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a b s t r a c t

Bi2Te3-based materials stand out as the top-performing material for thermoelectric applications at room
temperature. However, its inherent rigidity has posed challenges for widespread usage in flexible
thermoelectric conversion systems. Recent endeavors have focused on achieving Bi2Te3-based flexible
films through bulk thinning, physical/chemical deposition, paste casting, as well as the template method.
These efforts have led to a surge in research publications. This review aims to offer a comprehensive
update on the synthesis approaches, microstructures, thermoelectric performances/flexibility, and the
underlying mechanisms. Future research should focus on investigating innovative deposition techniques,
exploring new composite phases/templates, refining fabrication parameters, and among others, to
enhance the thermoelectric performances as well as flexibility.
© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

Flexible electronics, with the ability to withstand bending,
rolling, folding, or stretching, have attracted considerable interest
in academic and commercial circles. Nevertheless, these electronics
still largely rely on conventional batteries as their primary power
source, requiring frequent recharging and regular maintenance,
leading to inconvenience and potential safety risks. Thus, there is a
pressing need to develop a safe, maintenance-free, and flexible
power source capable of powering flexible electronics. Thermo-
electric (TE) materials present a promising avenue as they enable
the direct conversion of heat into electricity, offering benefits such
as being silent, pollution-free, andmaintenance-free operation. The
efficiency of TE materials is quantified through the dimensionless
figure of merit, zT ¼ S2sT/k, wherein S denotes the Seebeck coef-
ficient, s represents the electrical conductivity, T signifies the ab-
solute temperature, and k denotes the thermal conductivity. The
power factor (PF), S2s, serves as a comprehensive indicator of
electrical properties. The k comprises electronic thermal conduc-
tivity, ke and lattice thermal conductivity, kl [1e3]. Achieving a
higher zT value necessitates materials with high s and S values, as
Zong), qihao.zhang@kit.edu
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well as low k. Nonetheless, these three parameters are mutually
dependent, emphasizing the need for coordinated regulation to
obtain zTs [4e8].

Although a plethora of newly discovered materials exhibiting
exceptionally high zTs have surfaced, such as copper chalcogenides,
tin selenide, among others, their real application needs further
verification. High-temperature (>900 K) TE devices often employ
SiGe alloys, with doping variations involving phosphorus or boron.
Mid-temperature (500�900 K) TE materials typically include
CoSb3, PbTe, and similar compounds. The most commonly utilized
room-temperature (RT) TE materials comprise Bi2Te3 alloys, spe-
cifically alloying Bi2Te3 with Sb2Te3 for p-type, and with Bi2Se3 for
n-type compositions, respectively. The structural configuration of
Bi2Te3, depicted in Fig. 1a, manifests a periodic layered structure
where BieTe constituents establish interconnections through co-
valent/ionic bonding, while van der Waals (vdW) forces operate
between successive Te atomic layers. Consequently, the TE prop-
erties of Bi2Te3-based materials demonstrate pronounced aniso-
tropic traits. Bi2Te3 exhibits a narrow band gap of ~0.3 eV (Fig. 1b).
The p-type and n-type variants of Bi2Te3 with remarkable RT zTs are
usually used as p-type and n-type legs in TE devices, as shown in
Fig. 1c.

Significant progress has been made in enhancing the zTs of
bulk Bi2Te3-based materials (Fig. 1d). The zone-melting method
offers precise control over the purification process, enabling the
production of high-quality Bi2Te3-based materials with enhanced
zTs. The thermal deformation process used in sample preparation
e under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Fig. 1. Bi2Te3-based materials and device. (a) Schematic diagram of atomic structure. (b) Electronic structure [95]. Copyright 2023, Springer Nature. (c) TE device composed of
n-type and p-type Bi2Te3-based legs. (d) The zT values of Bi2Te3-based materials reported since 2019 [9,17e81]. TE, thermoelectric.

Fig. 2. Schematic outline of the review, including material fabrication and optimiza-
tion of thermoelectric performance as well as flexibility.
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may induce lattice distortions, dislocation formation, and nano-
crystalline structures, consequently resulting in a notable
decrease in the kl and thereby augmenting its zT. Notably, the p-
type variant of Bi2Te3 can attain a zT of 1.6, whereas the n-type
counterpart can achieve a zT value of 1.42 [9,62]. Advancements
in microstructural engineering at the nanoscale have opened up
new avenues for optimizing the zTs of Bi2Te3-based materials
[10,11]. Grain boundary recrystallization and subnano regions
have emerged as pivotal factors contributing to the attainment of
high plateau zTs for Bi2Te3 nanoflakes. Bi2Te3 fabricated through
the melt-spinning technique exhibits a ribbon-like nanophase
structure, effectively reducing the kl and finally enhancing the zT
[12,13]. Furthermore, the ball milling of Bi2Te3 ingots followed by
sintering into nano-crystalline bulk materials yields exception-
ally low kl values [14], with resultant p-type Bi2Te3 materials
achieving a zT of 1.4 at 373 K [15]. Additionally, nanocompositing
serves as another effective strategy for substantially decreasing
kl, thereby further increasing the zT. Notably, the incorporation of
(Bi, Sb)2Te3 with nano-SiC has been demonstrated to yield a zT of
1.33 at 373 K [16].

Although recent advancements have been made in enhancing
the TE performance of bulk Bi2Te3-based materials, their intrinsic
rigidity limits their application for flexible TE conversions [82,83].
The development of Bi2Te3-based flexible TE films and devices
holds promise for applications requiring adherence to curved sur-
faces, such as human skin, facilitating the conversion of heat into
electricity while minimizing heat loss during energy transfer
[84e90]. Up to now, various methods have been employed in the
fabrication of Bi2Te3-based flexible TE films, including bulk-
thinning, physical or chemical deposition, paste casting, and the
template method, among others [91,92]. The aim of this work is to
2

offer an exhaustive comprehension of the synthesis, microstructure
of Bi2Te3-based flexible films, as well as the performance optimi-
zation mechanisms (Fig. 2). Furthermore, the prospective chal-
lenges are delineated to stimulate ongoing research endeavors in
this domain.
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2. Synthesis and microstructures of Bi2Te3-based flexible
films

There are mainly four methods for preparing Bi2Te3-based
flexible films: bulk thinning, physical/chemical deposition, paste
casting, and template method. The uniqueness of the bulk thinning
method lies in the fact that the film is exfoliated from a Bi2Te3-
based single crystal. Although this method demonstrates superior
TE performance, the film size is limited by the size of the single
crystals, which are time-consuming and energy-intensive to grow.
Additionally, manual exfoliation is inefficient, posing challenges for
scaling up production. In contrast, films produced by physical/
chemical deposition have lower TE performance compared to those
produced by bulk thinning. However, this method offers much
higher production efficiency due to rapid deposition, and the film
size and composition are controllable. The limitation is the thick-
ness, which is restricted to the nano to several micrometer range.
Paste casting can produce much thicker films, but at the expense of
TE performance due to the introduction of some guest phases with
lower TE performance. The template method involves using con-
ducting materials such as metal or carbon fiber networks as tem-
plates. This can compromise the S because of the high intrinsic
carrier concentration (n) of the templates.
2.1. Bulk-thinning

Bulk-thinning is a process used to fabricate thin films directly
from bulk materials. In this technique, a bulk material is mechan-
ically thinned down to the desired thickness, usually ranging from
nanometers to micrometers. Bulk-thinning offers advantages such
as precise control over film thickness and high uniformity. It en-
ables the creation of thin films with tailored properties [93,94]. As
shown in Fig. 3aec, researchers cut the prepared Bi0.5Sb1.5Te3 (BST)
Fig. 3. Schematic depiction of the bulk-thinning process and microstructures of Bi2Te3-base
extraction along the cleavage surface of the single crystal via adhesive tape. (c) Typical fl
pseudocolor and corresponding strain maps of the p-type single crystal (d) and thin film (e),
labeled in orange and cyan, respectively. The dashed lines in (e) indicate the vdW gaps aroun
the blue and purple arrows point to the position of the staggered layer [95].
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and Bi2Te2.7Se0.3 (BTS) single crystals (SC) in half along the (000l)
faces of the single crystals, followed by fastening the transparent
tape on the surface of the cut crystals [95]. Finally, the Bi2Te3 film
was peeled off together with the tape to produce p-type and n-type
Bi2Te3-based films. Staggered-layer structures, formed by atomic
rearrangement around the vdW gap, were spontaneously gener-
ated during exfoliation. This staggered layer of Bi2Te3-based flexible
films enhances stress propagation, leading to elastic bending while
minimizing the attenuation of carrier transport along the thermal
gradient. As shown in Fig. 3d and e, the atomic configurations of
both the SC and the thin film composed of p-type BST along the
[100] crystallographic zone axis were elucidated. As depicted in
Fig. 3d, repetitive quintuple layers featuring a Te(1)e(BiSb)e
Te(2)e(BiSb)eTe(1) sequence were discerned within the vdW gaps
of the BST SC. In comparison, the BST film displayed an atomic
structure with distinct staggered layers around the vdW gaps
(Fig. 3e), where the lower two layers within the vdW gap pro-
gressively transformed into the upper two layers. Notably, the in-
tensity of the Te atomic columns within the staggered layers
exhibited a gradual increase, while the intensity of the BiSb col-
umns displayed an inverse trend. These findings suggest a
continual interchange between Te and BiSb layers, potentially
attributed to atomic mobility within the vdW gaps. This distinctive
structural configuration could induce a redistribution of strain
around the vdW gaps, as evidenced by the corresponding strain
mappings. The observed strain distribution delineates a greater
fluctuation in film strain, potentially making it more resistant to
deformation compared to the SC counterpart.
2.2. Physical/chemical deposition

Compared to bulk-thinning, physical/chemical deposition
techniques, mainly magnetron sputtering, thermal evaporation,
d flexible films. (a) p-type Bi0.5Sb1.5Te3 and n-type Bi2Te2.7Se0.3 single crystals. (b) Film
exible films in different bending states. Atomic-resolution HAADF-STEM images with
the inset in (d) revealing the BST crystal structure, with the BiSb and Te atomic columns
d the staggered layer. The blue and green boxes in (e) mark the atomic columns, while
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laser deposition, and electrodeposition offer significant advantages
in terms of process complexity and film size. These techniques
allow precise control over the composition and deposition rate.
Additionally, they can create uniform thin films on complex ge-
ometries and large-area substrates [96,97]. For physical deposition,
the presence of a substrate provides essential mechanical support
for the Bi2Te3 matrix, ensuring their integrity and stability during
deposition, subsequent processing, and application. Commonly
used flexible substrates include polyimide (PI) films, polyethylene
terephthalate (PET) [98], etc. Among them, PI stands out as the
foremost thin-film insulating material, which exhibits extremely
high thermal stability and is capable of long-term use at temper-
atures up to 678 K without decomposition [99]. However, the hy-
drophobic nature of PI requires surface modification to ensure the
continuous deposition of Bi2Te3 matrix [100,101]. These methods
include plasma irradiation, UV/ozone treatment, and acid or base
treatments [102,103]. In the chemical deposition process, particu-
larly electrodeposition, a conductive working electrode is essential.
This electrode serves either as a platform for the deposition of
Bi2Te3-based films, which can be subsequently transferred or as a
template for forming a composite.

2.2.1. Magnetron sputtering
Magnetron sputtering is a highly effective technique employed

for the deposition of Bi2Te3-based films [96,104]. In this process, a
Bi2Te3-based target is bombarded with high-energy ions in a low-
pressure environment. These ions dislodge atoms from the target
surface, which then deposit onto a substrate [105]. This process
offers several advantages. Firstly, it allows for precise control over
the thickness and composition, ensuring uniformity and repro-
ducibility. Additionally, it operates at relatively low temperatures.
Fig. 4. Magnetron sputtering and microstructures of Bi2Te3-based films. (a) Schematic d
dependence of Te atomic percentage (at.%). (c) Surface SEM images at 0.8, 1.4, and 1.6 Pa Ar
Bi0.5Sb1.5Te3 films deposited with modulated Te-target sputtering powers of 10 W (d), 20 W
Schematic diagram of the fabrication process of a freely suspended Bi2Te3-SWCNT hybrid b
SWCNT bundle. Inset: corresponding high-resolution image and FFT pattern. (i) Bi2Te3 nanoc
the alignment of Bi2Te3 with SWCNT orientation [106]. Copyright 2019, Springer Nature. SE
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By adjusting parameters such as sputtering power, gas pressure,
and substrate temperature, one can fine-tune the film structure and
morphology. Therefore. magnetron sputtering facilitates the
deposition of Bi2Te3-based films with tailored properties. However,
magnetron sputtering does present certain drawbacks. These
include elevated material costs, primarily attributed to the utiliza-
tion of high-purity targets essential, stringent preparation condi-
tions, including high vacuum levels, and elevated temperatures
[106,107].

As shown in Fig. 4a, Nuthongkum et al. [104] prepared a flex-
ible Bi2Te3 film on a PI substrate by radio frequency (RF) magne-
tron sputtering. They investigated the effect of sputtering
pressure on the Te content and morphology of the films (Fig. 4b
and c). At 0.8 Pa, the film revealed a smooth surface with a Te
content lower than 50 at.%. When the sputtering pressure
increased to 1.4 Pa, the Te content increased to 57 at.%; while
larger particles and more distinct boundaries were formed,
resulting in a rougher surface. When the pressure increased to
1.6 Pa, the Te content decreased to 54%; while grain agglomeration
became more pronounced, and clear particle boundaries
appeared. For the effect on Te content, when the sputtering
pressure increases, the Arþ ions will be reduced to neutral Ar
[108], which obstructs the Bi deposition, thereby increasing the Te
content. Further increase in pressure will lead to obstruction of
both Bi and Te deposition, thus decreasing Te content. For the
effect on film morphology, the increase in sputtering pressure
leads to a higher collision probability between sputtered particles
and gas molecules, thereby reducing the mean free path of the
sputtered particles. Particles with lower kinetic energy have
insufficient mobility to effectively aggregate and grow, leading to
coarse surface morphology [108e110].
iagram of the formation of Bi2Te3 film by magnetron sputtering. (b) Gas pressure
gas pressures [104]. Copyright 2017, Royal Society of Chemistry. Surface SEM images of
(e), and 30 W (f), respectively [107]. Copyright 2020, Royal Society of Chemistry. (g)

y magnetron sputtering. (h) Adjacent Bi2Te3 nanocrystals firmly affixed onto a single
rystals positioned atop a curved SWCNT bundle. Inset presents an illustration detailing
M, scanning electron microscope; SWCNT, single-walled carbon nanotube.
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The sputtering power can also affect the microstructures of the
films, as reported by Shang et al. [107]. When the sputtering power
of the Te target is 10 W (Fig. 4d), the in-plane size of Bi0.5Sb1.5Te3
nanosheets was ~400 nm. Under an increasing sputtering power
over 10 W, the size of Bi0.5Sb1.5Te3 nanosheets was constantly
decreased (Fig. 4e and f). Jin et al. prepared Bi2Te3/single-walled
carbon nanotube (SWCNT) [106] and Bi2Te3/cellulose fibers (CFs)
[111] composite films by magnetron sputtering. Typically, they
present the fabrication process of flexible Bi2Te3/SWCNT materials
by assembling layer-structured Bi2Te3 onto a carbon nanotube
(CNT) scaffold, as depicted in Fig. 4g. The resulting flexible, free-
standing thin-film TE material comprises highly ordered (000l)-
textured Bi2Te3 nanocrystals firmly anchored on high-quality
SWCNT bundles (Fig. 4h and i).

2.2.2. Thermal evaporation deposition
Thermal evaporation deposition involves heating Bi2Te3 in a

vacuum chamber until it reaches its vaporization temperature. The
vaporized atoms then travel in the vacuum and condense onto a
substrate, forming a thin film [105,112,113]. Thermal evaporation
excels in producing uniformly thick films across expansive areas,
crucial for industrial-scale manufacturing. The vacuum environ-
ment significantly reduces contamination, ensuring the purity and
consistency of the films. However, conventional thermal evapora-
tion methods encounter challenges due to the disparate evapora-
tion rates of Bi and Te from a single source, leading to notable
compositional deviations from the desired.

It was revealed that the deposited films are Te-rich when the
evaporation current (EVC) is lower than 100 A and become Bi-rich
under higher current. Fan et al. [114] balanced the Bi and Te con-
tents in Bi2Te3 films by a two-step thermal evaporation method. A
Te-rich layer was first deposited on the PI substrate at an EVC below
100 A. Then, a Bi-rich layer was deposited at an EVC over 100 A.
Finally, rapid heat treatment was used to treat the films under
vacuum. The film composition of Bi2Te3 remained nearly the same
Fig. 5. Thermal-evaporation preparation and microstructures of Bi2Te3-based films. (a) Sch
thin films. (b) Cross-sectional view, (c) surface view, and the element EDS mapping images
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under varied rapid heat treatment conditions. These results indi-
cated the successful fabrication of the stoichiometric and highly
uniform Bi2Te3 thin films. As shown in Fig. 5a, Zheng et al. [115]
utilized thermal evaporation to deposit precursor layers of Bi/Sb
and Te on PI substrates. The Bi/Sb and Te samples with PI substrates
were placed together in a glovebox, and external heating was
applied to one side of the Te sample. Te gradually diffused into the
Bi/Sb film under temperature gradients and grew into BixSb2-xTe3
thin films. Finally, BixSb2-xTe3 films were synthesized on the sub-
strate that previously contained the Bi/Sb film, while the other
substrate that previously contained the Te film became blank due to
complete Te diffusion. The cross-sectional scanning electron mi-
croscope (SEM) image (Fig. 5b) revealed a dense polycrystalline
structure. The energy dispersive spectroscopy mappings of Bi, Sb,
and Te, demonstrated a uniform distribution of all elements
(Fig. 5c). This method was also used by Singh et al. [116] and pro-
duced uniform Bi1.2Sb0.5In0.3Te3 films.

2.2.3. Laser deposition
Laser powder bed fusion (LPBF), alternatively known as selective

laser melting (SLM), primarily employing a high-energy laser beam
to selectively melt thin layers of Bi2Te3-based powder, deposited in
a pre-defined pattern, layer by layer. Upon solidification and sub-
sequent cooling, these layers fuse together to produce Bi2Te3-based
films. This innovative manufacturing process offers numerous ad-
vantages, including the ability to fabricate complex geometries
with high precision and efficiency. By precisely controlling the laser
energy and scanning path, LPBF enables the production of parts
with tailored microstructures and mechanical properties, leading
to enhanced performance and functionality [117,118]. As shown in
Fig. 6aed, Yuan et al. [119] prepared flexible Bi2Te3 thin films on a PI
substrate using LPBF. The Bi2Te3 alloy powder was ultrasonically
dispersed to obtain a smooth and well-dispersed slurry. Subse-
quently, it was coated onto a PI substrate and patterned by laser
printing, directly adhering to the PI substrate. The rapid heating and
ematic illustration of the thermal-evaporation preparation process for the BixSb2exTe3
[115]. Copyright 2024, Wiley. EDS, energy dispersive spectroscopy.



Fig. 6. Laser deposition and microstructures of Bi2Te3-based films. (a) Schematic diagram of the laser powder bed fusion method for the synthesis of Bi2Te3 films with patterns.
(b) Cross-sectional SEM image. (c) Cross-sectional SEM of Layer 1. (d) Cross-sectional SEM of Layer 2 [119]. Copyright 2023, Wiley-Blackwell. SEM, scanning electron microscope.
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cooling rates of laser printing also resulted in a film morphology
with two distinct layers (Fig. 6b). As shown in Fig. 6c, the cross-
section SEM revealed a unique bilayer structure. The top layer,
Layer 1, enlarged from Fig. 6b, exhibited a typical spherical
morphology, which was denser than the bottom layer. The bottom
layer, Layer 2, showed a highly porous sintered powder-like
morphology (Fig. 6d).

2.2.4. Electrodeposition
Electrodeposition is the process of depositing thin films onto a

substrate surface through an electrochemical reaction. For the
electrodeposition of Bi2Te3-based thin films, this technique in-
volves passing an electric current through an electrolyte containing
ions of Bi and Te, which causes these ions to migrate and adhere to
the substrate surface, forming a thin film. The advantages of this
technology include precise control over film thickness and
composition, uniform deposition distribution, and the unique
ability to deposit films onto complex-shaped substrates. Since
electrodeposition requires conductive electrodes, it is necessary to
transfer the electrodeposited Bi2Te3 film to an adhesive substrate
for TE performance testing [120]. The electrodeposition process
also has the advantages of fast deposition speed, low cost, and
simple operation, thus it is competitive among the fabrication
methods of Bi2Te3-based thin films. The three-electrode setup for
electrodeposition of Bi2Te3 is shown in Fig. 7a. In this setup, one
loop consists of theworking electrode (WE), counter electrode (CE),
and a power supply, while the other loop consists of the WE and a
reference electrode (RE) to monitor the electrochemical reaction
process. When an external voltage is applied, the WE becomes
6

filled with electrons, establishing an electric field between the WE
and the CE. This electric field causes the migration of Bi(III) and
Te(IV) cations in the electrolyte toward the surface of theWE. These
cations are then reduced on the surface of the WE, contributing to
the deposition of Bi2Te3.

As depicted in Fig. 7b, the initial electrodeposition of Bi2Te3 was
conducted utilizing potentiostatic or galvanostatic modes, wherein
the applied potential or current density remains constant
throughout the process. Nonetheless, the persistent deposition
procedure fails to mitigate the detrimental impact of concentration
polarization, thereby resulting in the formation of diminutive grain
sizes, diverse orientations (Fig. 7c), and deviating compositions.
Optimally, the fabrication of Bi2Te3 thin films employs pulse-mode
deposition. This technique encompasses two distinct phases: dur-
ing the “ton” period, Bi(III) and Te(IV) ions undergo reduction and
deposition onto the WE while the current is activated. Conse-
quently, there is a rapid decrease in ionic concentration within the
interfacial layer, leading to an increase in polarization. Subse-
quently, in the “toff” phase, when the current is deactivated, ions
within the electrolyte are propelled by chemical potential and
diffuse into the interfacial layer to compensate, thereby mitigating
concentration polarization (Fig. 7d and e) and facilitating the
attainment of a dense structural configuration. Na et al. [120]
prepared an n-type Bi2Te3 thin film by electrodeposition and then
transferred it to a flexible substrate. The surface morphology and
crystallinity of electrodeposited Bi2Te3 films depend on the depo-
sition potential, Vdep. The surface morphology of Bi2Te3 films
deposited by applying negative Vdep is rough with some large
grains observed, and the distribution of grain sizes is not uniform



Fig. 7. Electrodeposition and microstructures of Bi2Te3-based films. (a) Schematic diagram of the deposition setup. Time dependencies of working potential/current and ion
concentration (solid line) within the interfacial layer on WE in potentiostatic/galvanostatic mode (b) and two-step pulse mode (d). SEM images of the Bi2Te3 films by potentiostatic
(c) and (e) pulse modes. SEM image of the Bi2Te3 film at potentials of (f) �0.15, (g) �0.01, (h) 0.02 V on a stainless steel substrate [120]. Copyright 2016, American Chemical Society.
WE, working electrode; SEM, scanning electron microscope.
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(Fig. 7f). However, the Bi2Te3 film deposited at �0.01 V showed a
smaller grain size (Fig. 7g). When Vdep is shifted to a positive po-
tential, the films exhibit highly dense and well-connected mor-
phologies. And the films deposited under positive potential have
small grain size and low roughness (Fig. 7h).

2.3. Paste casting

The paste-casting fabrication of Bi2Te3-based flexible films
typically begins with the synthesis of the Bi2Te3-based paste, fol-
lowed by solidification for film formation. Common methods for
preparing Bi2Te3 paste entail physical mixing and the solvothermal
method. Each method offers distinct advantages.

2.3.1. Paste synthesis
Thephysicalmixingmethod involves directly stirring andmixing

Bi2Te3-based powder with organics to create paste, which is then
allowed to solidify to form a film. Song et al. [121] prepared the
Bi2Te3/Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) paste by physical mixing. It was found that the
dispersion state of the Bi2Te3 particles determines the film rough-
ness. Zhang et al. [122] introduced polyvinyl alcohol (PVA) and
Bi0.5Sb1.5Te3 into PEDOT:PSS solution to obtain PEDOT: PSS/PVA/
Bi0.5Sb1.5Te3 paste before casting. The solvothermal method is
commonly used for in-situ growth of Bi2Te3 matrix in paste syn-
thesis. It provides a closed pressurized reaction system for the
chemical reaction of precursor reactants in an organic solvent at a
certain temperature to generate products. The closed system could
help topromote the dissolution, diffusion, and transformation of the
reactants, thereby improving the dispersibility, crystallinity, and
yield of products. The method is cost-effective due to the low re-
action temperature, short duration, and high yield [123,124]. Chen
et al. [125] prepared the Bi2Te3/SWCNTs paste by the solvothermal
7

method. Inorganic Bi2Te3 particles and nanosheets were success-
fully grown in situ on SWCNTs. As shown in Fig. 8a, Mao also pre-
pared the Bi2Te3/graphene paste by a solvothermal method [126].
Due to the easy nucleation supported by graphene nanosheets,
Bi2Te3 nanosheets grewwithin and on the graphene layer, as shown
in Fig. 8b.

2.3.2. Film casting
Methods commonly employed for film formation after paste

synthesis include vacuum filtration, printing, etc. Vacuum filtration
relies on the pressure difference created by applying a vacuum to
draw the liquid part from the paste through a porous filter mem-
brane. As the liquid passes through the filter, the Bi2Te3-based
materials are left behind, forming a thin film on the surface of the
filter. Once dried, the thin film can be carefully peeled off from the
filter membrane and collected. Zhao et al. [127] incorporated a
small quantity of cellulose nanofibers (CNF) into Bi2Te3 powder,
then utilized vacuum filtration to prepare a flexible CNF/Bi2Te3 film.
In this composite, Bi2Te3 was evenly dispersed within the three-
dimensional CNF network.

Printing techniques, including hand printing and screen print-
ing, are commonly employed for the casting of Bi2Te3-based paste.
Hand printing is a manual technique where the Bi2Te3-based paste
is spread onto the substrate using a blade. After casting, the film is
allowed to dry, either at RT or using controlled heating, to remove
the solvent and bind the particles together. Hand printing offers
simplicity and flexibility, allowing for the casting of Bi2Te3 paste
onto various substrate shapes and sizes. It is suitable for small-scale
production and prototyping. Cho et al. [128] prepared edge-oxide
graphene-dispersed p-type Bi0.4Sb1.6Te3 (EOG/BST) thin films by
hand-printing. As shown in Fig. 8c, the EOG connected the indi-
vidual BST grains well (Fig. 8d). Screen printing is a widely used
technique for casting thick Bi2Te3 films. It involves pushing the



Fig. 8. Paste-casting and microstructures of Bi2Te3-based films. (a) In-situ synthesis of graphene/Bi2Te3 film by intercalating Bi2Te3 nanoplates into graphene nanosheets and (b) the
microstructure. Copyright 2022, Wiley. Fabrication process of EOG/BST thick film by hand printing (c) and the microstructure (d). Copyright 2019, Elsevier. Screen-printing of
Bi2Te2.8Se0.2 films (e) and the microstructure (f) Copyright 2016, Springer Nature. EOG/BST, edge-oxide graphene-dispersed p-type Bi0.4Sb1.6Te3.
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paste through a mesh screen onto the substrate surface. After
casting, the substrate is dried to remove the solvent, and the paste
is often cured at elevated temperatures to improve adhesion and
conductivity. Screen printing allows for high throughput and pre-
cise control over the pattern. It is suitable for large-scale production
of Bi2Te3-based thick films and complex device architectures. Var-
ghese et al. [129] fabricated Bi2Te2.8Se0.2 thin films using screen
printing (Fig. 8e). The disadvantage of the screen printingmethod is
that the prepared films often have edge defects and are of low
density (Fig. 8f).

2.4. Template method

The template method leverages template-assisted fabrication
techniques to synthesize monodisperse Bi2Te3-based nanofillers
within a continuous polymer matrix or to grow Bi2Te3 within a
three-dimensional template framework, such as conducting foams
or woven carbon fibers. The templatemethod capitalizes on the use
of templates, which can be porous substrates or pre-designed
structures, to guide the growth of Bi2Te3-based nanofillers or
structures. By controlling the morphology and dimensions of the
templates, precise control over the size, shape, and arrangement of
the resulting Bi2Te3-based nanostructures can be achieved.

As shown in Fig. 9a, Wang et al. [130] prepared a Bi2Te3/PEDOT
hybrid film by using an improved templatemethod. Specifically, the
Bi2Te3 nanophase was patterned by using a polystyrene nano-
sphere monolayer as a mask, combined with a vapor-phase poly-
merization process to synthesize the Bi2Te3/PEDOT hybrid film.
Nanosphere lithography has been proven to be an effective
approach to large-area periodic arrays of nanostructures on flexible
substrates. It also has the advantages of good repeatability and
controllable structural parameters [131e135]. As shown in Fig. 9b,
monodisperse and periodic Bi2Te3 nanophases can be clearly
observed in the PEDOT/Bi2Te3 hybrid films, which greatly reduce
the k and endow the films with flexibility. However, the cost of this
template method is also relatively high. Shi et al. [136] deposited
Bi2Te3 nanosheets on/inside nickel foam (NiFoam) template
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(Fig. 9c). The three-dimensional through-holes of the NiFoamwere
completely filled with Bi2Te3 nanoplates, and the nickel skeleton
was also completely covered, as shown in Fig. 9d. Shi et al. [137]
also prepared Bi2Te3/carbon fiber fabric (CFF) films with CFF as the
template, as shown in Fig. 9e. The pretreated CFF consisted of
numerous carbon fibers (CFs) with a diameter of ~10 mm, arranged
in a crisscross pattern along both the warp and weft directions,
intertwining at their intersections. The surface of the CFs became
fully coated with Bi2Te3 after electrodeposition, exhibiting a finely
needle-like morphology (Fig. 9f).

Among all methods used, the Bi2Te3/organics paste-casting is
the most promising for scale-up and cost-down fabrication of
flexible thick films, although it may encounter challenges in
achieving complete dispersion of Bi2Te3-based nano/microparticles
within a polymer matrix. One primary obstacle lies in the poor
wettability between polymers and Bi2Te3-based particles, which
can impede their uniform distribution. Additionally, the surface of
Bi2Te3-based particles is prone to oxidation, further complicating
their dispersion within the organic polymer matrix. These factors
collectively contribute to the difficulty in achieving optimal
dispersion and integration of Bi2Te3-based particles in such
matrices [138,139].

3. Performance of the Bi2Te3-based films

The synthesis of Bi2Te3-based flexible films employs various
techniques, each providing distinct benefits regarding film unifor-
mity, compositional and microstructural control, and TE perfor-
mance. The following sections will offer a detailed discussion of the
TE performance of Bi2Te3-based films, analyzing the impact of the
different fabrication methods.

3.1. Thermoelectric performance of bulk-thinning films

The TE performance of Bi2Te3-based flexible films prepared by
bulk-thinning is the highest among all reported values (Table 1). Lu
et al. [95] reported bulk-thinning fabrication of Bi2Te3-based films



Fig. 9. Template method fabrication and microstructures of Bi2Te3-based films. (a) Schematic diagram of Bi2Te3/PEDOT composite film prepared by the template method and (b) the
microstructure [130]. Copyright 2018, Springer Nature. (c) Schematic diagram of the synthesis of NiFoam/Bi2Te3 composite film by the template method and (d) the microstructure
[136]. Copyright 2022, Multidisciplinary Digital Publishing Institute. (e) Schematic diagram of the synthesis of Bi2Te3/carbon fiber fabric by template method and (f) the micro-
structure [137]. Copyright 2022, Elsevier.

Table 1
TE properties and flexibility of Bi2Te3 based films at RT.

Materials Methods n m s S PF k zT fFOM Ref.

Bi0.5Sb1.5Te3 BT ~7 ~130 ~22.6 1.34 42.1 1.35 0.9 1.5 � 10�3 [95]
Bi2Te2.7Se0.3 BT ~4.5 ~70 9.9 �2.2 45.7 1.22 1.1 1.5 � 10�3 [95]
Bi2Te3 MS 62.6 6.7 6.7 �1.2 9.5 e e e [104]
Bi2Te3 MS 9.3 57.4 6.9 �1.8 21.7 e e e [110]
Bi2Te3/SWCNTs MS e e ~5.3 �1.7 ~16 0.53 0.89 7.5 � 10�5 [106]
Bi2Te3/SWCNTs MS e 39.5 1.2 ~�1.5 2.7 0.34 0.23 6.3 � 10�5 [177]
Bi2Te3 TEP 141 2.2 5 �0.1 5.3 e e e [142]
Bi0.3Sb1.7Te3 TEP e e ~10 1.6 26.9 ~0.8 0.98 e [115]
Bi2Te3 TEP 4.8 34.7 2.8 �1.3 4.4 0.26 0.51 2�10�5 [114]
Bi2Te3 ED e e 8.5 �1.3 1.5 e e e [120]
Bi2Te3/SWCNTs ST e e 2.4 0.4 0.3 e e 1.3� 10�3 [125]
Bi2Te3/graphene ST ~8 ~17 1.5 0.4 0.2 1.9 3 � 10�3 1.5 � 10�2 [126]
Bi2Te3/rGO VF e e 0.5 �1.5 1.1 ~9.7 3.3 � 10�3 e [158]
Bi2Te3/rGO PT 1.21 103.3 2 �12.7 3.2 0.47 0.2 1 � 10�2 [159]
Bi0.4Sb1.6Te3/EOG PT 1.5 133 23.4 2.5 20.6 e e e [128]
Bi2Te2.7Se0.3/EOG PT ~1.6 96.4 2.6 �2.4 15.4 e e e [160]
Bi2Te3/PEDOT:PSS PM e e 4.2 47.5 0.1 7 � 10�2 0.04 e [121]
Bi2Se0.3Te2.7/CNF PM e e 5.3 1.3 8.9 e e 2.5 � 10�2 [127]
Bi2Te3-xSex/CC TP e e 4.4 �1.4 8.3 e e 3.3 � 10�2 [176]
Bi2Te3/NiFoam TP e e 110.8 0.2 8.5 1.6 � 10�2 [136]
Bi2Te3/CFF TP ~11.3 ~11.5 ~2.8 �0.3 0.3 e e 2.2 � 10�2 [137]
Bi2Te3/PEDOT TP e e ~4.4 �1.8 13.5 0.69 0.58 e [130]

Note: Preparation methods are abbreviated: bulk-thinning (BT); physical deposition: magnetron sputtering (MS), thermal evaporation (TEP). chemical deposition: Electro-
deposition (ED). paste casting: physical mixing (PM), solvothermal (ST), vacuum filtration (VF), printing (PT). template method (TP), thermoelectric (TE), room-temperature
(RT). Units: n: 1019 cm�3; m: cm2/V/s; s: 102 S/cm; S: 102 V/K; PF: 102 mW/m/K2; k: W/m/K.
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with a misfit layered structure. The RT PF reached 4.2 (p-type) and
4.6 (n-type) mW/m/K2, exhibiting TE performance comparable to
that of single crystals (SCs), and possessing good flexibility. This is
mainly attributed to the interlocking layered structure, which not
only promotes stress propagation but also maintains ultra-high
conductivity. Flexible TE devices prepared from these films
exhibited a high power density of up to 321 W/m2 (DT ¼ 60 K),
which is about an order ofmagnitude higher than that of traditional
flexible devices. The bulk-thinning method can preserve the orig-
inal structure to the greatest extent, thereby maintaining the
excellent TE performance of the bulk Bi2Te3 material.

3.2. Thermoelectric performance of deposited/paste-casted films

Deposited or paste-casted films offer advantages in process
flexibility, material utilization, and structural controllability. How-
ever, their TE performance is somewhat inferior to that of bulk-
thinned films due to a high density of defects, which significantly
deteriorates electrical transport. The performance variation among
deposited or paste-casted films depends on specific processing
parameters that influence their composition and microstructures.

3.2.1. Physical/chemical deposited Bi2Te3-based films
Nuthongkum et al. [104] reported that the PF first rose from

189 mW/cm/K2e949 mW/cm/K2, and then dropped to 190 mW/cm/
K2, due to the up and down of Te content, arising from the
increasing deposition pressure. Kong et al. [110] achieved a high PF
of 2167 mW/cm/K2, which was due to the excellent (00l) film
orientation at an optimal pressure. This was also confirmed by
Somdock et al. [140]. The highly ordered crystal orientation
reduced the density of grain boundaries and defects, thereby
weakening carrier scattering and enhancing the m. Annealing can
smoothen the sputtered film, as reported by Kuang et al. [141]. The
maximum PF value of the p-type BST and n-type BTS films were
430 mW/m/K2 and 1230 mW/m/K2, respectively.

Zheng et al. [142] reported an s of 500.2 S/cm, and low S of
11.3 mV/K, due to poor crystallinity of Bi2Te3. The PF reached a
maximum of 530 mW/m/K2 after annealing due to increased crys-
tallinity. By alloying with Bi, the n was optimized, achieving a S of
25 mW/K, leading to a maximum PF of 2690 mW/m/K2 for
Bi0.3Sb1.7Te3 films [115]. The flexible Bi2Te3 thin films deposited by
LPBF revealed a thickness of ~65 mm, a PF over 1500 mW/m/K2, and a
zT value of 0.25. The electrodeposited n-type Bi2Te3 films [120]
grew along the (110) crystal direction, exhibiting higher crystal-
linity, leading to an s of 691 S/cm and amaximum PF of 1473 mW/m/
K2.

3.2.2. Paste casted Bi2Te3-based films
The Bi2Te3-based flexible films prepared by the paste-casting

method are usually composites with carbon, such as CNTs, gra-
phene, reduced graphene oxide (rGO), or polymer materials as
secondary phases. Although the secondary phases showed good
flexibility, one or more values of their k, S, and s are not ideal for a
high zT, lowering overall TE performance compared to films pre-
pared by bulk-thinning or physical/chemical deposition methods.
However, the paste-casting method allows for the production of
relatively thick films, providing a degree of practical utility.

3.2.2.1. Carbon/Bi2Te3-based composite films. CNT/Bi2Te3-based
composite films: CNTs exhibit significant promise as flexible TE
materials owing to their nanoporous structure, unique electrical,
coupled with exceptional flexibility [143,144]. For instance,
Macleod et al. [145] reported single-walled SWCNTs with a peak PF
of 700 mW/m/K2. Incorporating CNTs into matrix ceramics has been
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proven effective in elevating s while reducing k [146], due to
enhanced phonon scattering at the CNT/matrix interface.

Graphene/Bi2Te3-based composite films: graphene has attracted
great interest since its discovery [147], because of its excellent
mechanical and electrical properties. Due to the instability of the
structure, many ripples with lengths of several nanometers to tens
of nanometers usually appear on graphene surfaces [148]. There-
fore, it is easy to wrap other particles nearby to keep themselves
stable. The in-plane electron m of graphene at RT reaches
2.5 � 105 cm2/V/s, and its s is 1 � 106 S/m, about 1.5 times that of
copper, which is far beyond those of conventional metallic and
semiconducting materials [149e153]. Thus, it can provide a fast
carrier transport channel for Bi2Te3-based films [126,154e157].

rGO/Bi2Te3-based composite films: rGO is reduced from gra-
phene oxide (GO). It can be a semiconductor or a conductor,
depending on its reduction degree. GO is an insulator but possesses
good dispersivity in an aqueous solution. Therefore, GO can be used
as the precursor for rGO, and achieving good dispersivity before
reduction. However, rGO still has a low s, restricting the PF of the
rGO/Bi2Te3 films [158,159]. EOG is a special type of rGO, which has
oxidation groups only on edges, and thus its s is higher than rGO.
The enhanced s is anticipated to significantly improve the TE
properties of the composite film [160]. The p-type EOG/Bi0.4Sb1.6Te3
TE film [128] achieved a maximum PF of 2060 mW/m/K2, which was
increased by 1.7 times.

3.2.2.2. Organic/Bi2Te3-based composite films. Conductive poly-
mers inherently exhibit low k, while Bi2Te3 boasts relatively good
PF. Thus, their combination holds promise for achieving opti-
mized comprehensive TE performance [161]. Currently, Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
[162,163] stand out as the most commonly utilized conductive
polymers. These organic molecules not only contribute to the
enhancement of TE properties but also confer increased flexi-
bility to Bi2Te3-based films.

PEDOT:PSS aqueous solution comprising a high-molecular-
weight polymer renowned for its remarkable conductivity. Con-
sisting of two constituents, PEDOT and PSS, PEDOT:PSS is a syner-
gistic blend where PEDOT, inherently insoluble in most solvents,
becomes well-dispersed in aqueous solvents when emulsified with
PSS. Within this composite, PEDOT assumes the role of charge
conduction, while PSS acts as an insulator [164,165]. The flexible
PEDOT:PSS/Bi2Te3 films combine PEDOT:PSS with different con-
tents of Bi2Te3 [121] revealed S values fluctuating slightly within a
range of 14.2 mV/K to 18.6 mV/K. The maximum s reached 421 S/cm,
corresponding to the highest PF of 9.9 mW/m/K2. The flexible
PEDOT:PSS/PVA/Bi0.5Sb1.5Te3 films revealed a PF of 47.7 mW/m/K2

and a zT value of 0.05 at 300 K [122].
Cellulose, though insulating, is one of the most abundant and

renewable natural polymer materials [166]. Bacterial cellulose (BC),
as a distinct cellulose variant, emerges as an eco-friendly bioma-
terial composed of CNF [167]. The attributes of BC include high
porosity, exceptional tensile strength, and superb biocompatibility,
making it a prime candidate for employment in a spectrum of
flexible electronic devices [168e171]. The flexible CNF/Bi0.5Sb1.5Te3
film [127] revealed an s of 532 S/cm, S of 130 mV/K, leading to a PF of
889 mW/m/K2.

3.3. Thermoelectric performance of template based films

The flexibility of Bi2Te3-based films can be optimized by intro-
ducing suitable templates, usually at the sacrifice of some TE per-
formance. Flexible carbon cloth (CC) usually serves as a prevalent
electrode material for electrochemical reactions owing to its low
resistance and flexibility. Consequently, flexible conductive CC can



M. Chen, Z. Mao, Y. Ji et al. Materials Today Energy 44 (2024) 101643
serve as the template for Bi2Te3-based material deposition, making
it well-suited for integration into TE generators [172e175]. Kim
et al. [176] synthesized Bi2Te3-xSex/CC films by utilizing flexible
conductive CC as a substrate, achieving a maximum PF of 1300 mW/
m/K2 at 473 K. The CC facilitated an electrical pathway through the
one-dimensional wire, thereby augmenting the s. Shi et al. [137]
reported that the PF of the annealed Bi2Te3/CFF film reached a peak
value of 33.4 mW/m/K2, a 300-fold increase compared to the pure
CFF film. This enhancement stems from the formation of a cross-
linked core-shell structure, which significantly enhanced the m.
Furthermore, the S of Bi2Te3/CFF was bolstered compared to CFF
due to the decrease in n, resulting in a nearly two-order-of-
magnitude improvement in the final PF. Moreover, Shi et al. [136]
deposited Bi2Te3 nanosheets into porous NiFoam, followed by
pressing and annealing to obtain a NiFoam/Bi2Te3 composite film
with a porous filling structure. At RT, its PF is 850 mW/m/K2 due to a
variety of mechanisms. Wang et al. [130] devised a Bi2Te3/PEDOT
hybrid film via the template method, yielding a zT value of ~0.58 at
RT.

3.4. Flexibility of the Bi2Te3-based films

As universally recognized, when brittle materials such as glass
and ceramics are reduced to thin dimensions, they exhibit
enhanced flexibility. Specifically, crystalline silicon, traditionally
rigid in nature, finds extensive application in wearable electronics
as a foundational material for silicon microelectronics. This phe-
nomenon occurs notably when the thickness diminishes to around
100 nm, making the material flexible [178]. Similarly, indium gal-
lium zinc oxide, despite being an inherently rigid inorganic oxide,
assumes flexibility when sufficiently thin, thus serving as a viable
material for flexible transistors [179]. Therefore, the assessment of
flexibility necessitates a consideration of thickness. A standard
method for evaluating the flexibility of a film involves subjecting it
to a bending test, wherein the film is affixed to a cylinder with a
gradually decreasing radius of curvature until fracture occurs [180].
To quantify this flexibility, Peng et al. [181] introduced the concept
of a figure of merit for flexibility (fFOM), which can be elucidated
through the yield strain ( 3), representing the extent of elastic
stretching prior to plastic deformation at a given thickness. The
maximum 3, indicative of the degree of elongation on the outer or
inner surface can be calculated using the formula 3¼ h/2r, where h
denotes the thickness and r signifies the minimum bending radius
preceding the fracture (Fig. 10a).

When Bi2Te3-based films reach a certain level of thinness, they
exhibit flexibility. For instance, Fan et al. [114] deposited a 240 nm
thick Bi2Te3 film through thermal evaporation, resulting in an fFOM
of ~2 � 10�5. Shang et al. [107] utilized magnetron sputtering to
fabricate a 420 nm-thick Bi2Te3 film; however, the fFOM approached
only 4 � 105 due to its modest thickness and large critical bending
radius. Recent advancements include the synthesis of a 30 mm-thick
Bi2Te3/cellulose fiber film by Jin et al. [111] using magnetron
sputtering, and the fabrication of a 40 mm thick Bi2Te3/rGO film by
Ding et al. [159] employing a printing method. These innovations
yielded a further improvement in the fFOM to approximately
1� 10�2. Despite the exhibited flexibility of these Bi2Te3-based
films, their maximum power output remains severely limited due
to the restricted thermal and electronic loading capacity resulting
from their small thickness. Therefore, it is imperative to develop
thicker Bi2Te3-based films while preserving flexibility.

The Bi2Te3/CC film demonstrated the highest flexibility among
all reported Bi2Te3-based composite films (Fig. 10b). Its flexibility
surpassed that of Bi2Te3 films fabricated via magnetron sputtering
[107], thermal evaporation [114], and electrodeposition [120],
screen-printed Bi2Te3 films [129] and composite films such as
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Bi2Te3/SWCNT [106], Bi2Te3/SWCNT [125], Bi2Te3/CFF [137], Bi2Te3/
Graphene [126], Bi2Te3/NiFoam [136], Bi2Te3/CNF [127] and Bi2Te3/
rGO films [159], with differences in fFOM ranging from 2 to 3 orders
of magnitude. This superiority can be attributed to the outstanding
intrinsic flexibility of the CC substrate, which accommodates the
bending deformation of Bi2Te3 effectively.

4. Optimization mechanisms

Co-optimizing the TE performance and flexibility of Bi2Te3-
based films is a complex task involving multiple aspects, with the
primary aim of enhancing electrical transport properties, reducing
the k, and ensuring excellent flexibility. Enhancing the electrical
performance involves adjusting the transport properties, s, m, as
well as the S values for an enhanced PF. Below, will explore stra-
tegies such as defects control, bridging effect, and energy filtering.
For depressing the k, below, wewill explore strategies from aspects
of interfacial phonon scattering effect, mixing rule, and indepen-
dent vibration scattering. For endowing Bi2Te3-based films with
flexibility, below will detail several key strategies to optimize
flexibility and closely related mechanical properties, such as
increasing spatial freedom, decreasing slippage barriers, excellent
flexibility of guests, knotting effect, and interphase strengthening.

4.1. Enhancing electrical performance

4.1.1. Defects control
Bi2Te3-based films inherently possess defects such as hetero-

geneous atom doping, vacancies, etc. These defects can significantly
affect the n or m. Through appropriate fabrication and post-
treatment, these defects can be effectively controlled, thereby
enhancing the overall electrical performance. Annealing can pro-
mote grain growth, thereby reducing grain boundaries and dislo-
cations. Due to the high vapor pressure of Te, Te can easily
evaporate during annealing, leading to compositional deviations.
Therefore, it is usually carried out in a protective atmosphere, or a
Te-rich atmosphere, to suppress the evaporation and oxidation of
Te [136,182,183]. This ensures the stoichiometric balance, pre-
venting performance degradation caused by Te deficiency. Addi-
tionally, optimizing the annealing temperature and duration is also
crucial for reducing defects, as too high annealing temperature or
too long duration will lead to excessive Te evaporation.

4.1.2. Bridging effect
The bridging effect plays a crucial role in Bi2Te3-based materials

by constructing carrier transport channels for optimizing carrier
mobility. This mechanism involves introducing high-conducting
second-phase materials such as graphene and CNT into the Bi2Te3
matrix [126,184]. When these guest phases bridge the Bi2Te3-based
materials, they create continuous channels or pathways for charge
carrier transport [185]. This interconnected network effectively
bridges gaps between particles or regions within the composite
material, ensuring a more uniform and efficient transport of charge
carriers. By establishing these interconnected pathways, the
bridging effect minimizes the scattering and trapping of charge
carriers at interfaces or defects in the material, leading increased m

(Fig. 10c) [186]. Chen et al. [125] achieved an s of 244.6 S/cm in the
SWCNT/Bi2Te3 film, nearly doubling that of pure SWCNT film, due
to the bridging effect of CNTs within the Bi2Te3 matrix. Shi et al.
[136] reported an s of 1107.8 S/cm in the Bi2Te3/NiFoam composite
film, attributed to the bridging effect of the nickel framework.

4.1.3. Energy filtering effect
When an energy barrier is established between the guest phases

and the Bi2Te3 system, it will scatter the low-energy carriers and



Fig. 10. Flexibility and performance optimization mechanisms of the Bi2Te3-based flexible films. (a) Schematic diagram of the definition of fFOM. (b) The reported fFOM values
[95,106,125e127,107,136,137,159,176,177]. Schematic diagram of (c) bridging effect, (d) energy filtering effect, (e) interfacial phonon scattering effect, (f) increasing spatial freedom,
and decreasing slippage barriers. (g) Knotting effect in cross-linked core-shell structure [137]. Copyright 2022, Elsevier.
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impede their transport while letting the high-energy carriers pass
through. As the high-energy carriers are the primary contributors
for S, this selective scattering would thus lead to a remarkably
increased S [158,187,188]. Mao et al. [126] demonstrated a gra-
phene/Bi2Te3 composite film exhibiting significantly enhanced S.
This improvement is attributed to the establishment of an energy
barrier (DEg ~0.2 eV) at the graphene/Bi2Te3 interface, resulting
from energy transfer between the conduction band (CB) of Bi2Te3
and graphene during carrier transport [189]. This energy barrier
impedes carriers with energies below DEg while enabling carriers
to traverse energies above DEg, as depicted in Fig. 10d [112].
Consequently, there is an elevation in the average energy of the
transport carriers, thereby enhancing the S [153].

4.2. Depressing thermal conductivity

4.2.1. Interfacial phonon scattering effect
The interfacial phonon scattering effect is a phenomenonwhere

phonons experience scattering at the interfaces between different
materials [190]. This effect plays a significant role in determining
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the k, particularly at the nanoscale, where interfacial interactions
become prominent [191,192]. Bi2Te3-based composite materials
composed of dissimilar components, such as polymers mixed with
inorganic Bi2Te3, phonons encounter interfaces between the two
phases [193]. These interfaces introduce discontinuities in the
crystal lattice, leading to scattering phonons and hindering their
propagation. As a result, the overall k is reduced. The interfacial
phonon scattering effect is influenced by factors such as the
mismatch in lattice structure, atomic mass, and bonding strength at
the interface (Fig. 10e). Well-dispersed Bi2Te3-based nanosheets
can induce substantial heterointerfaces between Bi2Te3-based
materials and SWCNTs. Owing to their lattice mismatch, these
heterointerfaces effectively scatter phonons during heat transfer,
resulting in elevated interfacial thermal resistance [194]. Jin et al.
[106] elucidated that within SWCNTs/Bi2Te3 hybrids, the discrep-
ancy in phonon spectra at the SWCNTs-Bi2Te3 interface can effi-
ciently impede phonon transport across the interface [195,196].
Moreover, the presence of interface roughness and nanoporous
structure exacerbates diffusive phonon scattering at the interfaces
and boundaries, contributing to a notable reduction in kl.
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4.2.2. Mixing rule
The mixing rule is a concept used to predict the properties of

Bi2Te3-based composite materials by considering the properties of
their individual components and their relative proportions [197]. It
is based on the assumption that the properties of the composite are
determined by the properties of its constituents and their
arrangement within the material. In the context of k, the mixing
rule can be applied to predict the k of a Bi2Te3-based composite
material formed by mixing two or more components [198,199]. In
the case of combining organics with Bi2Te3-based matrix to form a
composite material, the mixing rule can help predict the overall k
based on the thermal conductivities of the organic component
(such as PEDOT:PSS) and Bi2Te3-based matrix, as well as their
volume fractions [200]. The k of the PEDOT/52 vol% Bi2Te3 hybrid
film reported by Wang et al. [130] is only ~0.5 W/m/K, which is
much lower than that of the Bi2Te3 film.

4.2.3. Independent vibration scattering
Independent vibration scattering refers to a phenomenon

observed when long-chain organic molecules are bonded to a host
layer, such as in the case of Bi2Se3HAxDMSOy films [201]. These
organic molecules exhibit autonomous vibrational motions due to
their flexible and extended structure. As phonons, the primary heat
carriers inmaterials, propagate through the host layer, they interact
with these vibrating organic chains. This interaction disrupts the
coherent movement of phonons, leading to scattering. Because
these vibrations occur independently of each other, they create
multiple scattering centers throughout the material. As a result,
phonon transport is hindered, leading to a significant reduction in
k. In the Bi2Se3HAxDMSOy material, extended chains of organic
molecules are dispersed atop the Bi2Se3 layer. These organic moi-
eties introduce phonon scattering, which is attributable to their
autonomous vibrational motions. Consequently, this scattering
phenomenon leads to a notable reduction in the k of the Bi2Se3-
HAxDMSOy film, declining from the pristine value of 3.37 W/m/K
observed for pure Bi2Se3 to a diminished level of 1.52 W/m/K.

4.3. Flexibility optimization

4.3.1. Increasing spatial freedom
Incorporating structures that increase spatial freedom within

materials is a pivotal strategy for enhancing their flexibility. By
creating additional space for deformation, these structures allow
materials to bend and flex more readily. The incorporation of a
sandwich structure or the inclusion of molecules that expand
interlayer spacing introduces additional freedom along the C-axis
[126]. The graphene/Bi2Te3/graphene sandwich structure, as shown
in Fig. 10f, creates additional space for bending deformation [126],
allowing the composite to exhibit exceptional flexibility. The
incorporation of organic molecules into the vdW gaps between the
quintuple layers of Bi2Se3 also increased the interlayer spacing
within Bi2Se3, creating more deformation space, thus significantly
improving the flexibility [201].

4.3.2. Decreasing slippage barriers
When a material bends, energy dissipation occurs, and the de-

gree of flexibility is significantly influenced by the interactions at
the interface of different layers within the material. Ensuring a
small slip barrier at the interface is essential for maintaining
excellent flexibility. This is because a low slip barrier facilitates
easier sliding motion between adjacent layers, reducing resistance
and preventing damage during deformation (Fig. 10f). The gra-
phene/Bi2Te3/graphene sandwich structure [126] demonstrated
superior flexibility due to the vdW bond between the graphene and
Bi2Te3 layers. The small sliding barrier at the interface facilitated
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easy sliding motion between adjacent layers, contributing to the
excellent flexibility.

4.3.3. Excellent flexibility of guests
The excellent flexibility of guest phases or templates inherently

enhances the flexibility of Bi2Te3-based films. For example,
combining organics with Bi2Te3 systems have been shown to
effectively endow the composite films with flexibility [202]. The
Bi2Te3/CNF films [127] exhibited good flexibility, which was
attributed to the flexibility provided by CNF. The Bi0.5Sb1.5Te3-based
composite film containing the conductive polymer PEDOT, the
strong plasticizer PVA had a tensile strength of 79.3 MPa and a
fracture strain of approximately 32.4% [122]. Besides, flexible sub-
strates such as PI or flexible templates could also impart flexibility
to Bi2Te3-based composites. These substrates/templates provide a
supportive yet pliable foundation that accommodates bending and
twisting motions.

4.3.4. Knotting effect
The knotting effect refers to the phenomenon where the inter-

twining of fibers within a Bi2Te3-based composite film leads to
significant enhancement of its mechanical properties. This effect
creates a complex network of physical connections that bolster the
strength, toughness, and fatigue resistance. The knotted fibers
could create a robust network that can better distribute and absorb
stress. This network prevents localized failures, increasing the
overall strength. The intricate network formed by knotting could
hinder the initiation and propagation of cracks. In the CFF/Bi2Te3
composite film with a cross-linked core-shell structure (Fig. 10g)
[137], the woven fiber structure of the CFF exemplifies the knotting
effect, facilitating stress transfer and increasing the mechanical
performance. The tensile strength reached 20.5 MPa, a fourfold
increase compared to CFF.

4.3.5. Interphase strengthening
Interphase strengthening involves generating a secondary

phase between the original phases to enhance mechanical stability
by creating a strong bonding effect at the interfaces. In the Bi2Te3/
NiFoam composite film [136], an interphase compound, NiTe2, was
formed around the nickel skeletons during the annealing process.
This interphase NiTe2 acted as a bonding phase between the nickel
and Bi2Te3 phases. The presence of NiTe2 not only facilitated
enhanced carrier transport across the interface but also signifi-
cantly improved the mechanical stability.

5. Conclusion and outlook

Bi2Te3-based materials are widely recognized as the most effi-
cient material for RT TE applications. However, its inherent rigidity
has hindered its widespread use in flexible TE conversion systems.
Recent research has focused on enhancing the flexibility of Bi2Te3-
based materials through various methods such as bulk thinning,
physical/chemical deposition on flexible substrates, paste casting,
and template methods. These efforts have resulted in a notable
increase in research publications. This review provides a compre-
hensive update on synthesis approaches, microstructures, TE per-
formance, flexibility, and the underlying mechanisms. It can be
concluded that for enhancing PF, one can optimize carrier con-
centration by defect tuning, design structures to enhance carrier
transport by bridging gaps/barriers, or utilize energy-selective in-
terfaces to induce an energy-filtering effect. For suppression of k,
one can utilize interfaces to scatter phonons and incorporate low-k
phases to disrupt phonon propagation, or introduce defects or
structures that independently scatter phonons. For flexibility
optimization, one can design structures or interfaces that allow for
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greater movement or deformation, and reduce constraints that
hinder the flexibility, enabling smoother deformation, or incorpo-
rating organic components or structures known for their inherent
flexibility to enhance the overall flexibility.

Future research directions could include exploring novel depo-
sition/casting techniques, which could open up new avenues for
improving flexibility and scalability; further optimizing synthesis/
modificationmethods to enhance flexibility without compromising
TE performance; and understanding the underlying mechanisms
governing the flexibility-TE performance relationship, which is
crucial for the development of high-performance flexible TE
materials.

For novel deposition/casting techniques: investigating innova-
tive deposition techniques, such as atomic layer deposition, which
could possibly enable the fabrication of flexible Bi2Te3 films with
precise control over thickness and morphology. Moreover,
exploring alternative flexible substrate/template materials beyond
traditional ones could offer enhanced mechanical stability and
compatibility with diverse application environments.

For synthesis/modification optimization: future research should
focus on refining synthesis methods to enhance flexibility while
maintaining or even improving their TE performance. This might
involve exploring a new second phase, such as novel conductive
polymers and additives, refining processing parameters, such as
temperature, pressure, and precursor compositions, to tailor the
microstructure and mechanical properties for flexibility. Organic
interaction is also promising to decouple the adjacent layers of
Bi2Te3, which may co-enhance the flexibility as well as the TE
performance due to various mechanisms.

For an understanding of the flexibility-TE performance rela-
tionship: it is essential to delve deeper into the underlying mech-
anisms governing the relationship between flexibility and TE
performance. This could involve comprehensive characterization
techniques, including in situ mechanical testing, to elucidate how
structural modifications at the nanoscale level impact both the
electrical and thermal transport properties of the material under
varying degrees of mechanical strain.

Continued research efforts in flexible Bi2Te3-based TE systems
hold significant promise for practical applications in various fields,
including wearable electronics, automotive waste heat recovery,
and self-powered sensors. By addressing key challenges related to
flexibility, scalability, and performance stability, researchers can
accelerate the transition of flexible TE technologies from the labo-
ratory to real-world applications, paving the way for sustainable
energy harvesting and thermal management solutions.
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