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Thermoelectric materials have been the focus of extensive research interest in recent years due to their 
potential in clean power generation from waste heat. Their conversion efficiency is primarily reflected 
by the dimensionless figure of merit, with higher values indicating better performance. There is a 
pressing need to discover materials that increase output power and improve performance, from the 
material level to device fabrication. This review provides a comprehensive analysis of recent advance-
ments, such as Bi2Te3-based nanostructures that reduce thermal conductivity while maintaining elec-
trical conductivity, GeTe-based high entropy alloys that utilize multiple elements for improved thermo-
electric properties, porous metal-organic frameworks offering tunable structures, and organic/hybrid 
films that present low-cost, flexible solutions. Innovations in thermoelectric generator designs, such as 
asymmetrical geometries, segmented modules, and flexible devices, have further contributed to in-
creased efficiency and output power. Together, these developments are paving the way for more effec-
tive thermoelectric technologies in sustainable energy generation.
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1. Introduction

Thermoelectric (TE) power generation has emerged as one 
of the eco-friendly technologies being used to produce sustain-
able energy, with the ability to convert heat directly into elec-
tricity [1]. Moreover, the thermoelectric generators (TEGs) 
generate clean electricity without the consumption of fossil fu-
els and emit zero carbon. Over the past few years, several sig-
nificant advancements have been achieved through the en-
hancement of TE materials, device prototypes, and technolo-
gies, driven by the effects of greenhouse emissions [2–4]. One 
of the fundamental focuses of current research has been the de-
velopment of state-of-the-art TE materials with improved effi-
ciency. Through the principle of nanostructuring, it has been 
proven to be an effective approach that allows researchers to 

manipulate the thermal and electrical properties of materials at 
the nanoscale [5–7]. The introduction of nanocomposites, 
quantum dots, and superlattice structures in TEGs reduces the 
thermal conductivity while maintaining or even enhancing the 
electrical conductivity of active TE materials [8]. Through these 
innovations, significant improvements have been made in the 
TE figure of merit (ZT), which is a fundamental indicator of 
material’s TE performance, as shown in Fig. 1(a, b)[9]. Addi-
tionally, materials such as skutterudites, clathrates, and 
half-Hausler alloys have garnered considerable attention due to 
their intrinsically low thermal conductivity [10]. These materi-
als have superior properties, offering a unique crystal structure 
that impedes phonon transport, leading to reduced thermal 
conductivity without affecting the electrical properties.

Next, TEG designs such as symmetric, asymmetric, segment-
ed, and flexible played a crucial role in enhancing the overall 
TE performance of the device. The cascaded and segmented 
devices which utilize different materials, along with and their 
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have resulted in a more compact and efficient TEGs that are 
suitable for a wide range of applications.

There have been advancements in fabrication techniques 
which have enabled more substantial improvements in the effi-
ciency of TEGs. Thin film and printing technologies have 
paved the way for flexible thermoelectric generators (F-TEGs), 
which have opened new possibilities in wearable electronics 
and conformal energy harvesting [12, 13]. Meanwhile, the us-
age of simple, cost-effective, and scalable manufacturing meth-
ods like spark plasma sintering has facilitated the production of 
bulk nanostructured materials, bridging the gap between labo-
ratory scale demonstrations and commercial viability [14].

This review provides a comprehensive overview of the vari-
ous novel strategies and innovations in TE materials and TEGs 
to enhance power generation capabilities. The cutting-edge ap-
proaches to improve TE material performance and the explora-
tion of novel material systems were examined systematically. 
Additionally, the recent innovations in device prototypes and 
fabrication techniques, such as enhancements in geometry, the 
development of flexible and wearable devices, and the imple-
mentation of segmented and cascaded architectures, have been 
notable. These advancements have led to significant improve-
ments in TE performance metrics, including the ZT value, 
power factor, and overall output power. By critically analyzing 
these strategies and innovations, we seek to elucidate their ad-
vantages and potential for future development in the field of TE 
power generation.

2. Thermoelectric Materials

2.1. Bismuth telluride (Bi2Te3)-based TE Materials
The Bi2Te3-based materials are widely recognized as TE ma-

terials for their near-room temperature operating TE devices. 
The figure-of-merit is a dimensionless quantity useful to esti-
mate the performance of the TE material. Until now, the Bi2Te3 
material has exhibited a maximum ZT value of around 1. The 
published reports indicate that the ZT value of Bi2Te3-based 
materials depends on the type of foreign dopants at the bis-
muth (Bi) or tellurium (Te) site, such as antimony (Sb), seleni-
um (Se), lanthanum oxide (La2O3), and hexagonal boron ni-
tride (h-BN), as well as the type of nanostructures. The doping 
of the Sb element at the bismuth site of Bi2Te3 exhibits a p-type 
semiconductor (Bi0.5Sb1.5Te3) behavior along with the highest 
ZT value of 1.2, whereas the doping of selenium at the Te site 
exhibits an n-type semiconductor (Bi2Te2.7Se0.3) nature with a 
ZT value of 0.9 [15]. Son et al. [16] reported a novel chemical 

Fig. 1. (a) Schematic comparing the achieved thermoelectric 
parameters between non-flexible and flexible thermoelectric 
generators applied at room temperature. (b) Thermoelectric 
generator device layers [9].

ability to optimize specific temperature ranges, have shown 
great promise in maximizing efficiency across broad tempera-
ture gradients [11]. Further the construction of multi-stage de-
vices able to offer excellent utilization of available temperature 
leads to higher power output and improved overall system effi-
ciency. The advancements in the contact technologies and the 
interfacial engineering have been instrumental in reducing the 
parasitic losses that are experienced within TEGs. Literature re-
ports explicitly depict that the minimizing of the contact resis-
tance and enhancing thermal and electrical interfaces between 
different materials result in enhanced TEGs performance. Fur-
thermore, the changes in device geometries and architecture 
that have been explored have led to maximizing the tempera-
ture gradient (ΔT) value at the hot and cold sides and optimiz-
ing the output power of TEGs. Thus, these design innovations 
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solution approach to develop an ultrathin Bi2Te3 nanoplate hav-
ing a thickness of approximately 1 nm, which exhibits the high-
est ZT value of 0.62 at 400 K, as shown in Fig. 2(a, b). They 
suggested that the proposed efficient chemical synthesis ap-
proach is highly suitable to produce other efficient TE materi-
als. Hong et al. [17] used the microwave-assisted surfactant-free 
solvothermal technique to produce the n-type Bi2Te2.7Se0.3 
nanoplates with a relatively high ZT value of 1.23 at 480 K, as 
shown in Fig. 2(c). Since nanostructures were utilized as a 
starting point to create the sintered pellets, a significant propor-
tion of grain boundaries was preserved, which resulted in sig-
nificantly decreased thermal conductivity. Furthermore, Rui-
juan cao et al. [18] introduced as a chemically stable second 
phase material (La2O3), along with the Bi2Te2.7Se0.3, slightly re-
duces the electrical transport performance, while enhancing 

the TE performance. The resulting Bi2Te2.7Se0.3+ 0.5 wt% La2O3 
composite exhibits a ZT value of 0.97 at 455 K. They claimed 
that the optimized and enhanced TE performance is due to the 
energy filtering effect and strong phonon scattering in the 
mixed compound. Likewise, Junbiao Guo et al. [19] enhanced 
the TE properties of the Bi2Te2.7Se0.3 by introducing 2D ceramic 
nanosized h-BN into the material. The h-BN led to the emer-
gence of a high density of dislocations, which resulted in the 
enhancement of phonon scattering in the materials and a sig-
nificant reduction of the lattice thermal conductivity. This re-
sulted in a high carrier mobility, which increased the power 
factor and achieved a ZT value of 1.1 at 400 K, as shown in Fig. 
2(d). The TEG fabricated from the materials showed an in-
crease in efficiency of 6.4%.

In addition to nanoplates, researchers have explored various 

Fig. 2. (a) TEM image of the Bi2Te3 nanoplate (Inset: lateral view of the stacked plates). (b) The ZT value of the nanoplate (Reproduced with 
permission from ref [16]. Copyright (2012) Nano Letters). (c) ZT values of Bi2Te2.7Se0.3 (Reproduced with permission from ref [17]. Copyright 
(2016) ACS Nano). (d) ZT values for Bi2Te2.7Se0.3+x wt% h-BN (Reproduced with permission from ref [19]. Copyright (2024) Ceramics 
International).
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Fig. 3. (a) (i) Typical scanning electron microscopy images for Bi2Te3 nanowire film, the inset is an enlarged view of the morphology (ii) ZT 
calculation (Reproduced with permission from ref [20]. Copyright (2012) Nano Letters). (b) Energy dispersive X-ray spectroscopy (EDS) 
elemental map indicating Te nanoprecipitates (based on Te–Lα line; marked in red) decorating the surface of Bi2Te3 grains and ZT values 
(Reproduced with permission from ref [21]. Copyright (2023) ACS Applied Materials and Interfaces).
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other nanostructures of Bi2Te3-based materials to enhance ther-
moelectric performance. Zhang et al. [20] synthesized Bi2Te3 
nanowires using a solvothermal method and achieved a ZT 
value of 0.96 at 380 K, as shown in Fig. 3(a)-i and ii. The 
one-dimensional structure of nanowires effectively reduced 
thermal conductivity while maintaining good electrical proper-
ties. Gayner et al. [21] demonstrated that the introduction of 
tellurium nanoprecipitates at grain boundaries significantly im-
proved the material's electrical conductivity and ZT, achieving 
a peak value of 1.30 at 450 K, as illustrated in Fig. 3(b). Through 
first-principles calculations, they validated the beneficial role of 

the Bi2Te3/Te interfaces in optimizing charge carrier concentra-
tion and transport properties, suggesting a promising pathway 
for scalable thermoelectric devices. Table 1 shows the TE prop-
erties of the state-of-the-art bulk Bi2Te3-based TE materials

2.2. Germanium telluride (GeTe)-based TE materials
High power generation was successfully achieved using 

GeTe-based TE materials, due to their high entropy and intrin-
sic TE performance, which resulted from synergistically opti-
mized electron and phonon stabilization. Moreover, these ma-
terials exhibit the highest ZT values of 2.7 [22, 23]. In the recent 
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past, new machine algorithms with interpretability have been 
developed to accurately predict the characteristics of high-en-
tropy GeTe-based TE materials. The researchers used atomic 
features to calculate ten descriptors, weighing the elemental 
contents of the materials, with the ZT value of the TE material 
serving as the target variable. They deduced that the ZT value 
of GeTe-based TE materials is highly sensitive to temperature. 
This approach offers a fresh perspective for the creation of be-
spoke alloy materials with specialized features and provides an 
effective and affordable way to develop TE devices [24].

Khashim et al. [25] focused on enhancing the TE properties 
of GeTe by doping it with the Sb element at various concentra-
tions ranging from x= 0.08 to 0.12. They achieved a figure of 
merit of 2.35 at around 800 K for the Sb-doped GeTe, and the 
optimized doping concentration is x= 0.10 for exhibiting the 
high-power factor of 36 µWcm-1K-2 and a low thermal conduc-
tivity of about 1.1 Wm-1K-1. Xiao Xu et al. [26] highlighted ad-
vancements in TE materials, specifically targeting the enhance-
ment of the ZT value through vacancy engineering in pseu-
do-layered compounds. They reported an ultra-high ZT value 
of approximately 2.4 at 773 K for p-type pseudo-layered 
Sb2Te3(GeTe)17, as shown in Fig. 4(a). A study conducted by Wu 
et al. [27] achieved high TE performance in GeTe-Bi2Te3 pseu-
do-binary through the Van der Waals gap-induced hierarchical 
ferroelectric domain structure. The introduction of Bi2Te3 cre-
ated Ge vacancies, resulting in nanoscale Van der Waals gaps 
that led to a hierarchical ferroelectric domain structure ranging 
from submicron to nanoscale. The hierarchical structure en-
hanced the TE properties of the material, achieving a ZT value 
of 2.4 at 773 K in 5% Bi2Te3, as illustrated in Fig. 4(b). Recently, 
Hong Min et al. [28] reported a record high ZT value of 2.3 at 
780 K for the co-doping of Sb and In elements to GeTe materi-
al, which was achieved through the optimization of the carrier 
concentration. The co-doping reduces the phase transition 
temperature of cubic GeTe, resulting in enhanced TE behavior, 

as shown in Fig. 4(c, d). We summarized the TE performance 
of the state-of-the-art bulk GeTe-based TE materials in Table 1.

2.3. Metal-organic frameworks (MOF)-based TE materials
In recent studies, there has been an increase in demand for 

the usage of organic polymer-based TE materials. These mate-
rials have demonstrated good properties suitable for many ap-
plications. For instance, they exhibit lightweight, high flexibili-
ty, low thermal conductivity, simplicity in synthesis, and can be 
processed in various shapes [29]. Among many conducting 
polymers, polyanilines have a remarkable oxidation stability, 
electrical and TE properties. Lin et al. [30] reported pure poly-
aniline, Zr-MOF with aniline/polyaniline, and Zr-MOF with 
water-based TE composite materials, all of which exhibit vari-
ous morphologies leading to an increase in Seebeck coefficient 
values due to the enhanced carrier mobility of the materials. 
They said that polyaniline/PSS accepts electrons from the Zr-
MOF and generates a greater number of positive charges on the 
hot side. Polyaniline/PSS functions as an electron storage unit 
at the cold side. This resulted in a significant negative carrier 
concentration gradient and a larger negative thermopower co-
efficient, as demonstrated in Fig. 5(a, b). This new perspective 
offers outstanding TE behavior.

Xue Yufeng et al. [31]. presented a novel study for enhancing 
TE performance through the in-situ growth of zeolitic imidaz-
olate framework 67 (ZIF-67) on carbon nanotubes, followed by 
an annealing approach. The developed ZIF-67 shows an en-
hanced electrical conductivity of 825.7 Scm-1 and a ZT value of 
0.02, the highest reported for MOF-based TE materials. An-
nealing played a crucial role in reducing the size of the ZIF 67 
particles, thus enhancing the conductivity by removing insulat-
ing molecules and preserving the composite structure. Wen-
juan et al. [32] conducted a study on the synthesis and modifi-
cation of Co-based MOFs using the electrically active 1-eth-
ylpyridinium bromide liquid and photoactive AgNO3 compo-

Table 1. Comprehensive comparison of the thermoelectric (TE) properties of bulk Bi2Te3 and GeTe-based TE materials

Material Type ZT T (K) σ (Sm-1) S (μVK-1) S2σ 
(Wm-1K-2) k (W m–1K–1) Ref.

Bi2Te3 nanoplates n 0.62 400 6.3× 10-4 160 12× 10-4 0.37 [16]
Bi2Te3-xSex n 1.23 480 4.7× 10-4 198 19× 10-4 0.98 [17]
Bi2Te2.7Se0.3 +La2O3 n 0.97 455 4× 10-4 170 20× 10-4 1.05 [18]
Bi2Te2.7Se0.3/h-BN composites n 1.1 400 1434 988 31× 10-4 0.42 [19]
Sb2Te3(GeTe)17 p 2.4 773 692 255 45 1.40 [26]
Ge0.95Sb0.05Te1.025 p 2.4 773 785 255 51 1.60 [27]
Ge0.9Sb0.1In0.01Te p 2.3 800 444.4 262.5 30.6 1.10 [28]
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Fig. 4. (a) ZT values comparison between the reported work and the study in Ge-Sb-Te. (Reproduced with permission from ref: [26]. 
Copyright (2018) Advanced Science). (b) The ZT value of sample B0-C, B5-C, and B5-H, respectively. (Reproduced with permission from 
ref: [27]. Copyright (2019) Advanced Functional Materials). (c) Transmission electron microscopy (TEM) examination of microstructures 
of the sintered Ge0.89Sb0.1In0.01Te pellet. (d) The ZT value of studied samples. (Reproduced with permission from ref: [28]. Copyright (2019) 
Advanced Functional Materials).

nents via single-crystal to single-crystal transformation to en-
hance the thermoelectric and photoelectric properties (Fig. 5c). 
The introduction of small amounts of polyaniline into the cavi-
ties of Co-MOF, modified Co-MOF-Br, and Co-Ag-MOF en-
hances stability in structure and electronic conductivity. These 
MOFs exhibited high electrical conductivity with values around 
10-2 Scm-1.

2.4. Organic polymers and composite TE materials
Recently, organic TE materials have demonstrated exception-

al TE capabilities as compared to the conventional inorganic 
TE materials. Researchers are constantly investigating and de-
veloping new materials and architectures for organic TE gener-
ators (OTGs) that offer high flexibility, processability, low ther-
mal conductivity, and low cost. Fan et al. [33] reported, the se-

quential post-treatments using sulfuric acid (H2SO4) and sodi-
um hydroxide (NaOH) were implemented on poly(3,4-eth-
ylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS) 
films to improve charge transport and adjust doping concentra-
tions. They found that the increment in electrical conductivity 
significantly enhances the TE properties of nanosized fibrous 
structures via enhanced charge mobility. The H2SO4-treated 
PEDOT: PSS films were reacted with NaOH, which exhibited 
an increase in the increment in Seebeck coefficient (39.2 µV 
K−1) of the active polymer film, resulting in an increase in pow-
er factor to 334 μWm-1K-2 through the enhanced carrier mobil-
ity. The proposed changes in composition and doping methods 
lead to the production of different morphologies and improved 
TE properties of the polymer film. Lim et al. [34] investigated 
the use of the vapor doping method, which minimized the as-
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Fig. 5. (a) Carrier thermodiffusion in the composite. (b) Plot of TE parameters (the absolute value of the Seebeck coefficient (α), thermal 
conductivity (κ), electrical conductivity (σ) and power factor) value depending on the loading of Zr-MOF in the ZB-A/Pan/PSS1 film 
(Reproduced with permission from ref [30]. Copyright (2019) ACS Applied Materials and Interfaces). (c) Crystal structures of Co-MOF, Co-
MOF-Br and Co-Ag-MOF and photographs of solutions and crystals before and after metathesis with EtpyBr and AgNO3. (Reproduced with 
permission from ref [32]. Copyright (2021) Chemistry-A European Journal).

sociated morphological changes and facilitated the study of 
molecular doping in semiconducting polymers. The F4TCNQ 
(2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane) was 
used to dope poly (3-hexylthiophene) (P3HT) thin films, re-
sulting in improved power factor values up to 27 μWm-1K-2. 
Huile et al. [35]conducted a study on an organic-inorganic TE 
composite film composed of SnSe nanosheets (20 wt%) and 
PEDOT: PSS polymer produces an increased power factor of 
386 μWm-1K-2, which is 257 times higher than that of the pure 
PEDOT: PSS film. Moreover, the hybrid film has the highest 

ZT value of 0.32, which underlines the significant potential of 
these materials for improving TE efficiency through careful 
control of material composition and structure.

Yuan Fan et al. [36] explored the design of a flexible ternary 
composite material composed of metal-organic frameworks 
(MOF), conducting polymers (PEDOT: PSS), and single-walled 
carbon nanotubes (SWCNT) that produces higher TE perfor-
mance. The ternary composite material exhibits enhanced elec-
trical conductivity ranging from 148.9 to 486.3 Scm-1 as the 
SWCNT concentration increases from 20 to 45 wt%. The com-
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posite film with 40 wt% SWCNT content shows a higher See-
beck coefficient of 25.7 ±  0.9 μV K–1 , and the film reached a 
maximum power factor of 27.9 ±  2.5 μW/mK2 as illustrated in 
Fig. 6(a)-i and ii. Medha et al. [37] reported the fabrication of 
tin sulfide (SnS)/polypyrrole (PPy) nanocomposites and their 
TE performance, which was tuned by varying the concentra-

tion of SnS nanoparticles in the polymer matrix. The optimized 
nanocomposite film exhibits a Seebeck coefficient of 50.67 μV 
K–1, electrical conductivity of 32.26 S cm–1, power factor of 6 
μW m–1K–2, and achieves a maximum ZT of 0.86× 10-2 at 373 K, 
as shown in Fig. 6(b). Min-Jeong Lee et al. [38] reported on an 
Ag-Te nanowires/PEDOT: PSS composite film and evaluated 

Fig. 6. (a) (i) Electrical conductivity (ii) Power factor (PF) of the ternary composite films with different SWCNTs contents. (Reproduced with 
permission from ref [36]. Copyright (2022) Composites Communications). (b) schematic representation of the reported results. (Reproduced 
with permission from ref: [37]. Copyright (2024) ACS Applied Energy Materials). (c) (i) Seebeck coefficient, electrical conductivity (ii) power 
factor. (Reproduced with permission from ref: [38]. Copyright (2024) Frontiers in Chemistry).
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Table 2. Summary of the thermoelectric (TE) performance of state-of-the-art organic and hybrid TE materials
Materials σ (Scm-1) S (µV K−1) S2σ (μ Wm−1 K-2) Ref.
PEDOT:PSS 2170 39.2 334 [33]
SnS/PPy 32.26 50.67 6 [37]
ZB-A/PAn/PSS 2.1 80 664 [30]
ZIF-67@CNT 825.7 54 242 [31]
PANI/Co-MOF-Br 4.8× 10−2 46.3 66 [32]
MOF M-UiO-66, EG-PEDOT and SWCNTs 486.3 17.9 27.9 [36]
Ag-Te NWs/ PEDOT:PSS 463 69.5 224 [38]

its TE performance. The conductivity of the composite film is 
enhanced through the Ag topotactic reaction. The hybrid ma-
terial achieved an electrical conductivity of 463 Scm-1, a See-
beck coefficient of 69.5 μVK–1 at 300 K, and a power factor of 
260 μW/mK2, as shown in Fig. 6(c)-i and ii. We summarized 
the TE properties of polymeric and hybrid TE materials in Ta-
ble 2.

3. Thermoelectric device design and 
fabrication

The thermal-to-electrical energy conversion performance of 
TE devices is influenced by multiple factors, such as the tem-
perature gradient (ΔT) between the hot and cold plates, the in-
trinsic functional properties of bulk or thin/thick films, device 
architecture, and construction of TE legs. Among all these fac-
tors, the geometry and configuration of the TE legs emerge as 
crucial determinants of the overall performance of TEGs. 
Moreover, the reliability, performance and efficiency of TEGs is 
also depending on the geometry of TEG.

3.1. Asymmetrical geometry-based TEGs
Recently reports have shown that asymmetrical TE legs have 

improved heat transfer within their TE legs, as well as increas-
ing reliability and performance [39]. Asymmetrical legs have 
the ability to create a greater ΔT value due to their reduced 
thermal conductivity. Fabian et al. [40] investigated the con-
struction of an asymmetrical TE legs device made up of p-type 
and n-type Bi2Te3 bulk materials, and their results are com-
pared, and correlated with symmetrical TE devices, as shown 
in Fig. 7(a)-i and ii. The asymmetrical TE module produced al-
most twice the maximum delivered power compared to the 
conventionally symmetric module with a square cross-section. 
They found that the generated power per unit mass of the TE 
legs is 433 µWg-1 for symmetrical and 1.57 mWg-1  for asym-

metrical modules. The working mechanism and the experi-
mental results were tested, verified with the theoretical simula-
tions. Additionally, a study by Shittu et al. [41, 42] designed 
asymmetrical TE legs, which were numerically investigated us-
ing the Multiphysics simulation, as shown in Fig. 7(b)-i. The 
results obtained indicated that the optimized asymmetrical 
TEG provided a power output enhancement of 117.11% com-
pared to the conventional TEG under the rectangular pulse 
heat condition, as illustrated in Fig. 7(b)-ii. Furthermore, Li et 
al. [43] investigated the usage of various hollow cross-section 
TE leg shapes for TEGs through a 3D validated numerical sim-
ulation, as shown in Fig. 7(c)-i. The results demonstrated that 
the triangular-shaped leg was able to generate up to 100% more 
power and better conversion efficiency at the maximum input 
heat flux, as shown in Fig. 7(c)-ii.

3.2. Segmented TEG Modules
Several studies have shown that cascading different modules 

with different materials operating at various temperature rang-
es can enhance the power generation of the TEG modules. A 
study conducted by Li et al. [44] demonstrated that a segment-
ed TE device architecture (Fig. 8(a)) with heterogeneous mate-
rial integration, produced a conversion efficiency of 12% un-
der a ΔT of 584 K. These results were achieved through the 
fabrication of Bi2Te3/half Heusler segmented TE unicouple 
modules using a “hot to cold” fabrication technique, which 
significantly reduced electrical and thermal contact resistance, 
as shown in Fig. 8(b)-i and ii. However, one of the challenges 
in developing these modules is achieving stable low-resistance 
electrical contacts, particularly at the hot side between the in-
terconnected electrodes and TE materials. When the modules 
are subjected to high temperatures, chemical reactions or 
atomic diffusion can occur at the interface between the inter-
connect electrodes, which can result in the degradation of the 
TEGs performance. Therefore, to fully benefit from the 
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Fig. 7. (a) (i) The temperature difference as function of input heat flux for both modules; and (ii) Output power as function of the load 
resistance for symmetrical and asymmetrical modules (Reproduced with permission from ref [40]. Copyright (2018) Energy conversion 
and Management). (b) (i) Three-dimensional temperature distribution (ii) power output response comparison with TEG (Reproduced with 
permission from ref [42]. Copyright (2019) Journal of Power Sources). (c) (i) Various cross-sections of ring legs and their geometries. (ii) 
Impact of leg cross section on conversion efficiency at various heat fluxes (Reproduced with permission from ref [43]. Copyright (2021) Case 
Studies in Thermal Engineering).
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Fig. 8. (a) The hot to cold fabrication process for realizing BiTe/hH segmented modules. (b) (i-ii) maximum power output (Pmax) and 
conversion efficiency of segmented unicouple modules (Reproduced with permission from ref [44]. Copyright (2020) Advanced Energy 
Materials).

high-performance materials, it is important to consider the 
nature of the diffusion barrier, the joining method, and the co-
efficient of thermal expansion.

Similarly, Wang et.al. [45] conducted an optimization study 
on a two-stage thermoelectric cooler (TEC). Their research re-
vealed that optimal design could be achieved at a specific ΔT 
value. This finding was significant because it demonstrated that 
the applied current and geometric structure of the TEC were 
independent of the ΔT. Furthermore, Lv et al. [46] investigated 
two-stage TECs and found that these systems achieved a sig-
nificantly greater maximum temperature drop at the cold side 

compared to single-stage TECs. They also highlighted that 
through the optimization of pulse operation and geometric de-
sign, the performance of the two-stage TECs improved notably. 
This optimization led to enhancements in temperature over-
shoot, increased holding time in the supercooling state, and a 
greater reduction in the maximum temperature at the cold side.

3.4 Flexible TEGs
The conventional TEGs generate sufficient output power, but 

their use in harnessing heat from curved or irregular surfaces is 
restricted due to the brittleness and rigidity of active bulk TE 
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materials and ceramic substrates. To address these challenges, 
researchers have designed flexible thermoelectric generators 
(f-TEGs) by depositing TE materials on flexible substrates and 
developing flexible inorganic-organic TE composite films, 
which will reduce contact resistance and improve thermal en-
ergy capture. In recent days, most studies on F-TEGs are pri-
marily focused on harvesting energy for microelectronics, with 
particular emphasis on wearable technology. Consequently, 
there have been significant advances in the fabrication of TE 
devices using the magnetron sputtering method.

Zheng et al. [47] reported that a flexible TEG made from an 
n-type Ag-doped Bi2Te3 based thin film and a p-type Sb2Te3 
thin film produced 700 nW at ΔT of 64 K and a power density 
of 2065.8 μW cm2, as illustrated in Fig. 9(a). Fig. 9(b) shows the 
optical image of the as-fabricated wearable TEG, which can es-
tablish a stable and significant ΔT between the hot and cold 
sides. Wang et al. [48] demonstrated the design and fabrication 
of a self-powered wearable pressure sensing system that con-
sisted of a micropatterned conductive elastomer-based pressure 
sensor and a flexible thin film-based TEG, as shown in Fig. 
9(c). This device achieved a faster response time of 24.9 ms, a 
high sensitivity of 17.1 %kpa-1 and excellent durability. The re-
searchers further indicated that the encapsulation of the PDMS 
had features of safety and flexibility, guaranteeing reliability 
when in contact with the human body for a long time. Kim et 
al. [49] investigated the fabrication of a hybrid TEG device and 
its energy conversion performance, which consists of TE blocks 
and piezoelectric (PE) materials on a flexible polyimide sub-
strate. The hybrid TEG exhibited enhanced flexibility, mechan-
ical stability, and electrical outputs, producing a high current 
signal of 3.8 μA at ΔT =  3 K through the TE effect, as depicted 
in Fig. 9(d).

Han et al. [50] developed an F-TEG that demonstrated im-
pressive performance in a compact form factor. The device 
produced an open circuit voltage of 236 mV and an output 
power of 4.19 mW at a ΔT =  50 K while maintaining perfor-
mance even after 7400 bending cycles. Its power density 
reached 13.1 mW/cm2 at ΔT =  50 K with a normalized power 
density of 5.26 μW/cm2•K2, as shown in Fig. 9(e, f). Liu et al. 
[51] developed an integrated automobile exhaust f-TEG to ef-
fectively capture and convert the waste heat energy from vehi-
cle exhaust into electricity, which will provide a continuous 
power source for various vehicle-mounted sensors. The re-
searchers reported that the device achieved an impressive pow-
er density of 117 kW/m3.

4. Summary and Future Outlook

Thermoelectric materials and devices have undergone sig-
nificant advancements in recent years which have been driven 
by the need for sustainable energy solutions and improved ef-
ficiency. Among the strategies that have been used to improve 
ZT values is the use of nanostructuring techniques that reduce 
thermal conductivity while improving electrical conductivity. 
Materials like Bi2Te3 have achieved ZT values of up to 1.23 at 
480 K, while GeTe-based thermoelectrics have demonstrated 
high entropy and performance, showing ZT values reaching 2.4 
at 773K. Asymmetrical legs-based TEGs show enhancement 
in heat transfer, leading to improved performance that is twice 
the maximum delivered power compared to traditional cubical 
leg designs. Additionally, the segmented TEG modules, which 
integrate different materials for a broad temperature range, ex-
hibit an enhanced energy conversion efficiency of up to 12% at 
58 K. Moving forward, advancements in both material science 
and system architecture are expected to drive innovation in 
key areas.
• �TE Materials: In the future, research in materials is likely to 

emphasize advanced nanostructuring techniques, the discov-
ery of novel materials, and the further development of organic 
and composite materials with controlled functional proper-
ties. Key areas of focus will include enhancing the TE perfor-
mance and stability of traditional Bi2Te3-based materials, as 
well as exploring cost-effective TE materials suitable for 
near-room-temperature applications. Additionally, the devel-
opment of multifunctional materials with properties like plas-
ticity will be crucial, as these can improve device stability 
during operation, especially under bending conditions. The 
cost-performance ratio of materials will play a significant role 
in determining the overall potential and commercial pros-
pects of devices, while high-performance organic materials 
used as mini bulks are entering a new phase of research and 
development.

• �TEG device design: The future of 3D printing in TE device 
fabrication is set to evolve significantly, moving beyond the 
mere preparation of bulk materials to emphasize the integra-
tion of components such as electrodes, substrates, and wiring. 
This holistic approach aims to drive process innovation while 
focusing on reducing fabrication costs, achieving lightweight 
designs, and enabling size tunability. Additionally, there will 
be a notable expansion in the development of wearable and 
flexible TEGs for personal electronics and medical applica-
tions, paving the way for broader adoption and integration of 
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Fig. 9. Device performance of magnetron-sputtered thin films. (a) V–I and P–I curves at different temperature differences of Ag-doped Bi2Te3 
thin-film-fabricated prototype TEG. Inset: A photo of the prototype. (b) Photo of an optimized wearable TEG (Reproduced with permission 
from ref [47]. Copyright (2023) Small Science). (c) Schematic descriptions and morphology of the self-powered wearable pressure sensing 
system integrating tf-TEG with a flexible pressure sensor. (Reproduced with permission from ref [48]. Copyright (2020) Nano Energy). (d) 
Photograph of the final f-TPEG bent by human fingers and cross-sectional scheme of the hybrid energy generator (inset) (Reproduced with 
permission from ref [49]. Copyright (2021) Applied Surface Science). (e) The upper substrate of the designed f-TEG is diced into 18 small 
blocks by a 25 μm thick blade to obtain flexibility, with a bending radius down to 4.5 mm. (f) The output voltage and power under different 
temperature differences in a bending condition (Reproduced with permission from ref [50]. Copyright (2022) Applied Thermal Engineering)
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this technology in everyday life and healthcare.
• �Applications: TEGs generate clean electricity without the con-

sumption of fossil fuels, suggesting that they are a potential 
candidate for use as a micro-power source to drive many low 
power consuming electronic devices. Moreover, the flexible 
TEGs are poised for increased adoption, particularly in the 
rapidly evolving field of wearable, flexible technology. These 
devices show great promise in harnessing the human body's 
constant temperature as a reliable heat source, offering a con-
tinuous power supply for various applications. Furthermore, 
the development of wearable cooling and heating technolo-
gies is gaining significant attention, especially as it relates to 
innovative approaches in managing human body tempera-
ture. This focus on advanced thermal management concepts 
for personal use underscores the growing importance of ther-
moelectric technology in enhancing comfort and energy effi-
ciency in everyday life.
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