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Abstract

Recently, the market for portable, flexible, and wearable electronics has seen 
explosive growth, paralleled by the burgeoning Internet of Things (IoTs), which 
encompasses numerous node sensors. The reliance on traditional batteries to power 
these electronics and IoT node sensors not only poses environmental concerns but 
also significantly raises costs. Consequently, the self-powering of electronics and 
IoT sensors has become a necessity. Flexible thermoelectric generators (f-TEGs), 
assembled with flexible thermoelectric films (f-TEFs), offer a promising solution 
by continuously harnessing heat energy (such as body heat and sunlight) to power 
these devices. Consequently, f-TEFs have garnered increasing attention over the past 
decade, with remarkable breakthroughs occurring in the last several years. In this 
chapter, we review the recently reported f-TEFs, which could be categorized into 
freestanding films and films on flexible substrates. Strategies are proposed to improve 
the thermoelectric (TE) performance of these films. Additionally, we discuss the 
recent advancements in f-TEFs and illustrate how they can be integrated into genera-
tor designs that capitalize on their mechanical and TE properties. Furthermore, we 
analyze and delve into the challenges and existing problems in the study of f-TEFs and 
f-TEGs and provide comprehensive design guidelines pertaining to the TE properties 
and flexibility of the f-TEFs.
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1. �Introduction

Wearables and Internet of Things (IoT) markets have witnessed an explosive growth 
in the last decades [1]. The amount of IoT sensors has already surpassed the human 
population by multiple folds [2]. Wearable electronics, particularly those inspired by 
skin, serve as cornerstone components for personalized healthcare in the IoT ecosystem 
[3, 4]. However, the majority of these devices still rely on batteries with finite lifespans, 
necessitating frequent charging or replacement [5, 6]. This not only elevates operational 
costs but also contributes to environmental pollution. Furthermore, the limited lifespan 
of these batteries hinders their further deployment [7, 8]. Consequently, the development 
of self-powered flexible electronics and sensors that harness energy from the human 
body is imperative. Thermoelectric generators (TEGs), capable of converting low-grade 
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waste heat into electricity, offer a practical and feasible solution [9, 10]. TEGs offer several 
advantages, including the absence of moving parts or fluids, high reliability, and silence 
in operation. When a TEG is directly attached to the skin, heat naturally flowing from 
the human body and the TEG could create a voltage through the Seebeck effect based on 
the thermal gradient between the environment and skin. Then, the electricity produced 
could be stored in batteries or supercapacitors for subsequent usage, ensuring continuous 
running of the device [11, 12].

The efficiency of a thermoelectric (TE) generator depends on the figure of merit 
(ZT), defined as ZT = S2σT/κ, where S is the Seebeck coefficient, σ is the electrical 
conductivity, κ is the thermal conductivity, and T is the absolute temperature. It is 
evident that the efficiency increases with a higher ZT value. Therefore, to achieve 
a high-efficiency TEG, we must first identify TE materials with a high ZT. This is 
challenging because S, σ, and κ are intricately linked to the carrier concentration (n). 
S represents the average entropy carried by each charge carrier, which decreases as n 
increases. For metals or semiconductors, S can be calculated by the following formula:
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Here, m∗ denotes the effective mass of the carriers, while kB represents the 
Boltzmann constant and h represents Planck constant. σ is proportionate to the n 
and carrier mobility (μ), given by the relationship σ = neμ. κ primarily consists of 
phonon thermal conductivity (κL) and electronic thermal conductivity (κe), where 
κe is in proportion to σ based on the Wiedemann-Franz Law (κe = LσT), albeit this 
relationship does not hold for organic materials. Consequently, decoupling these three 
variables and achieving a high ZT is exceedingly challenging.

Traditional TE materials are primarily inorganics. Numerous tactics such as 
nanotechnology [13], energy band engineering [14], and defect engineering [15] have 
increasingly been employed to enhance their TE performance. Consequently, some 
inorganics, such as PbTe [16] and SnSe [17], have demonstrated ZT values exceeding 
2. However, nearly all inorganic TE materials are rigid and inflexible, making them 
unsuitable for wearable platforms. Therefore, one of the primary challenges in devel-
oping f-TEGs with high efficiency is to identify f-TEFs with excellent TE properties.

Conducting polymers (CPs), such as poly(3,4-ethylenedioxythiophene) (PEDOT) 
[18–20], polyaniline (PANI) [21, 22], and polypyrrole (PPy) [23, 24], exhibit remark-
able bendability, lightweight, and low κ [25, 26]. Consequently, in the past decade, 
research on flexible TE materials has predominantly focused on CPs and their 
composites with inorganic TE materials. This focus aims to leverage the low thermal 
conductivity and excellent flexibility of CPs, while also benefiting from the high PF 
of inorganics [27, 28].

Recently, insulating polymers (IPs) typically including polyvinylidene fluoride 
(PVDF) [29], epoxy resin [30], polylactic acid (PLA) [31, 32], and polyvinyl pyr-
rolidone (PVP) [33] have been selected as matrices for f-TEFs. Additionally, carbon 
materials, such as fullerene [34], carbon nanotube (CNT) [35–37], and graphene 
[38], as well as carbon material-based composites [39–42], have garnered signifi-
cant attention due to their impressive σ, flexibility, and light-weight. Nevertheless, 
inorganic alloys are most widely researched because of the superior TE performance. 
Consequently, inorganics-based f-TEGs have garnered more attention, and recently, 
notable advancements have been achieved (see Figure 1).
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The traditional method for preparing films involves utilizing rigid substrates, as 
these facilitate the achievement of films with superior TE performance compared to 
films grown on flexible substrates. However, the unbendability of these substrates 
inherently limits the flexibility of the resultant films. Consequently, researchers have 
increasingly focused on developing films on flexible substrates.

Another significant challenge in the development of f-TEGs lies in their rational 
design, which includes optimizing the size of f-TEGs’ legs, ensuring adequate con-
tacts, thermal interfaces, and packaging methods. This aspect of research relatively 
lagging behind compared to the study of f-TEFs [63, 64]. Currently, the develop-
ment of f-TEGs is still at the proof-of-principle demonstration stage [65]. Based 
on their operation mode, f-TEGs are categorized into two types. The first type is 
prepared by connecting p- and n-type inorganic TE bricks electrically over a flexible 
substrate with patterned electrical contacts. Here, the temperature difference across 
the bricks is perpendicular to the substrate [66–68]. The second type is created by 
either directly fabricating TE legs onto a flexible substrate or by cutting strips from 
films, assembling them, and adhering them onto the substrate. In both cases, the TE 
legs harness electricity from the thermal gradient that exists in the in-plane direc-
tion of the strips [69–74]. The first form of f-TEGs always lack sufficient flexibility. 
This chapter will focus solely on the latter form, which is lightweight and highly 
flexible.

The approximate voltage (Vvoltage) produced by a TEG can be expressed as:

	 ( )voltage p nV N S S T= − ∆ 	 (2)

where Sp and Sn represent the Seebeck coefficients of the p-type and n-type semi-
conductors, respectively, and N denotes the number of p-n thermocouples [75–79].
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When the external load resistance (Rex) is equal to the internal resistance of the 
device (Rin), the output power reaches its peak value [80, 81]. The maximum power 

Figure 1. 
Some representative works about f-TEFs in the last decades [43–62]. “I” denotes freestanding f-TEF; “II” denotes 
f-TEF on substrate.
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density (P density ) is calculated by dividing the generated power by both the cross-
sectional area (A) and the total number of legs (N l ), as outlined in the following 
equation: 

( )2 2
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 where w, d, and l, respectively, denote the width, thickness, and length of the 
legs. The varying temperature differences and lengths employed in different applica-
tions necessitate the introduction of normalized power density, P density •l/ΔT 2 , which 
facilitates comparisons of the devices’ output performance [ 82 ,  83 ]. 

 In this chapter, we initiate with a systematic review of f-TEFs, which are 
categorized into two types: (i) free-standing f-TEFs and (ii) f-TEFs on substrates 
(see   Figure 2  ). Considering that the output density of existing devices fails to 
meet practical power supply requirements, this chapter attempts to address the 
issue from two perspectives: materials and device design, aiming to pave a route 
for future researchers. To be more specific, this chapter is structured around two 
primary parts. Firstly, we comprehensively examine free-standing f-TEFs by ana-
lyzing various material systems. Secondly, we classify f-TEFs on substrates based 

  Figure 2.
  The mind map of this chapter.          
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on the diverse flexible substrates utilized. Lastly, we highlight the main challenges 
in the study of f-TEFs and propose feasible solutions.

2. �Freestanding film

Freestanding films could be prepared using top-down or bottom-up approaches. 
The top-down method involves creating large-scale templates and subsequently 
reducing their lateral dimensions to the nanoscale. This method has the advantage of 
being able to produce high-quality, high-performance materials, but it is also limited 
by the availability of material systems and its expensive, energy-intensive prepara-
tion process. Bottom-up method involves constructing multifunctional nano-sized 
materials through the self-assembly of atoms or molecules. This technique relies 
on the chemical reaction of precursors under specific reaction conditions, offering 
advantages such as low cost, simplicity of operation, and suitability for industrializa-
tion. However, it also has drawbacks, including poor controllability, the need for 
post-treatment, and low product quality due to poor crystallinity.

2.1 Top-down approach

The “top-down” approach to obtain inorganic f-TEFs entails the fabrication of 
bulks through traditional melting or annealing techniques, subsequently slicing them 
into thinner sections. Some progress have been made in this field (see Figure 3) [78].

In 2018, zone melting process was adopted by Shi et al. [79] to synthesize a range 
of Te/Se-doped Ag2S-based TE materials, followed by spark plasma sintering. These 
bulk materials were then sliced into thin sections, which exhibited favorable mechani-
cal properties. Notably, the ZT value reached 0.44 for Ag2S0.5Se0.45Te0.05 at RT and 
0.63 for Ag2S0.8Te0.2 at 450 K. Later on, Lu et al. [60] utilized the similar process to 
prepare p- and n-type Bi2Te3-based flexible films, achieving elastic bending (with 
only a 9% decrease in σ after 1000 bending tests at a 4 mm bending radius) due to the 
staggered-layered structure, while minimizing the degradation of carrier transport 
along the temperature difference, reaching high PF values of 4200 (p-type) and 

Figure 3. 
Brief summary of plastic inorganic TE materials.
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4600 (n-type) μW/mK2 at RT, respectively. Very recently, Deng et al. [80] discovered 
that, in brittle bismuth telluride-based materials, the induction of high-density and 
diversified microstructures through modulation of antisite defects achieved a trans-
formation from brittleness to plasticity. This enhancement elevated the ZT at RT to 
approximately 1.0, which is comparable to that of traditional brittle thermoelectric 
materials.

Despite the advancements, significant challenges persist within this emerging 
field, primarily encompassing an inadequate comprehensive grasp of the deformation 
mechanism, hurdles in synergistically adjusting both TE performance and deform-
ability, as well as a scarcity of technological breakthroughs in both processing this 
novel class of TE materials and their seamless integration into devices.

2.2 Bottom-up approach

The bottom-up methodology entails constructing structures one atom or one 
molecule at a time, utilizing covalent or supramolecular interactions, analogous to 
the process of building a house one brick after another. This method can be realized 
through several approaches:

1.	Initially, a precursor solution is either drop-cast or spin-coated onto a substrate, 
followed by peeling the resulting film. The contact angle determines the ease of 
preparing the film, i.e., the greater the angle of the solution droplet on the sub-
strate, the more likely it is to detach the formed film [81].

2.	Using the pressure difference between the two ends of the filter membrane 
via vacuum-assisted filtration, solid particles in the liquid are retained on 
the membrane and self-assembled to form a thin film, which is subsequently 
peeled off [82].

3.	A self-supporting CP film or carbon-based substrate, upon which the TE inor-
ganic is deposited through deposition process, such as electrodeposition [83].

4.	Bacterial action in a petri dish could facilitate the in situ formation of composite 
films with bacteria cellulose as a matrix [84].

5.	Interfacial polymerization method could be utilized to prepare a freestanding 
film at the liquid-liquid or liquid-air interface.

6.	After mixing various materials using the centrifugal force generated by high-
speed centrifugation, a film could be formed on the substrate material and then 
peeled off [85].

Below, we provide a detailed review of the progress of related self-supporting 
films, categorized by material systems.

2.2.1 CP

Since the late 1970s, when doped polyacetylene was first discovered, CPs have 
garnered significant interest as a crucial polymer. Typically, CPs behave as semi-
conductors and exhibit electronic conductivity once doped with appropriate dopant 
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materials and their high σ combining with excellent plasticity makes it attractive as 
TE matrices. PEDOT is one of the most extensively studied CPs in terms of excel-
lent σ and stability. But the insolubility pose challenges for processing. To date, the 
mainstream method is to utilize poly(styrenesulfonate) (PSS) to decorate PEDOT. 
To mitigate the insulating effect of PSS, pure PEDOT film could be prepared as 
template [86, 87]. Apart from PSS, other dopants, like tosylate (Tos), are also used 
to improve the water-solubility of PEDOT [18, 41, 88]. For instance, Bubnova et al. 
[89] employed Tos to dope PEDOT (not in the form of a flexible film) to adjust its 
oxidation level, achieving a room-temperature ZT value of 0.25 with a high S of 
220 μV K−1. Subsequently, significant research has been conducted on post-treatment 
and doping of PEDOT. Post-treatment is often utilized to adjust the conformation 
and oxidation state of PEDOT, typically involving treated by polar solvents such 
as H2SO4, ethylene glycol, or through heat treatment. The other route designed 
by Fan et al. [90] to significantly improve the S involved creating a heterogeneous 
structure inside PEDOT:PSS via introducing ionic liquids (not a flexible film), which 
caused ion accumulation that scattered charge carriers with low energy, thereby 
significantly enhancing the S while σ almost remaining constant, leading to a PF up 
to 754 μW m−1 K−2. Figure 4 depicts the comparison of σ and S in PEDOT:PSS films 
doped by various agents.

2.2.2 CNTs and graphene

Up to now, numerous studies have focused on preparing CNT bucky papers with 
a thickness commonly between 50 to 200 μm, subsequently applying post-treatment 

Figure 4. 
Comparison of σ and S in PEDOT:PSS with different treatments, where the column filled with slashes represents 
the flexible film and solid column represents inflexible film. These data have been sourced from refs [91–98]. 
Image reproduced with permission from Ref. [72] published by Elsevier.
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to enhance their inherently low TE properties. For example, An et al. [99] subjected 
spun CNT bucky paper to post-treatment combining heat treatment and doping 
with benzyl viologen, achieving a PF of approximately 3103 μW m−1 K−2 at RT. 
Interestingly, polyetherimide was found to transfer the CNT from p-type to n-type 
[100]. Meanwhile, the TE properties of graphene could be also improved by post-
processing techniques. For instance, Li et al. [46] reduced graphene oxide film at 
high temperatures, resulting in a film that exhibited a peak PF of 5450 μW m−1 K−2 
at 1120 K and remained to have excellent thermal stability, making it suitable for 
applications at extremely high temperatures.

2.2.3 Carbon/polymer hybrid materials

Due to their extensive π-conjugated structure and substantial specific surface 
areas, carbon nanoparticles could significantly enhance effective interfacial inter-
actions with polymers. And, the high κ of these nanoparticles can be modulated 
through encapsulation or connection with polymers, and μ could also be substantially 
elevated. Researchers have endeavored to develop carbon nanoparticles/polymer 
f-TEFs [36, 38, 40, 42, 101, 102]. For example, Wu et al. [103] drop-casted SWCNTs 
dispersion onto the as-prepared PANI film, which facilitated to transfer the CP from 
a coiled state to a tensile state to form a highly ordered PANI interface, and thereby a 
high σ ~4000 S cm−1 was achieved.

2.2.4 Others

Given the intrinsic low S of polymers and carbon materials, incorporating inor-
ganic TE elements as fillers into these matrices has increasingly become a prevalent 
approach to fabricate freestanding f-TEFs. The rationale behind this approach 
includes the following: (i) the relative high PF in inorganics, (ii) an improvement 
in the S through the energy-filtering effect, and (iii) a reduction in κ resulted from 
phonon scattering upon the interfaces.

However, achieving a robust combination between organic and inorganic materi-
als presents a significant challenge due to their vastly different chemical properties. 
Therefore, the preparation of organic-inorganic hybrid f-TEFs with high TE perfor-
mance is a critical concern.

In situ composite approach, involving the direct synthesis of reinforcing phases 
within the matrix, has been proved to be an effective method. For example, Wang 
et al. [43] employed polystyrene nanospheres as template to in situ crystallize Bi2Te3 
nanoarrays, followed by deposited PEDOT upon the arrays to create a hybrid f-TEFs. 
The energy filtering effect and the strong acoustic mismatch between PEDOT and 
Bi2Te3 was considered to improve the ZT value to 0.58 at RT. Similarly, Jin et al. [47] 
utilized CNT as a template to deposited Bi–Te atoms, and the in situ crystalization 
on CNT contributes to the high orientation and low angle grain boundaries of Bi2Te3 
nanocrystals, resulting in an excellent ZT value of ~0.89 at RT. Recently, Xu et al. [104] 
employed a wet-chemical method to create a flexible PVDF/Ta4SiTe4 film. The dimen-
sionality/morphology matching strategy was proposed to guide the Ta4SiTe4 whiskers 
seamlessly interfaced with the polymer, resulting in a PF of 576 μW m−1 K−2 at RT.

Two-dimensional materials like Bi2Te3 and transition metal dichalcogenides have 
attracted attention for their unique in-plane electronic properties and large surface areas. 
Weak van der Waals interactions enable easy exfoliation into nanosheets (NSs) for com-
posite processing. For instance, Du et al. [105] used lithium-ion intercalation to exfoliate 
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Bi2Te3-based alloys, mixing them with PEDOT:PSS to form freestanding f-TEFs. Similar 
approaches were applied to SnSe-based/PANI films [106, 107] and MoS2/CNTs films 
[108]. Apart from physical (e.g., mechanical or liquid-phase exfoliation using solvents 
with matching surface tension [109, 110]), chemical exfoliation approach is also effective. 
For example, Dun et al. [111] intercalated Cu into Bi2Se3 nanoplatelets, dispersing them in 
PVDF to create a freestanding f-TEF with a ZT of 0.1 near RT.

Intercalation is also effective for tuning carrier transport. Wan et al. [112] inter-
calated organic molecules into TiS2 layers, selectively removing some during heat 
treatment to reduce n, enhancing PF to 904 μW m−1 K−2 at RT. Organic layers in the 
interspace lowered κ, achieving an ZT of ~0.33 at 413 K. Overall, reducing polymer 
content while maintaining flexibility enhances TE performance.

3. �Flexible film based on substrate

3.1 Vacuum-assisted filtration

Vacuum filtration is a commonly used method for preparing thin films, featur-
ing simple operation and low cost. Its main principle involves depositing material 
molecules onto the substrate surface through vacuum adsorption technology, thereby 
forming a nanoscale thin film. This method boasts advantages such as producing 
thin films with high purity, high density, high compactness, and strong adhesion. 
Thanks to their high chemical stability, nylon-based, PVDF-based, and PTFE-based 
filter membranes are widely used in thin film preparation processes. In the following 
sections, we will review the relevant works in detail, one by one.

3.1.1 Nylon membrane

Cai’s group [113] was the first to utilize nylon membranes as substrates for prepar-
ing TE films using vacuum-assisted filtration. They successfully integrated SWCNTs 
as fillers into a highly conductive PEDOT:PSS to create p-type TE films with an 
optimal PF of 83.9 μW m−1 K−2. Further, they [114] introduced Te nanorods with a 
high S [115] into this system and significantly improved the PF to 104 μW m−1 K−2 at 
RT. Similarly, PEDOT/SWCNT f-TEFs were also reported by Fan et al. [116], with a PF 
doubled compared with the previous work [114].

It is well-known that inorganic TE materials exhibit superior TE performance. 
Therefore, it is desirable to combine the high TE properties of inorganic materials 
with the excellent flexibility of organic substrates. Cai’s group [48] developed a novel 
method to achieve this goal, that is, firstly preparing Ag2Se NWs and then utilizing 
vacuum filtration to form the film on a nylon membrane combining with post hot-
pressing treatment at 573 K and 1 MPa for 30 min. And finally, they obtained a porous 
Ag2Se film on nylon with a PF of 987.4 μW m−1 K−2 and a ZT of approximately 0.6 at 
RT, accompanied with excellent flexiblity (Figure 5a-d). To enhance the PF of the 
Ag2Se film, they [53] tried to raise the synthesis temperature or incorporate IPs, like 
PVP [55], into the system, and the resulted PF was successfully increased by an order 
of magnitude, up to ~1910 μW m−1 K−2 at 300 K (Figure 5e-h).

On the other hand, Lu et al. [51] successfully incorporated Cu2+ into the synthesis 
of Ag2Se nanowires to improve the TE performance via the energy filtering effect (as 
illustrated in Figure 5i), thereby achieving an impressive PF of approximately 1593 
μWm−1 K−2. Further, Lu et al. [50] introduced PEDOT:PSS in situ during the growth 
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of Ag2Se/CuAgSe Nws to reduce the thermal conductivity. And the composite film 
exhibited a remarkable PF of approximately 1603 W m−1 K−2, corresponding to a ZT 
value within the range of 0.6 to 1.05 at 300 K due to the hierarchical microstructure 
defects inside (as illustrated in Figure 5j). Generally, the methodology outlined above 
could also be adapted to other TE components, like Ag/Ag2Te/PVP films [33] and 
PEDOT:PSS/Cu2Se films [66].

Concurrent with above work [48], Zeng et al. [117] also reported the fabrication 
of an Ag2Te film on a nylon filter membrane through vacuum filtration, followed 
with mechanical-thermal welding. This hybrid film exhibited an impressive PF of 
approximately 315.1 μW m−1 K−2 around 400 K. Leveraging this film, a TE sensor was 
developed, boasting a swift response time of only 1.05 seconds—faster than many 
similar documented sensors [118–121].

The aforementioned studies underscore the potential of nylon membranes as 
exceptional substrates for hosting inorganic TE films or inorganic/polymer hybrid 
films. By integrating vacuum filtration with subsequent heat treatment, these films 
can achieve superior TE performance while maintaining exceptional flexibility.

3.1.2 PVDF membrane

PVDF filter membrane possesses high chemical stability, excellent mechanical 
strength, and heat resistance. Thanks to the porous structure of PVDF enabling 

Figure 5. 
(a) Schematic of Ag2Se/nylon film. (b) PF vs. temperature plot for the film. (c) HRSTEM image showing seamless 
Ag2Se-nylon integration. (d) HAADF image of Ag2Se-nylon heterointerface, EDS mapping, and elemental 
images for Ag, Se, C, N, and O (Ref. [48], Springer Nature). (e) TEM cross-sectional image of the film showing 
pores and grains (A-G). (f) Enlarged view of (e) red square. (g) Zoomed view of (e) green square with PVP-
coated Ag2Se grains. (h) HRTEM of (g) white square (Ref. [55], Elsevier). (i) Band diagram for Ag/Ag2Se, 
CuAgSe/Ag2Se, and Ag/CuAgSe interfaces (Ref. [50], RSC). (j) Diagram of phonon scattering in PEDOT/
CuAgSe/Ag2Se film (Ref. [51], Elsevier).
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the removal of excess PSS during the filtration process, a range of composite 
films, based on PEDOT:PSS, has been successfully fabricated onto PVDF sub-
strates. For instance, Jiang et al. [122] employed a physical mixing method to 
create a PEDOT:PSS/SiC NWs composite film, which exhibited an enhanced S 
of 20.9 μV K−1 due to an energy-filtering effect. Notably, after treatment with 
H2SO4 to eliminate non-conductive PSS, σ skyrocketed to 3113 S cm−1, result-
ing in an optimized PF of 128.3 μW m−1 K−2 at RT. See et al. [123] synthesized a 
PEDOT:PSS-coated Te nanorod composite film on a quartz substrate. Also, Novak 
et al. [124] prepared graphene on a PVDF membrane and the film showed a PF of 
673 μW m−1 K−2 (RT).

In addition to these two filter membranes, PTFE membranes can serve as effec-
tive substrates. While PTFE membranes may not offer the same level of flexibility of 
these two membranes, their temperature tolerance, which is at least 320°C, surpasses 
that of other filter papers. Therefore, for applications requiring higher temperature 
treatment (>400°C), such as with Bi2Te3, PTFE membranes would be a more suitable 
choice.

3.2 Vapor deposition

Vapor deposition is a well-established technique for depositing films onto sub-
strates, encompassing both chemical and physical vapor deposition. This process 
typically necessitates high temperatures, making it imperative that the substrate 
maintains stability under such conditions.

3.2.1 Polyimide (PI)

Zhu et al. [125] deposited Bi2Te3-based alloy films on PI substrates via magnetron 
sputtering, followed by annealing at 573 K, achieving PFs of 769 and 400 μW m−1 K−2 
for p- and n-type films, respectively. RF magnetron sputtering was later used 
to deposit Te/Bi2Te3 on PI, with annealing at 673 K enhancing crystallinity and 
raising PF to 1145 μW m−1 K−2 [126]. Nuthongkum et al. [127] optimized PF to 
1200 μW m−1 K−2 at 195°C by adjusting sputtering pressure. Further increases in 
pressure yielded PFs of ~2170 μW m−1 K−2 for Bi2Te3 and 1750 μW m−1 K−2 for Sb2Te3 
[128]. Improvements were attributed to reduced grain size, diminished gaps, and 
preferential orientation.

Similarly, Shen et al. [129] found enhanced crystallization and reduced porosity 
at 4 Pa, achieving a PF of ~518 μW m−1 K−2 for Sb2Te3. Khumtong et al. [130] reported 
that lower pressure improved grain size and crystallinity, while higher pressure 
enhanced film formation, achieving a PF of 1060 μW m−1 K−2 at 1 Pa.

Jitthamapirom et al. [131] compared DC and RF sputtering, with DC achiev-
ing a PF of ~3500 μW m−1 K−2 at 558 K, significantly outperforming RF sputtering. 
Additional strategies, such as preventing element re-evaporation [132], doping [133, 
134], and substrate selection [135], further enhanced TE performance.

Beyond Bi-Te alloys, Zn-Sb films have gained attention due to their non-toxic 
composition. Fan’s group [136, 137] incorporated Ti into Zn-Sb alloys using multi-
step sputtering, reducing defects and achieving a PF of ~3590 μW m−1 K−2 at 
250°C. Toko et al. [138] applied this technique to Ge-based films, achieving a PF of 
190 μW m−1 K−2. Transparent TE films with ZT ~0.29 were also developed using CuI 
or Ga-doped ZnO on PI substrates [139].
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3.2.2 Polyethylene terephthalate (PET)

PET stands as another exceptional polymer substrate for the fabrication of fully 
transparent films. Yang and his team [140], for instance, employed reactive sputter-
ing at room temperature to deposit γ-CuI films on both PET and glass substrates. The 
film that deposited on the glass substrate showed a ZT of approximately 0.21 at RT, 
which surpassed the performance of other transparent materials during that period. 
Furthermore, it was observed that compressive stress enhanced σ, whereas tensile 
stress led to a reduction in σ. This phenomenon can be attributed to changes in the 
compactness of the grains. Notably, a P of 8.2 nW at a thermal gradient of 11 K was 
generated through a transparent f-TEGs with a single leg.

Additionally, Seo and colleagues [141] designed removable f-TEGs by depositing 
Bi2Te3 and Cu electrodes directly onto a PET substrate using RF and DC magnetron 
sputtering techniques, respectively. The device, which comprises 16 modules, is 
then encapsulated with a cellulose film. These f-TEGs can generate a power density 
of approximately 42 μW cm−2 at a thermal gradient of 14 K, and this performance 
remains consistent even when the device is bent. Furthermore, its high-resolution 
sensing capabilities for temperature less than 0.19 K and velocity less than 0.03 cm s−1 
underscore its significant application prospect in the field of sensors.

3.2.3 Polyethylene naphthalate (PEN)

PEN film also emerges as an excellent substrate with great transparency and flex-
ibility. As an example, Umeda and his team [142] designed f-TEGs by depositing an 
amorphous indium-gallium-zinc-oxide thin film onto a PEN substrate via magnetron 
sputtering technique. The f-TEGs features two legs connected in series through Au/
Mo electrodes and Cu pads. An output voltage of ~6.7 mV and an output power of 
about 0.12 nW at a thermal gradient of 53 K could be obtained.

3.2.4 Mica

Ca3Co4O9 is a non-toxic p-type TE material. Eklund’s group [143] grew 
Ca3Co4O9 films on mica substrates via multi-step sputtering, achieving a PF of 
~1180 μW m−1 K−2 at 573 K. The films remained intact under tensile or compressive 
stress (r = 14 mm). Later, they deposited Zn0.99Ga0.01O films on flexible mica using 
CVD, achieving a PF of ~100 μW m−1 K−2 at RT [144].

Recently, Zhong et al. [145] used one-step CVD to deposit polycrystalline SnSe on 
fluorphlogopite mica, obtaining highly oriented SnSe (400) films with a ZT of 0.15 at 
550 K. A single-leg f-TEG produced 17 mV at a 50.5 K thermal gradient, and devices 
with varying units were designed for diverse applications.

3.2.5 Cellulose

Because of the biosafety and exceptional adaptability of cellulose, the TE textile-
based generator which could maintain direct contact with human body garners 
significant focus. This innovative concept was recently proposed in a pioneering 
study [146]. Motivated by Kato’s research [147], which reported the self-assembly of 
a porous structure, Jin and his team [44] utilized an unbalanced magnetron sputter-
ing technique to prepare Bi2Te3 onto cellulose fiber (CF) paper. The strong scattering 
effect significantly enhanced S while reducing κ, resulting in a ZT of approximately 
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0.38 at 473 K. Notably, the Bi2Te3/CF film exhibited superior flexibility compared to 
the Bi2Te3/PI film. Furthermore, the researchers fabricated a novel TE device where 
one end of the strip was clamped with an alligator clip and the other end was held by 
fingers (as illustrated in Figure 5n-o). This generator, which featured 12 units of p-n 
legs, showed a stable voltage of 0.14 V with a thermal gradient of 50 K. Similar work 
was also reported by Rojas and his team [148]. The atomic layer deposition technique 
was employed by Karttunen and colleagues [149] to create ZnO-based films on cotton 
textile substrates. Among these, the (Al2O3)50(Zn0.99Al0.01O)600 film exhibited the PF 
of 137 μW m−1 K−2 at 300 K, with great flexibility.

3.2.6 Carbon materials

Till now, graphene is the most common carbon materials used as substrates for 
deposition due to its smaller lattice mismatch with TE materials [150]. It could greatly 
reduce residual stress during deposition process and prevents deformation, includ-
ing wrinkling and warping. For instance, Lee and his team [151] deposited n-type 
(Bi2Te3) and p-type (Sb2Te3) films onto graphene using plasma-enhanced CVD. 
The deposited films exhibited excellent PFs at RT of 3520 μW m−1 K−2 (n-type) and 
3590 μW m−1 K−2 (p-type) due to its high orientation along the (00 l) plane.

3.2.7 Polyacrylonitrile (PAN)

PAN is a polymer compound obtained by free radical polymerization of acrylo-
nitrile. It possesses good resistance to chemical reagents, especially inorganic acids, 
bleaching powder, hydrogen peroxide, and general organic reagents. For instance, 
Lee and his colleagues [152] were the first to utilize an electrospinning method to 
create highly orientated PAN sheets, followed by depositing Bi2Te3 and Sb2Te3 onto 
these as-prepared PAN substrates to obtain a nanofiber structure. The resulting film 
demonstrated remarkable flexibility and exceptional tensile strength, with minimal 
changes in electrical resistance during stretching up to approximately 10.5% strain. 
These twist yarns were then fabricated into f-TEGs, with an output power density of 
8.56 W m−2 at a thermal gradient of 200 K.

3.3 Printing

Thanks to its streamlined processing steps, minimized material waste, low costs, 
and straightforward, printing technology has become exceptionally appealing and 
has advanced to enable the patterning of a diverse array of electronic materials onto 
various substrates. It mainly involves dispenser printing, screen printing, inkjet print-
ing and 3D printing. The former two printing methods are widely used due to their 
convenience, are the most prevalent printing processes; however, they frequently lack 
precision and controllability. The latter two approaches address these deficiencies, 
albeit with relatively costly equipment.

3.3.1 PI

Zhang’s research group has published several studies on the preparation 
of TE films using printing processes [54, 153–156]. Some of these studies 
focused on rigid substrates [154], while others were conducted on PI substrates. 
For example, in one study, they [153] first synthesized Bi2Te2.8Se0.2 through 
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microwave-stimulated wet-chemical synthesis and then use screen printing tech-
nique to prepare it on a PI, followed by thermal treatment at 703 K to remove the 
surfactant and enhance film density. The high density (up to 85% relative density) 
and phonon scattering caused by nanoscale grains and pores resulted in a ZT value 
of 0.43 at 448 K. Later on, they tried to use different printing method to prepare 
Bi-Te alloys on PI substrate, like 3D conformal aerosol jet printing [156]. However, 
it seems that printing technique has little effect on TE performance while the 
processing technology of Bi-Te alloy raw materials and post-sintering process has 
more impact on the resulted film [54].

Additionally, Hou et al. [157] employed brush-printing to deposit Bi0.5Sb1.5Te3/
epoxy flexible films on a PI, with a hot-pressing treatment. Thanks to the prefer-
ential orientation of (000 l), the film showed an impressive PF of approximately 
840 μW m−1 K−2 at RT, with excellent flexibility. When the current was set at 
60 mA, an f-TEG with eight elements generated a thermal gradient of 6.2 K, sur-
passing previously reported Bi2Te3-based cooling devices [158–160]. Similar work 
was also reported in Chen et al. [161]. Most recently, Du et al. [162] fabricated 
several types of chalcogenide nanowires based-inks and then utilized ink printing 
method to prepared Ag2Te-based f-TEFs on glass fiber, which exhibited a PF of 
493.8 μW m−1 K−2 at 400 K, and the resulted f-TEGs showed a maximum power 
density of 0.9 μW cm−2 K−2.

3.3.2 Cellulose

Ferhat et al. [163] utilized inkjet printing to prepare a TiS2-based component 
on a flexible paper substrate, with a post heat-treatment at a temperature range 
of 383–388 K. By optimizing the hexylammonium content, a maximum PF of 
210 μW m−1 K−2 could be obtained. f-TEGs with 7 units could generate a power density 
of 17.6 μW cm−2 at a thermal gradient of 20 K.

More recently, Zhao et al. [164] developed TE ink containing Bi2Te3 and 
bacterial cellulose nanofibers, enhanced with an alkyl ketene dimer emulsion to 
improve adhesion and water resistance. The resulted honeycomb-like generator 
with 96 pair of p-n legs could generate a Vvoltage of 70.5 mV and a maximum P of 
596 nW at a thermal gradient of 55 K. In Ref. [165], untreated paper served as the 
substrate for p-type (Bi2Se0.3Te2.7) and n-type (Bi0.5Sb1.5Te3) legs, fabricated via 
modified dispenser printing to form a f-TEG. With ten legs, the f-TEG produced 
8 mV and 10 nW of power under a 35 K thermal gradient. Similar work was also 
reported in Shin et al. [166].

When considering printing techniques for TE materials, the following sugges-
tions are offered: (a) When preparing the slurry, it is advisable to select a binder 
with a lower melting point and gasification temperature, to ensure its positive role in 
recrystallization annealing and minimize residual binder during heat treatment. (b) 
The ink’s contact angle should be greater than 40° but less than 90° to ensure accurate 
pattern reproduction during the printing process. (c) For substrates with a rough 
surface, such as glass fiber, a pre-coating of a polymer like chitosan may be necessary 
to facilitate proper ink adhesion and pattern formation.

3.4 Coating

Coating is also a convenient technique utilized for forming films, encompassing 
spin coating, roll coating, drop casting, spray coating, and dip coating (Figure 6).
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3.4.1 PI

Takashiri’s team [167] synthesized hexagonal Bi2Te3 nanoplates via solvothermal 
method and drop-cast them onto a PI substrate. After refining thermal anneal-
ing, they [168] achieved a maximum PF of ~350 μW m−1 K−2 at RT. They then 
applied the same method to prepare n-type Bi2(SexTe1 − x)3 films, reaching a PF of 
~410 μW m−1 K−2 at RT for Bi2(Se0.75Te0.25)3.

In addition to inorganics, numerous works have tried to drop-cast CPs on PI sub-
strates. For example, Bharti et al. [169] drop-cast PEDOT:PSS-based solutions onto PI 
substrates, followed by annealing. A full-organic f-TEGs with 30 legs generated an U 
of approximately 17.6 mV and an P of approximately 207 nW at a thermal gradient of 
80 K.

Bulk Cu2Se also exhibits excellent TE performance [170]. Consequently, Lin 
et al. [171] prepared Cu2Se-based ink and then deposited onto a flexible PI substrate 
through spin coating, with a post-annealing at a temperature around 573–773 K. 
The resulted film exhibited a PF of approximately 460 μW m−1 K−2 at 664 K, which 
represents the highest value reported for Cu2Se-based f-TEFs.

3.4.2 PET

Layer-by-layer self-assembly is a process by which composite membranes are 
constructed through alternating deposition of specific polymers, quantum dots, 
nanoparticles, biomolecules, and other substances, under the action of complemen-
tary interactions such as electrostatic interaction, hydrogen bonding, coordination 
bonding, and covalent bonding. Cho’s group utilized this approach to fabricate 
organic TE films on PET substrates using dip-coating. They [172] successfully pre-
pared a multiple-layered CP-carbon composite (PANi/graphene-PEDOT:PSS/PANi/
DWCNT-PEDOT:PSS) film on a PET substrate. The composite film exhibited a PF of 
~2710 μW m−1 K−2 at RT.

Tian et al. [173] used NMP to exfoliate TiS2 powder into nanosheets, intercalated 
hexylamine to form a hybrid superlattice film, and dip-coated it onto a UV-treated 
PET substrate, achieving a PF of ~210 μW m−1 K−2 at RT. Choi et al. [174] synthesized 
SnSe nanosheets via hydrothermal synthesis, drop-casting them onto a PET substrate. 
The film showed an out-of-plane S of ~1250 μV K−1), much higher than SnSe single 
crystals (809 μV K−1), likely due to carrier filtering, despite a low σ of 2.4 S cm−1.

Figure 6. 
The classification of coating technology.
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3.4.3 Poly-p-phenylene terephthamide (PPTA)

Jang et al. [175] employed the mechanical alloying technique to synthesize BiSbTe 
alloy particles and subsequently incorporated nanofiber cellulose as a binder to for-
mulate a mixed paste. This paste was then drop-cast onto chitosan-precoated PPTA, 
followed by cold pressing (Figure 7e). By refining the composition, a sample con-
taining Bi0.46Sb1.34Te3.2 after pressing treatment, showed a peak PF of approximately 
611 μW m−1 K−2 at RT.

Apart from the aforementioned substrates, other materials, such as glass fiber, 
have been utilized for coating purposes. The coating technique is advantageous in 
terms of convenience, speed, and environmentally friendly method. However, the TE 
performance of the resulting films typically remains modest.

4. �Challenge and prospective

4.1 TE property measurement

4.1.1 Electrical conductivity

Electrical conductivity, a well-established property that might initially seem 
redundant to mention, presents unique challenges when measured in TE films, 
beyond those encountered in bulks. Conventionally, the four-probe method is 
employed to test σ of films, necessitating an accurate determination of film thick-
ness. For freestanding TE films, thickness measurement is straightforward; however, 
for films deposited on substrates, this task becomes more intricate, particularly if 
the substrate has an uneven surface or a porous structure, like glass fiber, which can 
significantly impact the film’s thickness.

To address this issue, enhancing the substrate’s surface smoothness, such as 
through pre-coating with chitosan, can be beneficial [175]. Furthermore, ensuring 
uniform film deposition, for instance, by using a homogeneously dispersed precur-
sor solution during vacuum filtration, is crucial. Selecting an appropriate method 

Figure 7. 
(a) Selected PFs and corresponding σ and S of the f-TEFs reported in literatures. The blue region represents areas 
with very low PF values, indicating material systems that are not worth exploring in the future. The dashed lines 
in different colors correspond to the PF values at their respective peaks. Black dots represent p-type TE materials, 
while red dots represent n-type TE materials. Image reproduced with permission from Ref. [72] published by 
Elsevier. (b) Selected normalized maximum powder density (PDmaxl/ΔT2) in high-performance f-TEGs [23, 53, 
55, 58, 60, 62, 176–179].
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for thickness measurement is also vital. Observing the sample’s cross-section under 
scanning electron microscopy (SEM) is a common and intuitive approach, where 
preparing a clear cross-section is pivotal. Brittle fracture of samples in liquid nitrogen 
is a standard technique for obtaining such cross-sections. However, when cellulose-
based materials, like nylon, serve as substrates, even this method may fail to produce 
a clean break. In such cases, employing a knife-assisted liquid nitrogen brittle fracture 
method, as detailed in the supporting information of refs. [50, 53], can be helpful.

Lastly, to enhance measurement accuracy, it is advisable to observe as wide a field 
as possible under SEM, measure numerous points, and average the data.

4.1.2 In-plane thermal conductivity

Measuring the in-plane κ of a film remains a significant challenge to this day. Three 
primary methods have been reported for this purpose [180]. The first involves using 
the LINSEIS TFA apparatus that operates based on the 3ω-method. Nevertheless, this 
approach necessitates depositing the film on a specialized substrate, thereby limiting 
its broad applicability. The second method employs a suspended microdevice that con-
sists of two adjacent SiNx membranes. Each membrane is adorned with a serpentine 
platinum resistance thermometer, accompanied by two electrodes and six supporting 
beams, enabling the conduction of four-probe measurements of TE properties [181]. 
While sophisticated, this method also presents its own set of challenges. The third 
method employs the Laser-Flash technique to measure in-plane thermal diffusivity 
(D). By combining this with the film’s density (ρ) and specific heat capacity at con-
stant pressure (Cp), the thermal conductivity (κ) can be calculated using the equation: 
κ = ρCpD. Details of this calculation are provided in the supporting information of 
reference [53]. However, a limitation of this method is that it requires a relatively large 
film size. For freestanding f-TEFs, this method can directly yield the in-plane thermal 
conductivity. The fourth method is called transient electro-thermal (TET) technique, 
which is an approach with high accuracy to measure the thermal diffusivity of various 
solid materials. In a typical TET measurement, the sample is suspended between two 
electrodes, where the electrodes also serve as heat sink during the thermal transport 
characterization and this method was proved to be accurate by the measurement of 
some freestanding films [60]. Yet, for f-TEFs deposited on substrates, the measured 
in-plane thermal conductivity inevitably includes contributions from the substrate, 
posing a challenge in isolating the thermal conductivity of the TE film itself.

4.1.3 Seebeck coefficient

While measuring the Seebeck coefficient may seem straightforward, it is crucial 
to remember that this coefficient is determined by the slope of the linear relationship 
between the thermal electromotive force and the temperature difference (ranging 
from approximately 2–5 K) between the two ends of a film. Given that the value of 
ZT is in proportional to the square of the S, any inaccuracies in measuring S can pose 
significant issues, particularly for materials with low S, like CP and carbon materials.

4.2 f-TEGs

Currently, the research on f-TEGs is still in the nascent stages of principle demon-
stration, lagging significantly behind the advancements made in the field of f-TEFs. 
Hence, it is imperative to intensify efforts in studying f-TEGs.
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In the case of f-TEGs, the legs are constructed from thin films, distinguishing 
them vastly from devices made of bulk TE materials. For identical materials and TE 
leg lengths, the resistance of thin films is several hundred times greater than that 
of bulk materials. Furthermore, the electrical power generated by f-TEGs typically 
falls within the micro-watt range, necessitating amplification via a chip equipped 
with DC/DC amplification and capacitor storage for practical use. Consequently, if 
the Rin of f-TEGs is excessively high, the V drop across the f-TEGs will be substantial, 
resulting in an insufficient voltage supplied to the chip, thereby hindering power 
generation or even preventing the chip from triggering. To address this, researchers 
should endeavor to produce thicker TE films and select material systems with higher 
electrical conductivity.

To minimize contact resistance, the ends of each leg should be sputtered with 
electrodes, such as gold. It is worth noting that silver electrodes, while commonly 
used, are prone to aging in air at room temperature. Therefore, if silver electrodes are 
utilized, the device must be adequately packaged to prevent degradation.

4.3 Summary

To sum up, we have provided an in-depth examination of f-TEFs, focusing on two 
distinct aspects: freestanding f-TEFs and substrate-based f-TEFs, and based on our 
review, we propose the following outlooks:

1.	In case of freestanding TE films, the integration of room-temperature metal-like 
plasticity with adjustable bandgaps and high carrier mobility to create plastic 
inorganic semiconductors remains a promising direction for future exploration. 
For instance, utilizing anti-situ defects to transform brittle materials into plastic 
materials has been proven to be an effective strategy. Meanwhile, it is essential 
to explore more cost-effective methods for slicing bulk materials into films, 
as this is crucial for future large-scale production. In terms of f-TEFs based on 
substrates, post-treatment often significantly affects the TE performance of thin 
films, while the physical properties of the substrate often constrain the overall 
post-treatment process of the samples. For instance, in the post-treatment of 
certain thin films, higher heat treatment temperatures can significantly enhance 
film performance, necessitating substrates with higher melting points. Conse-
quently, substrates with specific properties, such as high-temperature-resistant 
PDMS or highly flexible PPTA, deserve greater attention (see Table 1).

2.	As shown in Eq. 4, the PF of f-TEFs is directly proportional to the maximum 
power density of f-TEGs. Consequently, achieving superior output performance 
in f-TEGs requires a higher PF.

Figure 7a presents typical data on PF, along with corresponding σ and S values, 
for f-TEFs reported in various literature sources. As observed in Figure 7a, high 
PF values are generally achieved when σ exceeds 1000 S/cm, and the value of S 
varies between 100 and 250 μV/K.

3.	Early research on TE generators primarily focused on applications in power 
generation through temperature difference. In recent years, TE devices have also 
been explored in various other fields, such as temperature sensors [225], fire 
alarms [226], and gesture recognition [227]. Furthermore, TE conversion tech-
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nology, based on the Peltier effect of semiconductor materials, enables localized 
heat transport and active cooling in confined spaces. With features like miniatur-
ization, fast response, and ease of integration, it has been tested for applications 
such as chip cooling [228]. Future research on TE devices could place greater 
emphasis on these emerging applications.

4.	Considering that the f-TEGs designed are intended for applications near RT, it is 
advisable to opt for materials that exhibit high TE performance around RT, such 
as Ag2Se and Bi2Te3, as the target material for the inorganic component. Mean-
while, the currently reported high-performance f-TEGs are concentrated within 
these two material systems (Figure 7b). Also, more room-temperature TE mate-
rials should be given attention, such as Mg2Sb3-based materials.

5.	Inorganic materials generally outperform organic ones in TE properties, mak-
ing it essential to maximize their content in organic/inorganic composite films. 
However, the chemical disparity between components complicates achieving 
seamless interfaces. In situ synthesis of core/shell nanostructures and hybrid 
films offers a promising solution [50, 55].

We hope that this chapter provides valuable guidance for the preparation of high-
performance f-TEFs, processing strategies, and f-TEGs design, ultimately contribut-
ing to the advancement and practical application of f-TEGs.
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