up two free
electrons forming the SeTe anti-defects, that is,
Seþ VTe þ 2e� ¼ SeTe, which will decreases the carrier density
in the whole system39. The results for the 423 K-, 593 K-
annealing samples are in tune with the similar Bi2Te2.7Se0.3
material40. For the intense heating preparing (623 K-, 673 K-
n-Bi2Te3), the corresponding performance of the materials are
higher than the 423 K-, 593 K- annealed samples. One possible
reason is accounting to the vaporization of Selenium (Se). Se is
much easier to evaporate during the annealing process because of
low energy of evaporation and thus it leaves Se vacancies and free
electrons, which may contribute to higher electrical
conductivity30. This can be indicated in the following Eq. (2):30,31

Bi2Se3 ¼ 2BiXBi þ 3� y
� �

SeXSe þ ySe g
� � " þ yV2þ

Se þ 2ye� ð2Þ
The decreased Se vacancies and increased anti-defects make the

carrier concentration converges to about 1 × 1020 cm−3, thus

improve the electrical conductivity. Traditionally, PEDOT:PSS is
a p-type material and even using an n-type inorganic material like
Bi2Te3 could not yield composite materials with high n-type
performance18. This is a main reason for the low carrier density
of all the n-type composites. However, taking advantage of the
high flexibility of PEDOT:PSS chains, noting that the PEDOT:PSS
can potentially be de-doped by Bi2Te3 through electron transfer
show the potential for inverting the nature of the majority charge
carrier (from holes to electrons) in PEDOT:PSS, in principle,
obtain n-type hybrids with promising TE properties.

Figure 3j in the present composite system, the highest thermal
conductivity of composite is 0.53Wm−1K−1, annealed at 623 K
owing to its compact structure. The low thermal conductivity of
423 K, 593 K annealed composite samples is because of the
presence of thermally insulating PEDOT:PSS. For the low thermal
conductivity of the 673 K annealed sample, the pores act as the
thermal blockers instead. On the other hand, the limited phonon
mean free path in this composite system can effectively reduce its
phonon thermal conductivity41. Thermal conductivity is also
influenced by scattering induced by the morphology. By adding
scattering centers, or by thermal degradation of PEDOT:PSS, or
by inducing micro-rough surface due to annealing, the thermal
conductivity can be effectively reduced when compared with the
pure alloys (Supplementary Fig. 9e).

Figure 3k, l displays the power factor and ZT curves as a function
of temperature. The power factor for n-type composite varies from
9 to 306 μWm−1 K−2 less than that of the alloys annealed at the
same temperature. The maximum power factor of the n-composite
is 306 μWm−1 K−2, obtained from the sample annealed at 623 K.
Although the Seebeck coefficient of the optimized composite shows
unexpected two times higher than the alloy at room temperature,
its electrical conductivity is almost one order of magnitude inferior
to the alloy. The combined effects are reflected on the difference of
power factor between the composite and alloy (Supplementary
Fig. 9f). At room temperature, the composite has a ZT of 0.26 close
to that of the alloy annealed at 673 K (Supplementary Fig. 9g).
Normally, one may expect that the power factor and ZT of the
composites are always lower than those of the constituent alloy, as
it is reasonable to assume that a homogeneous composite
composed of disparate ingredients working separately cannot have
a higher power factor or ZT than that of any single component.
However, this work indicates the very possibility for a composite to
achieve a comparable ZT value of the constituent alloy while
exhibiting high flexibility via careful engineering of the composite
material electric and TE properties.

TE properties of p-type Bi2Te3/PEDOTP:PSS composites. In
this p-composite precursor, the average size of p-Bi2Te3 particles is
roughly 20 µm (Supplementary Fig. 12), bigger than the n-type
alloy. The small granular particles can fill into the interspace of the
large ones, generating a compact packing. The structures of
p-Bi2Te3, PEDOT:PSS, and their composites are revealed by XRD,
Raman spectra, Fourier Transform Infrared Spectroscopy (FTIR),
as shown in Supplementary Fig. 13. According to the results in
TGA analysis (see Supplementary Fig. 14), the range of annealing
temperatures for the p-type samples was similar to the n-type ones.
As shown in (Fig. 4a–d), the schistose particles appear in the 593
K-annealed sample then grow up with further raising temperature,
some of the polyhedral particles reach a size of about 20 μm.
Moreover, samples annealed at 623 and 673 K have a higher density
than the 423 and 593 K annealed samples (see Supplementary
Fig. 15). The variation in density and ordered structures will affect
the TE properties accordingly. In addition to the morphology, the
constituent composition of p- Bi2Te3 alloy varies with the
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annealing temperature. These two effects will have impact on the
electrical conductivity of the composites as well.

The temperature-dependent electrical conductivity of
p-composites and PEDOT:PSS, are displayed in Fig. 4e, respec-
tively. For the p-composites, the higher annealing temperature
treatments result in higher electrical conductivity. The corre-
sponding merits near room temperature is enhanced from
0.70 × 102 to 66.8 × 102 S m−1, with the annealing temperature
from 423 to 673 K. Interestingly, the effect on the pure Bi2Te3

alloys is not the same, the optimal peformance of temperature is
623 K (see Supplementary Fig. 16a). This tendency of the
p-composites is related to the weight variance due to the
annealing treatments, as shown by TGA data. Figure 4f illustrates
room-temperature conductivity of the annealed p-composites
with various anealing treatments. In the first stage, the
p-composite presents the lowest σ of 0.70 × 102 S m−1. When
the annealing temperature reaches 593 K, the low-boiling-point
organic binders evaporate and the PSS decomposites, a weight

Fig. 4 Measurement results of p-Bi2Te3/PEDOT:PSS composites and pure PEDOT:PSS samples. a–d Top-view SEM images of p-Bi2Te3/PEDOT:PSS
samples annealed at 423, 593, 623, and 673 K, respectively. e Measured temperature-dependent electrical conductivity of p-Bi2Te3/PEDOT:PSS and
PEDOT:PSS, respectively. f Measured room temperature electrical conductivity of p-Bi2Te3/PEDOT:PSS with the weight variance under annealing,
respectively. Measured temperature-dependent. g Seebeck coefficient of p-Bi2Te3/PEDOT:PSS samples and PEDOT:PSS, respectively. Temperature-
dependent h Hall mobility, and i carrier concentration of p-Bi2Te3/PEDOT:PSS samples j thermal conductivity, k power factor, l figure of merit of p-Bi2Te3/
PEDOT:PSS and PEDOT:PSS, respectively.
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loss of 1.5% occurs. Furthermore, more compact microstructure
can be found in the samples annealed at 623 and 673 K. Their
room-temperature electrical conductivities are increased to
56.8 × 102 Sm−1, and 66.8 × 102 S m−1, respectively. The solid
composite is formed with p-Bi2Te3 particles in an electrically
conductive PEDOT matrix, when annealed at 673 K. The initially
small particles of p-Bi2Te3 grow up and occupy the interspace
between the bulky particles, enhancing the system packing
density, thus increasing the conductivity. When the annealing
temperature increases at or above 673 K, the electrically
conductive PEDOT degrades a lot thus p-Bi2Te3 particles form
their own connected network in the composite. The electrical
conductivity is enhanced with grain growth as well as structure
densification. Furthermore, the presence of PEDOT:PSS reduces
the oxidization of the Bi2Te3 in the composites, as shown by XPS
spectra (see Supplementary Fig. 17), displaying the interaction
between p-Bi2Te3 and PEDOT:PSS. As a whole, different from the
n-type composites, the evidences demonstrate the positive effects
of the gradually increasing annealing treatment on electrical
conductivity of the p-composites.

The temperature-Seebeck coefficient curves are displayed in
Fig. 4g. The raising annealing temperature drastically enhances
the room-temperature Seebeck coefficient of the p-composites
from 168.9 to 273.3 μV K−1, that of the alloy from 198.0 to
270.0 μV K−1, respectively (Fig. 14b). In the measurement
range, the Seebeck coefficients of the composites reach the same
level as those of the pure Bi2Te3 alloys, when annealed at 593 K
or above. Both the composites and Bi2Te3 show a similar
monotonic declination from 296 to 423 K. The annealing effect
in Bi2Te3 alloys is similar to but smaller than that in the
composites. Both exhibit considerably high Seebeck coefficients
when benchmarking with other contemporary works (see
Supplementary Tables 7 and 8).

Figure 4h presents the Hall mobility of annealed TE samples.
The Hall mobility is reduced with increasing temperature while
the carrier concentration shows the opposite tendency (Fig. 4i).
The mobility values of the composites and alloys are increased
with the annealing treatments (Fig. 14c). However, the μH value
for the 623 K-annealed samples decreases in composites with
PEDOT:PSS. The possible reason is that more phonons in the
p-composite than in the Bi2Te3 alloys, thus more carrier
scattering, which tends to reduce their mobility. The access of
the electrical network is owing to the interaction between
p-Bi2Te3 and the conjugated thiophene chains in PEDOT:PSS.
The carrier mobility of the Bi2Te3 is increased from 26.7 up to
146.28 cm2 V−1s−1 at room temperature by the annealing
treatment. High temperature annealing caused a reduction in
grain boundary and scattering center, which provide a long
effective mean free path of carriers, attributing to the mobility
enhancement42,43. The carrier concentrations of the p-Bi2Te3
(Bi0.52 Sb1.48Te3) samples with varied thermal treatments are
relatively lower those of typical bulk Bi2Te3 alloys (see
Supplementary Fig. 16d), leading to the comparatively poor
electrical conductivity. Here the major charge carriers are holes,
generated by BiTe and SbTe antisite defects44. The evaporation
energy of Bi, Sb and Te are 104.80, 77.14, and 52.55 kJ mol−1,
respectively, demonstrating that Te tends to vaporize more easily
than Bi and Sb during a high thermal process45. Since the carrier
concentration in (Bi2Te3)x(Sb2Te3)1−x decreases with increasing
Bi2Te3 content, for the p-Bi2Te3 samples, reducing the annealing
temperature will lead to the lower antistructure defects of BiTe
and SbTe owing to the large difference in electronegativity among
Bi, Sb and Te. The relatively mild thermal treatments in this work
confine the carrier concentration to the 3 × 1018 cm−3 which are
relatively lower compared with 1 × 1019–3 × 1019 cm−3 of typical
bulk Bi2Te3-based materials.

For the p-type composites, owing to intrinsic comparatively
small carrier concentrations of the p-Bi2Te3 samples
(3 × 1018–3 × 1019 cm−3) and PEDOT:PSS, it is reasonable to
assume that the resulting composites possess the relatively less
carriers. When the annealing treatment enhances up to 623 and
673 K, parts of thermal decomposition of PEDOT and carboniza-
tion does not induce extra carriers further.

The annealing treatments lead to increased thermal conduc-
tivity of all samples, as illustrated in Fig. 4j. The lowest thermal
conductivity is 0.28Wm−1K−1 (annealed at 423 K), owing to the
thermally insulating PEDOT:PSS polymer of ~0.27Wm−1K−1,
filling gaps and spreading well on the interface between the
particle and matrix. The composites have lower values of thermal
conductivity in all the cases compared with the p-Bi2Te3 alloy
samples (see Supplementary Fig. 16e). In the 623 K- and 673 K-
annealed composite samples, the pores act as the thermal blockers
instead of PEDOT:PSS as a result of thermal degradation of PSS
then PEDOT. The limited phonon mean free path in the
composite can effectively reduce its thermal conductivity
according to Boltz-mann equation46. Thermal conductivity is
also influenced by the morphology via scattering mechanism. By
adding scattering centers, or by heat-induced degradation of
PEDOT:PSS, or by inducing micro-rough surface due to
annealing, the thermal conductivity will be further reduced47.

The power factor and Figure of merit (ZT) are plotted in
Fig. 4k–l, respectively. The maximum power factor of the
p-composite is 473.5 μWm−1K−2, obtained from the sample
annealed at 673 K. The room-temperature ZT value of the
composite increases from 0.002 to almost 0.4. These promising
ZT values of the composite samples originate in high values of
Seebeck coefficient, electrical conductivity, and ultra-low values of
thermal conductivity. Although the power factor and ZT of the
composites are always lower than those of the pure p-Bi2Te3
alloys (see Supplementary Fig. 16f, g). The highest room
temperature power factor and ZT of the composite samples are
comparable to those of the bulk p-Bi2Te3 alloy samples annealed
at the low temperature.

Conclusion
A sandwich-structured FTEG with heat sink fabric has been
designed and fabricated by employing high-performance TE com-
posites, producing an output power of 9.0mW, specific output
power of 2.3 mWg−1 and an areal power density of 0.65mWcm−2

with a temperature difference of 45 K. The employment of the heat
sink fabrics has yielded three-fold increment in the output power of
the generator. More significant result is the high output power at a
relatively small temperature difference, say, between human body
and office environment around 15 K. The solid and stationary
sandwich-structured FTEG has an areal output power density of
1.07Wm−2 at 15 K. This value is comparable to the output of an
indoor solar cell and more than twice of the highest power value
from a flexible triboelectric generator reported so far. It is promising
to drive microelectronic devices for indoor wearable and IoT
applications.

Secondly, flexible n-type and p-type Bi2Te3/PEDOT:PSS TE
composites have been designed, fabricated and characterized for
making the generators. The effect of annealing and optimized
annealing processing conditions have been determined experi-
mentally. The composites display the highest values for both the
Seebeck coefficient and power factor among all BixTey polymer
composites previously reported in the literature. The optimized TE
composite displays a surprisingly high room-temperature Seebeck
coefficient of −218.0 μV K−1 (n-type), much higher than its con-
stituent bulk alloy and polymer matrix; 273.3 μV K−1 (p-type)
slightly higher than the bulk constitutive alloy. The synergic
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phenomena in the TE composites are attributed to the interactions
between the doped Bi2Te3 alloy particles and PEDOT:PSS polymer
during the annealing process.

The present sandwich-structured FTEG only produces 34.7%
of the theoretical output power from the ideal device made from
identical materials and structure. Hence, there is a large scope for
further improvement of their performance. Therefore, this study
illustrates the current limitations, sets the theoretical upper limits
for output power of FTEGs, and charts up a roadmap for
achieving the theoretical upper output limits. We believe that this
work will stimulate more investigations, eventually leading to the
successful applications of FTEGs as an alternative power source
for wearable microelectronic devices.

Methods
Materials. Bi2Te2.68Se0.32, Bi0.52 Sb1.48Te3 (99.99%, Kaiyada materials, China),
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (5.0 wt. %, conductive
screen printable ink, Sigma Aldrich), dimethyl sulfoxide (99.9% %, VWR Chemi-
cals), ethanol (99.8%, VWR Chemicals), α-terpineol (96%, Alfa Aesar), isopropanol
(AR, UNI-CHEM), neutral silicone (100%, Ele-wintex), tetrahydrofuran (99.9%,
VWR Chemicals), Silver paste DGP80 TESM8020 (75%, Sigma Aldrich), were
purchased commercially and used without any further treatment.

Preparation of Bi2Te3/PEDOT:PSS Hybrid Ink Paste. The TE ink was prepared
based on a well-dispersed mixture of Bi2Te3 and PEDOT:PSS, with addition of
DMSO, isopropanol and α-terpineol. During the mixing process Bi2Te3 particles
and PEDOT:PSS were immersed into organic solvent, forming a homogeneous
paste. The ink paste consists of 3 g Bi2Te3, 0.4 g DMSO, 2.0 g PEDOT:PSS, 0.43 g
isopropanol, and 0.46 g α-terpineol. The mixing paste was stirred for 12 h to
maintain the specific viscosity used for the printing approach. The viscosity of the
paste was measured by DV-E Viscometer, Brookfield.

Sample preparation for characterization and tests of TE properties. All the
Bi2Te3, Bi2Te3/PEDOT:PSS samples were pressed as the pellets. Then the pellet
samples were annealed at 423, 593, 623, and 673 K using the tube furnace under
argon atmosphere for 3 h before the measurements.

Structural characterization. The morphology of TE materials was characterized
by scanning electron microscopy (Tescan VEGA3). Raman spectra measurements
were carried out on a Raman spectrometer (BaySpec’s Nomadic™ Raman micro-
scope 3-in-1, λexc= 532 nm), FT-IR spectra of TE materials were recorded on
Perkin Elmer Spectrum 100 FT-IR and FT-IR Spectrometers. The crystalline
structure of TE materials was obtained from Rigaku Smart Lab with Cu Kα
radiation (λ= 1.5406 Å). Thermal stability analysis of TE materials was conducted
on thermogravimetric analyzer (METTLER TOLEDO Thermal Analysis, STARe
system) in an atmosphere of nitrogen. X-ray photoelectron spectrometry (XPS)
analysis was measured by Physical Electronics 5600 multi-technique system, using
monochromatic Al-alpha source.

Evaluation of performance. The thermal stability of the samples was tested by
Thermo-gravimetric analysis (TGA), under a nitrogen atmosphere created by fluxing
50ml/min of N2 from 323 to 1200 K at the heating rate of 10 K/min. Seebeck coef-
ficient and electrical conductivity of the TE films were obtained by SBA 458 Nemesis®

measurement Setup (NETZSCH Group, German). Three measurements were done
for each sample and the average value was quoted. The thermal conductivity was
measured by laser flash apparatus (LFA 457 MicroFlash®, NETZSCH Group, Ger-
man). Hall effect of TE samples were tested by pressure-assisted molybdenum con-
tacts with 1T magnet, employing the van der Pauw technique.

Fabrication of Sandwich-structured FTEGs. Both p-Bi2Te3/PEDOT:PSS and
n-Bi2Te3/PEDOT:PSS films were dried at 623 K under argon condition for about 3 h.
Afterwards, the films became powders. Then, the sample powders were under hot
pressing process to obtain the TE pillars. In this process, the powder was filled into the
graphite die, then placed in a hot-press system. The p-Bi2Te3/PEDOT:PSS sample
were hot pressed at 673 K under a pressure of 1.2 GPa for 1 h in argon. The n-Bi2Te3/
PEDOT:PSS sample were hot pressed at 623 K under a pressure of 1.2 GPa for 1 h in
argon. Subsequently, the chamber was filled with Ar and the sample was heated with a
rate of 10 K/min to different temperatures, and then was cooled down in the system to
room temperature. The final products were ready for chips engineering.

Then, the hot-pressed p- and n-composite pillars were cut into small chips with a
square cross section of 2 mm× 2mm and 2mm in height. Then, the TE chips were
arrayed into a 4 × 8 matrix with 2mm interspace between adjoining chips. The array
of 32 π-chip pairs was attached to a flexible PI circuit board with Cu electrodes and
tracks by using an Ag epoxy adhesives, followed up with heating at about 573 K
for 10min. The repetitive operation was reused for the bottom layer assembly.

The π-chip pairs were connected in series. The Cu electrodes and tracks on the PI
circuit board were made by etching process before for the electric connection. After
that, a double-sided thermal conductive adhesive tape was attached on the outside of
PI circuit board and followed by adhesion of a copper wire fabric.

Evaluation method of FTEG performance. For the performance evaluation, lab-
made TE measurement system was used to evaluate the TE performance of the
FTEGs. In this system, the voltmeter and temperature detector are used for output
voltage and temperature difference recording. A lab-made system that includes a
Keithley 2700 multimeter, Whatlent TEC temperature Control offers heat/cold
source. A temperature control system including a pump and cooling water tank is
used to cooling down the whole system. The output voltages were measured by
Keithley 2700 and temperature difference of the module was tested by Anbat
AT4516 simultaneously. A external load resistance is selected to match the internal
device resistance to obtain the maximum power. The top/bottom surface of the FTEG
is in direct contact with the hot/cold side in the experimental set-up.

For the FTEG demonstration, the whole system were assembled with FTEG
module, LED fabric, heat/cold sink, and reusable connectors. The demo setup can
show us the potential of FTEG, roughly predict how much energy generated from the
device can be fully applied. The switched output voltage was promoted by a DC–DC
step-up converter, optimized for harvesting and managing energy. Simply locate the
FTEG on heat/cold sink, then offer the temperature difference on the top and bottom
surface of the FTEG, and watch the decorative LED light up in seconds.

Simulation. According to the experimental results, for one pair of TE legs, the
matched external resistance is 0:3125Ω. The internal resistance of one pair of TE
legs can be given by

RTE ¼ ∑
i
Ri ¼

1
σi

L
A

¼ 0:1276Ω i ¼ p; n
� �

where σ is the electrical conductivity; L is the length of TE leg, which is 2 mm; A is
the cross-sectional area of TE leg, which is (2 mm2); the subscript i represents the
p- or n-type TE legs. Thus, RTE <Rex, which means that the existence of electrical
contact resistance (ECR) at the interface between the TE leg and electrode. Suppose
the ECR on each interface is same. For one pair of p- and n-type TE legs, there are
four interfaces between TE legs and electrodes. Therefore, the ECR at each interface
is

Rc ¼
1
4

Rex � Rt

� � ¼ 0:0462Ω:

Correspondingly, the electrical conductance is

hec ¼
1
Rc

A
� 5:4 ´ 106S=m2:

The simulation was conducted by a commercial software, COMSOL
Multiphysics®. The geometrical and material parameters come from the former
experimental results48. There are some assumptions: (1) only conductive heat transfer;
(2) isotropic material properties; (3) electrical conductance at the interface between
TE legs and electrodes is 5:4 ´ 106 S=m2; (4) thermal contact resistance (TCR) is same
at each interface between TE legs and electrodes. One unit of the deivce is composed
of 2 pairs of p- and n-type TE legs. Thermal contact resistance (θc) is given by

θc ¼
1

htc � A
where htc is the thermal conductance (W/m2·K), which is in the range of
2 × 103–1 × 105W/m2·K49. The ideal case is no thermal contact resistance, that is,
htc ¼ 1W=m2 � K.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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