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The power source of rapidly developed flexible and wearable intelligent electronic devices should be
stable and have a long working period. Flexible thermoelectric (TE) generators (TEGs) can continuously
power electronic devices by harvesting heat from the human body and have become a feasible solution.
They are an economical approach to energy collection and have other advantages including chemical
stability and noiselessness. Here, we review recently reported chalcogenide-based flexible TE materials
and divide them into three categories: flexible substrate supported films, organic-chalcogenide
composites, and free-standing flexible films. We discuss recent breakthroughs for chalcogenide-based

Received 26th December 2020, flexible TE materials with high power factors and/or figures of merit and provide detailed design

Accepted 14th March 2021 guidelines for the TE properties and flexibility of the films. We further describe how these films may be
DOI: 10.1039/d0ma01018a assembled into device designs that take advantage of their mechanical flexibility and thermoelectric

properties. Besides, the outlook and challenges of wearable inorganic-based thermoelectric materials
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1. Introduction

Thermoelectric (TE) materials are “green” and functional materials
that can realize a direct transition between heat and electricity or
vice versa. TE generators (TEGs) are one of the most common
applications of TE materials." TEGs have incomparable advantages
including no noise, no moving parts, easy maintenance, long
working life, and high reliability. A famous application is radio-
isotope batteries used in numerous NASA missions, e.g., the
Voyager series.” Therefore, a systematic review is necessary to
gain a comprehensive understanding of the development of TE
materials.*

The TE effect transforms heat and electricity including the
Seebeck effect and Peltier effect. The process of transforming
heat into electricity is called the Seebeck effect, and the reverse
is called the Peltier effect.® A heat gradient causes a redistribu-
tion of carriers, and a concentration gradient is built, thus
leading to an electrostatic potential called Seebeck voltage.”
The Seebeck coefficient (S) is used to describe such a phenom-
10,

dis defined as S = —
enon and is defined as 5T

, where e is the unit charge, u is
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the chemical potential, and T is the temperature. The TE
performance is usually denoted as a figure of merit (27) defined
aS?
Ke + KL
ductivity, Seebeck coefficient, the electronic and lattice contri-
bution to the total thermal conductivity, and temperature,
respectively.® To achieve excellent TE performance, a high ZT
value is needed. Thus, the material should both have a high
power factor (PF), namely, 65>, and a low thermal conductivity.
However, this is not an easy task because these parameters are
highly coupled.® Other novel approaches including nanostruc-
ture engineering,’® band structure engineering,'’ defect
introduction,® and increasing carrier mobility'> have also been
proved effective (Fig. 1).

TE materials have recently become a potential candidate for
power supply in wearable devices. Inorganic TE materials have
a key role. The most significant advantage of TE materials in
this scenario is that it can harvest the heat dissipated by human
bodies as a power source. According to the literature,"® the
power of heat generated by the human body can reach ~100 W.
Even with a low-efficiency generator, such energy is still sufficient
to drive some small devices like low-power microcontroller chips.
However, traditional TE materials like selenides and tellurides are
brittle inorganic semiconductors with poor flexibility.

Early approaches to wearable inorganic TE devices mainly
involved unusual materials for TE like metal."® Other novel
materials like carbon nanomaterials (e.g., carbon nanotubes,
graphene, carbon fibers, and fullerenes) and the carbon nano-
material/conducting polymer composites are also possible can-
didates. Despite the ideal mechanical properties (flexibility) of

as ZT = T where o, S, ke, k1, T are the electric con-
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these materials, their thermoelectric performance is still poor.
Another feasible approach is to make traditional bulk thermo-
electric materials flexible. Most traditional TE material systems
including chalcogenides (especially selenides and tellurides)
have been widely studied since the 1950s. After decades of
development, the physical properties of these materials have
been thoroughly studied, and a possible means for performance
enhancement has been proposed. Based on a large number of
studies, people can take full advantage of the thermoelectric
properties of these well-studied materials while finding ways to
achieve flexibility and eventually apply them to wearable devices.
Despite the short time of development (flexible chalcogenides
were not reported until the 2000s), this approach has a key role
in the field of flexible TE materials.

This review focuses on flexible TE materials, which mainly
involve flexible chalcogenide-based films. Chalcogenide-based
flexible thermoelectric materials have been discussed in three
design guidelines: chalcogenides deposited on flexible films,
organic-chalcogenide composites, and free-standing films. In
each part, we first review the fabrication methods. The properties
and performance of different materials are then discussed. A brief
conclusion and outlook are also provided.

2. Strategies to realize flexible
chalcogenide-based films
2.1 Chalcogenide-based films on a flexible substrate

To achieve high TE performance and good flexibility of thin
films, one of the most commonly used methods is to deposit
inorganic nanostructures on a flexible substrate. The common
flexible substrates are polyimide (PI), polyether sulfone (PES),"* and
polyvinylidene fluoride (PVDF);'>'® inorganic nanostructure-based
films can maintain flexibility. The common fabrication processes
are magnetron sputtering,'’>* pulsed laser deposition,**® thermal
evaporation,””?® vacuum-assisted filtration and screen printing,>*°
etc. Some additional methods like cold pressing and hot pressing™"
can maintain the comparable bulk-like ZT value through forming a

© 2021 The Author(s). Published by the Royal Society of Chemistry

compacted film. However, the films are still rigid for wearable
devices.

To make Cu,Se flexible, Perez-Taborda et al.>*> deposited it
on a PI substrate using pulsed reactive magnetron sputtering.
The Cu,Se film reached a high PF of 1100 y4W m~" K2 at room
temperature (RT). They®® also used the same method to prepare
Ag,Se films, and a high PF of ~2440 pywW m~ ' K2 at RT was
obtained. However, due to the weak bonding strength between
the inorganic and flexible substrates, it was difficult to form a
highly flexible composite film.

Aside from magnetron sputtering, another solution to making
Ag,Se wearable—which itself is not flexible—is to use the hot
pressing method for depositing the Ag,Se nanowires on a flexible
substrate like nylon membrane.**”* In 2019, Ding et al. developed
a novel method to realize both high TE properties and excellent
flexibility of the n-type Ag,Se TE material.** They first prepared
Ag,Se nanowires using selenium nanowires as templates, and then
used vacuum filtration to form a film on the nylon membrane.
They finally hot pressed the material at 200 °C and 1 MPa for
30 min. A PF of 987.4 yW m ™' K2 and a ZT value of ~ 0.6 were
reached at RT. The film was also flexible and retained 80% of the
electrical conductivity after 1500 bending cycles.

The high flexibility comes from the following three aspects.
First, the substrate (nylon) is highly flexible. Furthermore,
Ag,Se nanowires after hot pressing form a web-like porous
structure. Such a structure gives certain flexibility to the
film.*® There are also Ag and Se atoms that diffuse into the
porous nylon membrane forming a strong bond between the
film and substrate. Despite the excellent flexibility, the film still
suffers from low PF versus Ag,Se films on glass.>” The main
reason is that the growth orientation (00!) does not agree with
the orientation (0/0) that has the highest PF.

Alternating the composition of the film can also have positive
effects on TE properties. Lu et al studied the influence of Cu
addition on the TE properties of the Ag,Se film and prepared a
flexible n-type Ag,Se/Ag/CuAgSe film on the nylon membrane sub-
strate (Fig. 2a).>® The film reached a PF of 1593.9 yW m™~" K2 at
300 K with a molar ratio of Cu:Ag:Se = 1:4:3.%® It had superior

Mater. Adv., 2021, 2, 2584-2593 | 2585
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(a) A cross-sectional diagram of the new method of manufacturing PHRMS deposition system is presented. The dependence on temperature for the

Seebeck coefficient, electrical conductivity, and PF. (Reproduced and adapted with permission from ref. 33, copyright (2017) John Wiley & Sons.) (b) A highly
flexible Ag,Se-based composite film on nylon with a record PF is prepared for thermoelectric generator (reproduced with permission from ref. 35, copyright
(2020) Royal Society of Chemistry). (c) A simulated diagram of carrier concentration and morphology of the Ag,Te film before and after being compressed,
and PF of the Ag,Te film (reproduced with permission from ref. 47, copyright (2017) Royal Society of Chemistry). (d) Honeycomb-like TE generator based on
paper (reproduced with permission from ref. 74, copyright (2019) Royal Society of Chemistry).

flexibility because the PF only dropped by 10% after 1000 bending
cycles. The composition of the film was Ag nanoparticles, CuAgSe
nanoparticles, and Ag,Se nanograins. The electron conductivity is
enhanced by Ag, which ejects electrons into the conduction band
of the other two composites.”® The energy filtering effect at the
heterogeneous interfaces makes the composite film maintain a
medium Seebeck coefficient. Furthermore, the defects in Ag,Se
grain and heterointerfaces of the composites scatter the short-
wavelength phonons, which suppress the thermal conductivity of
the film.*® Besides, a flexible TEG is assembled using the opti-
mum hybrid film, which generates a voltage and a maximum
power density of 4.9 mV and 1.38 W m > at a temperature
difference of 18 K. However, the enhancement of PF is mainly
due to the greatly enhanced electrical conductivity. Hence, the
corresponding electronic thermal conductivity is also high,
leading to a lower ZT value (ZT ~ 0.4) at RT.

Jiang et al. studied Ag,Se and tried to improve the processing
procedure by suppressing the orientation of (00]) of the Ag,Se

2586 | Mater. Adv, 2021, 2, 2584-2593

film and therefore enhancing the TE performance. A high PF of
1882 uW m ™' K ? at RT was obtained.*® They also assembled a
flexible TEG, which created an output voltage of 4.3 mV under
the 6.7 K temperature difference. By increasing the reaction
temperature of Se nanowires and AgNO;, Ag,Se nanostructures
are formed instead of Ag,Se nanowires due to the reduction in
surface energy. The formation of nanostructures suppresses
the orientation of (00/), thus increasing the TE performance
(ZzT ~ 0.8 at RT).

Besides using the nylon membrane as the substrate, Gao
et al. demonstrated a set of annealed paper-supported silver
selenide films.*" The PF of the Ag, ;Se film reached up to 2450.9 +
364.4 yYW m~" K> at RT. An optimized length device was built
using this film, which had an output power of 0.67 uW with a
temperature difference of 25 K. Silver selenide showed tight
bonding to the paper.

Besides Ag,Se, other chalcogenides have also been proposed
as possible candidates for flexible TE materials. Lin et al.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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proposed a novel way to produce copper selenide films.*> An
ink solution of Cu,Se was formed and deposited on the sub-
strate via spin coating. Such a process secured a smooth and
highly crystalline thin film (~ 55 nm), which was also void-free.
Therefore, the high TE properties of copper selenides were
secured. High flexibility was reached when the film is coated on
a flexible substrate, e.g., plastic.

In 2016, Yun et al reported a mixture of HgSe and Ag
nanoparticles deposited on flexible plastic films.** They confirmed
that the electrical conductivity could be tuned by changing the
ratio of Ag and HgSe NPs; an optimized ZT value and PF were
reached. They presumed that such an optimization was achieved
through adjustment of the carrier concentration. They further
proposed that the energy barriers were lowered by Ag,Se NPs
attached to the surface of the HgSe NPs. The plastic film with NPs
deposited showed high flexibility. The composite film showed a
slight decrease in electric conductivity and an increase in the
Seebeck coefficient.

By controlling the conditions of the reaction, Rongione et al.
successfully synthesized SnSe nanosheets with a controlled
growth direction.** The nanosheet has low thermal conductivity
versus bulk SnSe. The boundary contributes most of the thermal
resistivity because the thickness of the flakes is only about
150 nm. In other words, the thermal conductivity is suppressed,
thus reaching a high TE performance. They also showed high
flexibility by depositing the nanosheets on a polyethylene terephtha-
late substrate and performing bending tests. The thermal properties
and electrical properties did not change much after 1000 cycles.

Attention has also been paid to the Ag,Te nanostructure to
see whether there is a possible way for flexible applications. The
conducting type of Ag,Te can be converted between n-type and
p-type by adjusting the composition. In other words, excess Ag
can act as an electron donor while superfluous Te can play a
role as an electron acceptor.*

Finefrock et al.*® synthesized Ag,Te nanomaterials coated
on a nylon fiber. After annealing the flexible film, the Seebeck
coefficient changed from negative to positive, which indicated
that Ag,Te converted the conduction type from n-type to p-type.
This is mainly due to the large changes in the stoichiometric
ratio of Ag and Te before and after annealing. Compared with
n-type Ag,Te, the TE performance of the p-type one is much
lower.'*'® Therefore, mainstream research on the Ag,Te TE
material is n-type.

As for wearable devices application, the Ag,Te-based films need
to show competitive TE properties as well as good flexibility, ie.,
excellent durability. By introducing a novel glass fiber-auxiliary cold
pressing method, Gao et al.*” fabricated a Ag,Te nanowire film
supported on a copy-paper substrate that has a maximum PF of
192 uW m~ ' K~ at 468 K. The film showed good flexibility with a
PF value decreasing by 20% after 500 bending cycles. However,
its PF at RT is mediocre (88 yW m~ ' K~ ?) due to poor connection
between Ag,Te nanowires. To fix this problem, Zeng et al.*®
welded the Ag,Te nanowires by vacuum filtration and drop-
coating methods. The PF of the film is 152 yW m™~" K2 at RT,
which is almost twice as large as the film reported by Gao. The
welding methods maintain the morphology of Ag,Te nanowires,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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which preserves low thermal conductivity. However, the flexibility is
poor with electrical resistance increasing 30% after 1000 bending
cycles.

Besides single component thermoelectric films, multiple
component films have also shown their potential. Usually,
Bi,Te;/Sb,Te; thin films are not perfect candidates for flexible
TE materials due to their deficient nanostructure, which can
be—but are not limited to—poor interconnections and too
many nanopores. Poor interconnection can result in the deduc-
tion of electrical conductivity and strain force concentration
which makes thin films brittle.

To improve the interfacial bonding, Feng et al.*® introduced
Sb,Te; as a nano-solder into Bi,Te; films via screen-printing.
The sample had excellent endurance and anti-oxidation (elec-
tric resistivity only changed by 3.6% after 6 months in the air).
The porous structure of the film can withstand moderate
deformation, which results in good flexibility and can effec-
tively scatter the phonons. This special porous structure can
reduce the thermal conductivity as well as the electrical
conductivity.*® Thus, efforts need to be made to find a moderate
number of nanopores that can keep the balance of these para-
meters to optimize the flexible TE performance of materials. Jin
et al®® used unbalanced magnetron sputtering technology to
prepare Bi,Te;/cellulose fibers as flexible composites. Cellulose
fibers have a porous structure, and the composite film can
withstand deformation leading to high flexibility. The porous
structure can also enhance phonon scattering, thus decreasing
thermal conductivity. The PF values of the composite films are
about 250-375 uW m™~* K2 from RT to 473 K. The sample has a
ZT value of 0.38 at 473 K.

The (Bi, Sb),(Te, Se); TE bulk material has a high ZT value
near RT, which is also a good candidate for flexible films.
Researchers previously attempted to fabricate TE thin films by
depositing (Bi, Sb),(Te, Se); on different kinds of substrates
(such as silica®”®" and alumina®*°*) using magnetron sputter-
ing and screen printing processes.’**> However, the mechan-
ical properties still cannot meet the requirements of flexible
devices. Here, the flexibility of the TE thin film can be drasti-
cally improved by using organic substrates like polyimide (PI),>*>®
polyethylene terephthalate (PET),”*®° and polycarbonate.®® Never-
theless, the ZT value of the films is much lower than that of the
bulks, because the poor crystallinity and texture on the substrate
impede the enhancement of the ZT value. Furthermore, due to the
thermolability of organic substrate, traditional annealing and
sintering processes (>500 °C) cannot be employed on most
organic substrates to improve the crystallinity and texture.®**
Thus, Danaei® et al and Saeidi-Javash et al®® introduced a
photonic sintering method into n-type Bi,Te,,Seq; to enhance
its TE performance while maintaining flexibility. Although the PF
of the n-type film that Saeidi-Javash et al. synthesized is not the
highest Bi,Te, ,Se, 5 film, the photonic sintering method can also
dramatically reduce the synthesis time, which is beneficial to
industrial mass production.®

The TE performance of p-type Biy sSb; sTe; bulk is higher
than that of n-type Bi,Te,,Sey;, and thus there are more
studies on p-type systems. Like the n-type film, most studies

Mater. Adv,, 2021, 2, 2584-2593 | 2587
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focused on adjusting the nanostructure of the film.®® If the length
of the porous structure is longer than the mean free path of
electrons but shorter than that of phonons, then the high
electrical conductivity can be maintained while simultaneously
decreasing the thermal conductivity and thus improving the TE
performance.’™®” Kato et al.®®® introduced a porous structure
using a block copolymer to reduce the thermal conductivity and
obtain bulk-like ZT (about 1.34) for Bi4Sb;¢Tes: this is an
effective method to enhance the ZT value on a flexible thin film.
However, the thermal conductivity is calculated by a model rather
than an experiment; hence, the actual ZT value needs to be further
confirmed. Besides, strengthening the connection of the interface
can be another effective way to promote Z7T value while also
maintaining favorable flexibility.>® Varghese et al”® added Te
particles as nano-solders to successfully bridge the interface to
Bio.4Sb; ¢Te; TE films by a screen printing method. Besides the
extraordinary flexibility and endurance (electrical resistance only
increases 3% after 1000 bending cycles with 10 mm radius), the
printed films also exhibit the highest TE performance at RT: The
PF is 3000 yW m ™' K 2 and ZT value is about 1, which demon-
strates a significant leap for wearable TE applications.”®

For the practical flexible TE devices, people usually combine the
excellent performance of n-type Bi,Te, ;Se, ; and p-type Big sSb, sTes
into flexible TEGs.”"”” Meanwhile, due to the difficulty of
measuring the thermal conductivity on thin films, the output
power, power density, and other parameters of flexible TEGs
become an important reference for the TE performance of
materials.”®”® Zhao et al.”* introduced a honeycomb structure
into the paper-based TEG fabricated by (Bi, Sb),(Te, Se); and
bacterial cellulose (Fig. 2b): this greatly improves the flexibility
and water resistance and makes TEG applicable for a wide
variety of surfaces. Feng et al.”® prepared a flexible TEG through
the combination with n-Bi,Te, ;Se, 3 and p-Bi, sSb; sTe; on PET
film. The samples had an excellent output voltage (0.8 V) versus
other flexible TEGs based on the same materials. Both flexible
TEGs need about 50 K of a temperature difference to achieve a
high power density, which is too large for wearable energy
harvesting applications; however, this is acceptable for wearable
temperature sensing”’ or wearable coolers.*®

2.2 Organic-chalcogenide composites

Polymers possess an intrinsically low «, which is independent of
electrical optimization. Therefore, preparing organic/inorganic
hybrids can be expected to combine the high PF of the inorganic
filler and simultaneously low thermal conductivity of the polymer.
Of the polymers, conducting polymers (CP) have an intrinsically
high electrical conductivity. Suitable systems include poly(3,4-
ethylenedioxythiophene) (PEDOT)®! and poly(styrenesulfonate)-
doped PEDOT (PEDOT:PSS)*** ® —these can dramatically
increase the flexibility of the chalcogenide-based composites.
More importantly, some results show that TE performance
improves due to the energy filtering effect of the organic/inorganic
heterointerface.

For instance, Jao et al® prepared Ag,Te nanowires/PED-
OT:PSS composites via physical mixing and developed a flexible TE
nanogenerator. The nanogenerator showed a Seebeck coefficient

2588 | Mater. Adv., 2021, 2, 2584-2593
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of 100 uv K~ '. However, because of the low efficiency, the
nanogenerators were only aimed at temperature measurement
in a multicomplex environment rather than wearable generators
on the human body. Xu et al.®® demonstrated the effectiveness of
a dimensionality-morphology strategy on the improvement of
flexible thermoelectric performance. They optimized the power
density of (PVDF)/Ta,SiTe, organic-inorganic composites to
13 W m ™ ? with a temperature difference of 35.5 K (Fig. 3a).

The organic solvent-assisted method can exfoliate inorganic
compound nanosheets such as SnSe and Bi,Te;. Ju et al
combined tin selenide nanosheets with PEDOT:PSS.?” First, a
small amount of Te was added during the sintering process of
the SnSe ingot. Then, SnSe; _,Te, powders were intercalated by
Li-ions, and SnSe; ,Te, nanosheets were exfoliated from the
powder. Finally, the nanosheets were combined with PEDOT:PSS
through physical mixing, and a composite film was obtained by
filtration. The introduction of trace Te during the sintering
process can prepare an optimized hole concentration of the
sample. The SnSe;q;Tep3; nanosheet/PEDOT:PSS composite
showed a PF of 14.7 yW m " K > with excellent durability after
1000 bending cycles. Du et al®® prepared Bi,Tesbased alloy
nanosheets/PEDOT:PSS composites via exfoliation and drop-casting
routes. The composite film containing 4.1 wt% Bi,Te; showed higher
electrical conductivity and a PF value of 32.3 yW m ™' K 2.

In situ synthesis is an effective method to adequately disperse
inorganic nanoparticles in a CP matrix, thus enhancing wett-
ability and making the two phases robustly tethered. In 2016,
Zaia et al. prepared controlled growth of PEDOT:PSS-coated Te-
Cu, ;5Te heterostructures using a facile solution-based synthesis
method. They showed a creative synthetic method to grow
nanoscale islands of Cu, ;sTe alloy within hybrid PEDOT:PSS-
Te nanowires. The PEDOT:PSS/Te/Cu,sTe heterostructure
nanocomposite was drop-cast on a glass substrate; this exhibited
a 22% PF (84 uyW m ' K ?) enhancement compared with
PEDOT:PSS/Te. However, the film is not flexible. Lu et al®
prepared PEDOT:PSS-coated Te (PC-Te) nanorods in situ; PED-
OT:PSS-coated polycrystal Cu,Te, (PC-Cu,Te,) nanorods were
then prepared using the PC-Te nanorods as templates. Finally,
PC-Cu,Te,/PC-Te composite films were fabricated through physical
mixing and drop-casting. The flexible ternary composite film
showed an enhanced PF of 65.3 pW m~ ' K > at 300 K, which is
about five-fold as large as that of the PC-Cu,Te, nanorod film and
about three times as large as that of the PC-Te nanorod film.

The enhancement of the TE properties is ascribed to the
synergetic effect of the two kinds of nanorods and the carrier
filtering effect at the two heterointerfaces of Te/PEDOT:PSS and
Cu,Te,/PEDOT:PSS. An eight single-leg flexible TEG consisting
of the optimized composite film was fabricated: It produced a
voltage of 31.2 mV and a maximum output power density of
0.395 W m > at a temperature gradient of 39 K (Fig. 3b). Inspired
by the synthesis method of the PC-Cu,Te, nanorod, they”® synthe-
sized PEDOT:PSS-coated Se (PC-Se) nanowires for the first time via
an in situ chemical synthesis method. PEDOT:PSS-coated Cu,Se,
(PC-Cu,Se,) nanowires were prepared by a template-directed synth-
esis method. Finally, PEDOT:PSS/Cu,Se, nanocomposite films on
flexible nylon membranes were fabricated by vacuum-assisted

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Society of Chemistry). (b) Performance of the flexible PC-Cu;Te4/PC-Te nanocomposite film and TE device (reproduced with permission from ref. 89,
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filtration and cold-pressing. An optimized PF ~270.3 pyW m ' K>
was obtained at 300 K.

The film exhibited superior flexibility with 83% of the original
PF retention after bending for 1000 cycles around a rod with a
diameter of 5 mm. Finally, a TE prototype composed of nine legs
of the optimized hybrid film generated a voltage and a maximum
power density of 15 mV and 0.91 W m™?, respectively, at a
temperature gradient of 30 K. To further improve the TE
performance of the composite material, Cu** and Ag* were
added to PC-Se nanowires in solution to perform a complete
reaction. Then, an n-type PEDOT:PSS/Ag,Se/CuAgSe TE compo-
site film supported by porous nylon membrane was fabricated
through vacuume-assisted filtration followed by hot-pressing.
With PEDOT added, the RT thermal conductivity of the compo-
site film remained low (0.458-0.800 W m™~" K "). As a result, the
corresponding ZT value is 0.6 < ZT < 1.1. After bending for
1000 cycles around a 4-mm radius rod, the PF decreases by only
8%. It showed excellent flexibility, which is attributed to the
synergetic effect of the flexible nylon membrane and the porous
PEDOT:PSS/Ag,Se/CuAgSe composite film. Moreover, a flexible
TE prototype composed of 11 single legs generated a voltage and
a maximum power of 45.8 mV and 3.2 pW with a power density
of 8.4 W m™? at a temperature difference of 36 K.>!

© 2021 The Author(s). Published by the Royal Society of Chemistry

Most CP-based materials are p-type semiconductors and
only generate positive TE power. To develop flexible n-type TE
materials with negative TE power, researchers often use insulating
polymers such as polyvinylidene fluoride (PVDF) and (polyvinylpyr-
rolidone) PVP to fabricate TE composites. Although the insulating
polymer matrix can decrease the electrical conductivity of the
composites, they also have some advantages over CPs, including
lower cost, superior flexibility, and ultralow thermal conductivity.

Meng et al®® prepared an n-type PVP/Ag/Ag,Te flexible
composite film supported by a nylon filter membrane through
vacuum-assisted filtration and heat treatment, where the PF is
217 W m~ " K% and ZT is about 0.15-0.3 at 300 K. These show
the highest TE performance among Ag,Te-based composites.
After 1000 rounds of bending tests, the electrical conductivity
only decreased by 9.4%, which illustrates the excellent flexibil-
ity. A flexible TE device was assembled on a polyimide substrate
using five n-type legs. The device has a maximum output power
of 469 nW at a temperature difference of 39.6 K and a
corresponding power density of 3.41 W m ™2,

PVDF can guarantee the robustness and flexibility of the
composite film. In 2015, Dun et al.”® reported a free-standing
Bi,Se; nanoplate/PVDF composite film through a drop-casting
method. The PF is 30 yW m ™' K2 at RT and dropped by 15%

Mater. Adv, 2021, 2, 2584-2593 | 2589
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ref. 97, copyright (2020) American Association for the Advancement of Science).

after 1500 rounds of bending. They also prepared a freestanding
n-type Cug;BiSe; nanoplatelet/PVDF TE composite film
(Fig. 3c). The optimized PF and ZT of the composites are
103 uW m ™' K2 and 0.1 at RT, respectively. They showed that
PVDF can not only guarantee the flexibility but also introduce
the energy barrier at the Cu, ;Bi,Ses;/PVDF heterointerface. Thus,
high TE properties are maintained.’*

2.3 Free-standing chalcogenide-based films

Organic substrates/components have poor stability at tempera-
tures higher than 473 K, while free-standing inorganic flexible TE
films can be applied at high temperatures. Liang et al.*® reported
high organic material-like flexibility and state-of-the-art ZT (up to
0.44 at 300 K and 0.63 at 450 K) in Ag,S-based inorganic materials.
Besides, a full-inorganic flexible TEG based on Ag,(S, Se) and
Ag,(S, Te) was fabricated (Fig. 4a). The flexible full-inorganic
device generated a high normalized maximum power density of
5.56 W m > under a temperature difference of 20 K. The discovery
of intrinsic plastic deformability in bulk Ag,S enabled fabrication
of a fully inorganic Ag,S-based flexible TEG.?® More recently, Wei
et al.”” discovered exceptional deformability and plasticity in bulk
single-crystalline InSe, which can be used in flexible TEG,
sensors, photodetectors, etc. (Fig. 4b). Such extraordinary

2590 | Mater. Adv, 2021, 2, 2584-2593

mechanical properties stem from both the interlayer pliability
and the interlayer long-range In-Se coulombic interaction across
the van der Waals gap.

Besides flexible materials, changing the process conditions
to alter the form of the product is also a feasible solution. Jin
et al®® designed a creative new approach to produce high-
performance TE materials using the SWCNT network as a scaffold
to guide the deposition and growth of layer-structured Bi,Te;
nanocrystals to form a freestanding composite film. The ordered
Bi,Te;/SWCNT interfaces can suppress the scattering of carriers
during interfacial transport while dampening thermal conduc-
tivity due to porosity. The flexible films not only show excellent
flexibility (bending radius <5 mm) but also exhibit high TE
performance (bulk-like ZT value of 0.9 at RT).

3. Conclusion and outlook

In this review, we summarized recent progress on chalcogenide-
based flexible TE films including organic/inorganic composites,
inorganic films supported on flexible substrates, and full-
inorganic films. Most bulk inorganic semiconductors are intrin-
sically brittle at ambient conditions. The high flexibility of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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traditional inorganic materials can be achieved by depositing
nanostructures on the flexible substrates or combining them with
flexible materials, e.g. PEDOT:PSS. For preparing inorganic films
supported by flexible substrates, the power factor seems relatively
high, and the flexibility is sometimes worse. For preparing
organic/inorganic nanocomposite films, the TE property of inor-
ganic material is higher than organic material, and it is important
that the amount of the inorganic component is as high as
possible, and because the two components have significantly
different chemical properties, it is a great challenge to form a
composite with perfect interfaces between the two phases. The
discovery of intrinsic plastic deformability in bulk Ag,S and
InSe greatly promoted the development and application of all-
inorganic flexible TE materials, which may be the focus of
future research directions. Significant progress has been made
toward developing these candidate materials with high TE
performance and high flexibility.

Despite the promising performance given in the literature,
the overall performance of flexible TE materials is still far from
commercial application. Here, we give our outlook on future
research:

1. To date, flexible TE films are mainly supported by flexible
substrates. Since the desired device should be as small or as
thin as possible, the substrate (which is often thicker than the
film) should not use much space in the device. Therefore, a true
free-standing flexible device should be the ultimate solution.

2. Since we have established an understanding of many
other traditional bulk materials, endeavors should be made
to apply these materials to flexible devices. Various approaches
to boosting the TE performance of bulk thermoelectric materials
have been proposed and can guide further enhancement of
flexible TE materials.

3. Most papers mainly focus on increasing TE performance.
However, the mechanical performance, i.e., the origin of flexibility,
has not yet been fully discussed or systematically explored. While
many articles claimed that they have good flexibility, the damping
of performance is still far from daily application. Thus, redis-
covering the flexibility might be a new way to enhance the overall
performance of flexible TE materials. Also, involving new geo-
metrical architectures can bring several advantages.

4. The papers reviewed here rarely provided thermal properties;
others provided the thermal conductivity of both the material and
the film. These facts indicate a limitation of measuring methods.
To fully understand the thermal properties, a new method for
direct thermal conductivity measurement is needed.

With satisfying performances of wearable TEGs, it is predict-
able that many personal medical or sports devices will no longer
need to charge a battery. Such new personal devices can remove
worries about the power source and will increase convenience
and quality of life.
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