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ABSTRACT

With the rapid development of modern wearable electronics, powerful and deformable thermoelectric generators have become an urgent need as the power units that
convert environmental or body heat into electricity. Existing efforts mostly focused on the assistance for deformability by substrates/additives, the resultant devices
usually output much less power and showed very poor power retainment. Elasticity is inherent to all solids, which therefore offers an intrinsic solution for making
thermoelectrics deformable without compromise in power output because of its full recoverability. This work demonstrates this in best-performing (Bi, Sb)2(Te, Se)s
thermoelectrics near room temperature, ending up in the film devices with both extraordinary power density and robust recoverable bendability. This originates from
the inherent large elasticity for the in-plane orientation, which is enabled by an easy tape stripping approach for the Van der Waals layered structure, allowing the

realization of both powerfulness and bendability that are equally important for wearable thermoelectrics.

1. Introduction

Thermoelectric as an environment-friendly and silent heat-to-
electricity conversion technology, has attracted considerable attention
over the decades [1,2]. Particularly in the wake of present explosion of
wearable devices, thermoelectricity is urgently needed as a sustainable
alternative to electrochemical batteries for continuous powering, uti-
lizing environmental or body heat [3,4]. The challenge largely relies on
how to make powerful thermoelectric generators flexible, since known
high-performing thermoelectrics are usually fragile inorganics with
rigid three-dimensional chemical bonds.

Thermoelectric performance of materials is governed by the mate-
rial’s dimensionless figure of merit 2T = SZT//)K, where S, T, p, and « are
Seebeck coefficient, temperature, electrical resistivity, and thermal
conductivity, respectively [5]. For a given temperature difference, the
power factor, PF=S2/p, becomes the key determining the power output,
while 2T measures the energy efficiency.

Considering the requirement of flexibility for wearable devices, ef-
forts on developing organic thermoelectrics were initiated a few decades
ago [6,71, due to the flexibility of macromolecule chains. Unfortunately,
the thermoelectric performance, in particular the power factor of or-
ganics ends up being significantly lower than that of inorganics. This
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further limits a high power output to be achieved, by alternatively
compromising the thermoelectric performance and flexibility in in-
organics with organic additives [8-10].

Thanks to the periodicity of atomic arrangements in crystalline in-
organics, band and transport theories provide clear guidance for opti-
mizing known thermoelectrics and designing new ones. The
performance has been improved dramatically in recent decades
[11-15], which is also the mainstream of thermoelectric developments
in history. However, the inherent rigidity of inorganics largely restricts
their applications in flexible scenarios. In fact, there have been so far no
report of sufficiently powerful (specific power density >5 pW/cm-K?)
generators allowing recoverable bending for >1000 times [16-20].

Elasticity is inherent to all solid-state materials, which therefore of-
fers a fundamental solution for making thermoelectrics deformable at no
explicit expanse of power output because of its full recoverability. In
contrast, any plastic deformations challenge the recoverability thus
usually induce degradation in functionalities. Geometrically, elastic
deformability can be substantially enhanced by thinning the material
[21,22], since the minimum bending curvature radius (rp) is determined
by the maximum elastic strain (¢) and the thickness (t) through r, = t/2e.
For bending radius larger than rp, the experienced maximum tensile and
compressive strains (on the outer and inner surface, respectively) can
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both be ensured to be <e for a full recoverability. This is crucial for
making functional devices flexible without a degradation in
functionality.

As the best-performing thermoelectric material near room tempera-
ture, (Bi, Sb)2(Te, Se)s alloys differ from others by its layered structure
(Fig. S1) [25]. Such a strong structural anisotropy leads to highly
directional elastic modulus varying by a factor of ~5 (Fig. 1a and b)
between in-plane and out-of-plane directions [23,24], suggesting the
existence of a much larger allowed in-plane elastic strain. Note the di-
rection < 11 20> of exactly the best elasticity is about +10° for BiTes
and +14° for SbyTes to the basal plane. The strong covalence of in-plane
bonds further facilitates a fast charge transport in highly degenerated
bands for thermoelectrics [26]. Furthermore, the weak out-of-plane van
der Waals bonds provide easy cleavage [25] as in the case of graphite
[27]. These features could therefore open a possibility for mechanically
stripped single-crystal (Bi, Sb)a(Te, Se); films for powerful and
deformable thermoelectric applications (Fig. 1c and d) [28].

Compared to conventional polycrystalline thermoelectric films,
stripped single-crystal ones have less imperfection, higher density and
higher crystallinity [17,19,29]. In this work, we successfully grew p-type
Bip.5Sb1.5Tes and n-type BizTey ggSep 12 single crystals for mechanically
stripped films of a typical thickness of ~20 pm for thermoelectric flex-
ible devices [18,19], using polyethylene glycol terephthalate (PET)
tapes (Fig. S2). This leads to a successful inheritance of the high in-plane
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power factor with a big bonus of extraordinary flexibility for recoverably
bending for at least 12000 times at a tiny radius of 4 mm. (Fig. 1a).

2. Results and discussion

Big 5Sby 5Tes and BisTes ggSeq 12 are studied in this work due to their
high thermoelectric performance [25] and high inherent in-plane elas-
ticity. According to the phase diagrams (Fig. S3), a vertical gradient
freeze (VGF) technique with a small temperature gradient of 8 K/cm ata
cooling rate of ~2 K/h leads to a successful growth of homogenous
Bio,5$b1_5Te3 and BiZTez.ggseo_lg single crystals (Flg 1C). The much
smaller temperature gradient here is used to reduce the driven force of
nucleation [30] and VGF technique enables a removal of motions, both
of which are important to ensure less imperfections as compared to the
case of Bridgman technique [28]. More details of the single-crystal
growth are introduced in the Supplementary. The X-ray diffraction
(XRD) patterns of the typical cleavage surfaces at room temperature
reveal the preferred crystallographic orientation along the out-of-plane
direction (Fig. 2a and b). The composition dependent lattice parameters
suggest the formation of single crystals with the desired composition
(Fig. 54).

The cleavability of the single-crystal bulks can be understood by the
weak van der Waals bonds [31] between (0001) quintuple layers. This
further facilitates an easy stripping for films with thickness down to 20
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Fig. 1. Elasticity and cleavage. Calculated [23,24] full-space mapping on elastic modulus and the corresponding two-dimensional contours for Bi;Tes (a) and SboTe3
(b). Schematic crystal structure of Bi,Tes (c) and photograph of Big sSb; sTes single crystal during tape-stripping (d).
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Fig. 2. Phase composition. XRD patterns to the typical cleavage surfaces of the (001) plane (a, b) and SEM images with corresponding EDS mappings (c, d) for

Bio.5Sby sTes (a, ¢) and BipTe; ggSeo.12 (b, d).

pm using PET tapes (Figs. S5-S6). Scanning electron microscopy (SEM)
images and the corresponding energy dispersive spectroscopy (EDS)
mappings indicate the homogeneity and high density of single-crystal
films (Fig. 2c and d). Importantly, such films exhibit exceptional bend-
ability at a curvature radius down to 4 mm, meeting the requirements of
wearable thermoelectrics using body heat.

Superior in-plane thermoelectric performance is secured in aniso-
tropically structured (Bi, Sb)2(Te, Se)s alloys [25,32]. The details of the
transport properties for both single-crystalline bulks and films are shown
in Fig. 3 and Figs. S7-S8. Moreover, carrier concentration dependent
Seebeck coefficient (Fig. 3¢) and Hall mobility (uy) (Fig. 3d) for single
crystals in this work, show very good agreements with literature results
for single crystals [33-44]. The power factor of both single-crystal films
here are much higher than the majority of the reported flexible films
(Fig. 3e and f) [17-19,31,45-56].

Note the above discussion is based on the intrinsic transport be-
haviors in (Bi, Sb)y(Te, Se)s alloys. More recently, He et al. [28] reported
the thermoelectric properties of (Bi, Sb)a(Te, Se)s films, where a
Bridgman technique was used to grow the single crystals. Obvious
extrinsic transport behavior can be observed, for instance, the resultant
staggered-layer defects [28] largely led to an increase in carrier con-
centration but a decrease in mobility. In addition, staggered-layer de-
fects lead to an increase in Seebeck coefficient. In this work, the
electronic transport properties of films are nearly intrinsic, which are all
quite comparable to those of bulks and consistent with most of literature
results, indicating the absence in stripped films of staggered-layer de-
fects. This may further help understand the difference in bending
recoverability in this work, since the staggered-layer defects may pro-
mote extrinsic stress propagation [28]. Note that Se-alloying results in a
significant reduction of Hall mobility for the obtained n-type samples

due to the additional carrier scattering and increased band effective
mass induced by the Te/Se substitutional point defects [57] and band
gap broadening [58], respectively (Fig. 3d).

Powerful thermoelectric generators require not only high-
performance materials, but also conductive contacts. Previous works
[16,49,59] on film generators usually use silver paste to glue the ther-
moelectric materials and electrodes, leaving a large room for further
improvements. In this work, the Ga-In liquid alloy with a melting point
of 288 K [60] is used to fuse the thermoelectric films and 0.01-mm-thick
silver foil electrodes with a coverage of polyethylene
terephthalate/ethylene-vinyl acetate copolymers for protection. The
Ga-In alloy acts as a wetting layer, ensuring a tighter and more uniform
contact between the silver foil electrode and the thermoelectric films,
which significantly reduces the contact resistance. Additionally, the use
of the encapsulation film further improves the adhesion between the
silver foil and the film, forming a better Ohmic contact and contributing
to the low internal resistance. The internal resistances (R;,) for p-type
Bip 5Sby 5Tes and n-type BisTes ggSey 12 single-leg film devices, with the
sizes of ~8 x 3 x 0.02 mm® and ~7 x 4 x 0.02 rnm3, respectively, were
measured by the four-probe technique (Fig. S9) across the contacts along
multiple parallel paths for averaging (Fig. 4a). The corresponding
interfacial contact resistivities (p.) for both films here are estimated to be
only ~1.34 mQ cm? (p-type) and 1.24 mQ cm? (n-type), which are
significantly lower than that reported in the literature (Table S2).

A four-leg thermoelectric generator (Fig. S10) assembled by two
pairs of Big 5Sby 5Tes (20 x 6 x 0.022 mm?) and BisTeq ggSep.12 (20 x 6
x 0.02 mm?) single-leg devices, shows powerful outputs (Fig. 4c). At a
fixed cold-side temperature (T.) of ~300 K during the measurement, a
larger temperature difference (AT) leads to a higher open-circuit voltage
(Voo), which is comparable to the prediction according to the
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Fig. 3. Thermoelectric properties. Temperature dependent in-plane electrical resistivity (a) and Seebeck coefficient (b), room temperature Hall carrier concentration
(ny) dependent Seebeck coefficient (c) and Hall mobility (uy4) (d), and temperature dependent power factor (Sz/p) (e, ) for Big 5Sb; 5Tes (e) and BisTes ggSeq 12 (f),
with a comparison to the literature results for flexible thermoelectric generators. Literature results of single crystal in (c) and (d) from Refs. [28,33-44] and
single-band and two-band model predictions from Ref. [26] are included for comparison.

temperature dependent Seebeck coefficient (Fig. S11a). Additionally,
the measured Rj, well follows the prediction according to the temper-
ature dependent resistivity due to the low p. achieved here (Fig. S11b).
As a result, a maximum P™® up to 273 pW is realized at AT of ~106 K
(Fig. 4c), corresponding to a maximum power density (P§"*) of 517 W/
m? estimated by dividing the power by the cross-section area of ther-
moelectric materials. Note that the maximum power density in this work
is revealed to be one of the highest for polycrystalline flexible generators
in the whole range of AT interested for wearable electronics (Fig. 4d)
[17-19,28,31,46-53,55,56,61-72]. Further taking into account the ef-
fect of leg’s length, the specific power density (PT**L/AT?) enables a full
measure of output capability among generators of any materials, size
and AT. The superiority of the generators in this work is further ensured

by the higher specific power density as compared to literature results
(Fig. S11d) [17,18,45-48,50,52,53,64,66,71].

The single-leg devices and generators simultaneously show extraor-
dinary flexibility (Fig. 5) as confirmed by the excellent recoverability in
properties including relative resistance (R/Rinitiat), Seebeck coefficient
(S/Sinitiq) and power factor (PF/PFy;iq1), with a large number of bending
at a small radius of 4 mm (Fig. S12). The elastic strain for both p- and n-
type BisTes-based thermoelectrics has been revealed to be higher than
0.3 % based on the mechanical test of three-point bending [73], which is
larger than the needed strain of ~0.25 % (=t/2ry, with a bending radius
of rp and a thickness of t) for the elastic bending of the ~20 pm thick film
at a radius of 4 mm, ensuring the preservation of nearly constant
transport properties. This work enables a much better bending stability
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Fig. 4. Interfacial contact resistance and power output. The internal resistance (R;,) versus scanning position (a) for p-type Big sSb; sTe, and n-type BizTes ggSeg 12
single-leg devices, output voltage (V, b) and output power (P, c) versus load current (I) at various temperature differences (AT), and maximum power density (P§**)
versus AT for a four-leg flexible generator with a comparison to literature results of flexible generators [17-20,28,31,46-53,55,56,61-72] (d).
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Fig. 5. Flexibility. Relative resistance (R/Rinitia) and relative Seebeck coefficient (S/Sinitial) @s a function of bending times for p-type BigpsSb; sTe, and n-type
BiyTes ggSep 12 films (a). The relative power factor (PF/PFipiia) as a function of bending times with a statistical analysis and a comparison to that of literature results
[18,20,28,46-51,54,56,59,63,74] (b).

than existing ones [18,46-51,54,56,59,63,74], due to the excellent elasticity, the fabricated flexible thermoelectric generators of single-

inherently in-plane elasticity. crystal films enable the first realization of both powerfulness and
bendability. The fast in-plane charge transport and large elasticity are
3. Conclusions common features for layer-structured crystals, therefore the strategy of
inherent elasticity is promising to open new possibilities of functional

The single-crystal BipsSby sTes and BizTepggSeg12 films are suc- devices with built-in flexibility.

cessfully tape-stripped from bulks as they are structured with weak out-
of-plane van der Waals bonds. Due to the inherent large in-plane
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