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A B S T R A C T

In recent decades, thermoelectric (TE) materials have proven to be a complementary source of renewable energy, 
as they can directly convert waste heat into electrical energy. Energy-efficient, reliable, and scalable synthetic 
routes for the fabrication of TE materials and their processing into functional devices via low-energy and low- 
waste routes are necessary for the broader adoption of these materials in various applications. In this work, 
we report the formulation of hybrid thermoelectric (hTE) inks based on nanostructured Sb2Te3 and Bi2Te3, using 
PMMA as the polymer matrix and hexanedithiol (HDT) as the binder. Percolation studies were conducted to 
determine the optimal film composition, with an 80% nanoparticle content yielding the highest TE performance. 
Finite element modelling (FEM) was employed to optimize the device geometry, including the cross-sectional 
area ratio of p- and n-type legs, to maximize power output. Based on these results, a flexible hTEG was fabri
cated using the optimized ink composition. The device exhibited an output power of 950 nW and a Power output 
Density (PoD) of 40.37 nW cm− 2 under a 30 K temperature gradient, significantly outperforming previously 
reported polymer-based flexible hTEGs incorporating chalcogenides. This study presents a sustainable and 
effective strategy for developing high-performance hybrid thermoelectric devices through ink formulation, 
composition optimization, and simulation-guided device design.

1. Introduction

Thermoelectric (TE) materials can directly convert temperature dif
ferences into electrical power, presenting a promising solution for waste 
heat recovery and reducing carbon footprints. The principle of ther
moelectricity is based on thermopower, where the Seebeck effect gen
erates an electric current when a temperature gradient is applied across 
a TE material. Their performance is defined by the dimensionless figure 
of merit (zT), which is the ratio between the electronic power factor 
(S2σ) and thermal conductivity (κ) by the absolute temperature (T), 
expressed as (S2σ/κ)T, where S and σ are the Seebeck coefficient and the 
electrical conductivity, respectively [1].

Bismuth and antimony telluride (Bi2Te3 and Sb2Te3) alloys exhibit 

superior TE properties up to about 150 ◦C, enabling effective waste heat 
recovery even at low-grade temperature gradients. Innovative fabrica
tion techniques, including solution-chemical approaches and nano
structuring, have further improved the performance of TE materials and 
TE generators (TEGs) [2,3]. The deployment of TEGs in various appli
cations, including automotive [4], manufacturing [5], power generation 
for the Internet of Things (IoT) demonstrates its potential to contribute 
to sustainable energy development.

In industrial processes, a substantial portion of energy is lost as waste 
heat, contributing to inefficiencies and a negative environmental impact 
[6]. TEGs offer a sustainable solution by harnessing waste heat and 
converting it into usable electrical energy, reducing the environmental 
impact of industrial activities. They operate without moving parts, 
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making them reliable and maintenance-free. As research and develop
ment in TE technology continue to advance, the widespread adoption of 
TEGs could play a crucial role in achieving global carbon reduction goals 
[7]. Recent advancements in TE materials development and device en
gineering have considerably improved the performance and scalability 
of TEGs [5].

Hybrid TE (hTE) materials explore the possibility of combining 
inorganic TE materials with organic matrix-like polymers. A substantial 
body of literature exists on the advancements in organic-inorganic 
composites, highlighting the benefits of their combination, including 
cost-effectiveness, flexibility, scalability, and low thermal conductivity 
[8–11]. The combination of cost-effectiveness, scalability, and low 
thermal conductivity is achieved using organic components. Further
more, high electrical conductivity, stability, and often material func
tionality, such as TE properties obtained from inorganic components, 
make this composite material perform efficiently in various low-grade 
temperatures and environmental conditions [12]. Due to their unique 
properties, hTEs have shown significant potential for power generation 
and energy applications. Despite recent advancements in hTEs, many 
challenges remain to be addressed for these composites to enhance both 
performance and practical applicability of hTEs in next-generation TE 
generators (TEGs) [12,13].

Exploiting small organic molecules as constituents in electronic 
materials is currently being explored to develop semiconductor nano
particle (NP)- based materials and devices[14,15]. Reports on the pos
itive influence of organothiols (i.e., thiolated organic molecules) on the 
electronic properties of NP films exist. A nearly tenfold increase in 
mobility was recorded for semiconductor PbS films treated by ethane 
dithiol [16]. Recently, we demonstrated a similar trend of reduced 
resistance in organic-inorganic hybrid TE films using single thiol (DDT) 
and di-thiols (HDT) [17,18]. The interaction of organothiols with the NP 
surface was proposed to be redox-type, causing the reduction of surface 
oxide [19], which may also lead to reduced interfacial resistance be
tween the particles.

Two significant factors that affect the effective design of TE devices 
in practical applications are power output and reliability. High power 
ensures effective energy conversion efficiency, broadening the devices' 
application scenarios. In addition to high stability, ensuring the reli
ability and long-term operation of TEGs in various environments is 
essential. Notably[20], computational simulations can effectively opti
mize the output power of devices by identifying the most significant 
parameters to optimize for maximum power output. Most of the work 
focuses mainly on simulating the optimal geometry of the TE legs. The 
influence of leg shape on TE performance under constant temperature 
and heat flux boundary conditions has been studied extensively, 
revealing that different leg geometries, cross-sections, and shapes can 
significantly impact the electrical and thermal performance of TE de
vices. Furthermore, investigations into thin-film TEGs have also high
lighted the importance of leg shape, TEG configuration, and contact 
resistance in optimizing device performance [21,22]. Additionally, the 
impact of TE leg geometries on thermal resistance and power output has 
been demonstrated, providing compelling motivation to explore addi
tive manufacturing of TE devices [23]. Earlier works on TE geometry 
and structure optimization have provided comprehensive insights into 
performance enhancement strategies, including the use of porous TE 
materials to reduce κ without compromising electrical transport prop
erties [24]. Novel numerical case studies have also been conducted to 
optimize the design of TE modules with hollow semiconductors, further 
enhancing their performance. Modeling and optimization analyses of 
hollow flexible-filler-based bulk TEGs for human body sensors have 
demonstrated the potential of these designs to improve output power 
and reduce fabrication costs [25,26].

In this work, we demonstrate n- and p-type TE materials synthesis 
and their processing into hTEGs through bottom-up strategies. The 
positive effect of organothiols as binders on the transport performance of 
hTE films is also evidenced. An hTEG with multiple n- and p-type legs is 

fabricated using the as-synthesized Bi2Te3 and Sb2Te3 materials in an ink 
formulation, blended with PMMA as the polymer matrix. The power 
output of the hTEG is optimized throughout the COMSOL simulation of 
the individual leg characteristics. The experimentally measured power 
output from the device is closely predicted by the simulation, demon
strating a case where theory can accurately predict the experimental 
performance of the TEG, suggesting the viability of its use for guiding 
the design of various hTEG architectures for different application 
scenarios.

2. Experimental

2.1. Materials

All chemicals used in the synthesis and further processing were 
purchased from Sigma Aldrich (Stockholm, Sweden). They were used as 
received, with no further purification: Bismuth chloride (BiCl3, 98% 
purity), Antimony chloride (SbCl3, 99.95% purity), Tellurium powder 
(Te, 99.8% purity), Oleic acid (C18H34O2), 1-Octadecene (C18H36, ODE), 
thioglycolic acid (C2H4O2S, 98%, TGA), tri‑butyl phosphine (C12H27P, 
93.5%, TBP), 1,6-Hexanedithiol (HS(CH2)6SH, 96%, HDT), poly(methyl 
methacrylate) (PMMA, Mw~350,000 by GPC), 1-Methoxy-2-propyl ac
etate (MPA, 99.5%), methanol (CH3OH, 99.8%) and n-hexane (C6H14, 
95%). BiCl3, SbCl3, and Te powder were subsequently precursors for Bi, 
Sb, and Te ions. Oleic acid was used as a complexing agent for Bi and Sb 
precursors, ODE was used as the solvent, TBP as the complexing agent 
for Te, and TGA as the shape-directing agent. Methanol and hexane were 
used to wash the synthesized particles. MPA was used as a solvent for the 
PMMA solution and ink formulation.

2.2. Synthesis of Bi2Te3 and Sb2Te3

The synthesis was carried out using an MW-assisted thermolysis 
process, as detailed in our earlier work [27]. The details are given in the 
Supplementary Information.

2.3. Formulation of hybrid TE ink

The as-made powders of n- and p-type TE materials (Bi2Te3 and 
Sb2Te3, respectively) are used as fillers in the PMMA polymer matrix, 
with MPA (1-Methoxy-2-propyl acetate) as the solvent for the formu
lation of hTE ink. Polyethylene terephthalate (PET) substrates were pre- 
cleaned utilizing a sequence of ultrasonication with acetone, iso
propanol, and deionized water. An appropriate amount of PMMA was 
dissolved in MPA by heating the mixture for 12 min at 100 ◦C using a 
microwave (MW) power of 400 W under constant stirring via a MW 
synthesizer (Biotage Initiator+) to obtain a 12 wt% PMMA+MPA clear 
solution. In the next step, an appropriate amount of Bi2Te3 or Sb2Te3 was 
added to 0.5 mL of the solutions above, and the mixture was stirred for 
30 min at 80 ◦C. This was followed by 5 min of ultrasonication and an 
additional 3 min of mixing on a hot plate to produce homogeneous inks 
containing 60 to 80 wt% NPs. Two sets of samples were fabricated: one 
with and one without the addition of a binder molecule, HDT, 5 wt% 
relative to the weight of the NP filler (Bi2Te3/Sb2Te3), to investigate its 
effect on the electronic performance of the hTE films. The hTE were 
fabricated by casting 200 μL of the formulated Bi2Te3(Sb2Te3)/PMMA 
ink within the confined area created by Kapton tape on a PET substrate 
(1.60 cm²), subsequently dried at 80 ◦C for 1 hour under ambient con
ditions. The final hTEG device, designed with an optimized geometry 
through Finite Element Modeling (FEM), was manufactured following 
the same methodology previously described. To maintain a constant leg 
thickness, the volume of ink deposited per unit area was kept constant. 
For performance comparison, another hTEG device with the same 
number of legs was fabricated using a symmetric leg configuration. 
Finally, conductive silver paint was applied to the dried hybrid film 
utilizing a brush to connect the individual legs into p-n junctions. Fig. 1
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illustrates the schematics of the processing of TE ink into hTE films. The 
rationale behind the selection of PMMA as the matrix, MPA as the sol
vent, and HDT as the binder is based on the evaluation of the electrical 
conductivity of Sb2Te3 and Bi2Te3 films prepared with different polymer 
matrices, solvents, and binders (see Supplementary Fig. 1).

2.4. Simulations

The geometry optimization of TEG was modeled using FEM, 
employing COMSOL Multiphysics software (v6.0). The simulations were 
carried out under steady-state conditions usingThe program utilizes 
Heat Transfer and AC/DC Modules (electrical current and electrical 
circuits) for a steady-state (stationary) analysis. Ground and Terminal 
connections were integrated into the TEG, and a variable resistor was 
attached to complete the circuit, representing the external load resis
tance. For the thermal model, two Dirichlet boundary conditions were 
applied to the model on the Heat Transfer module. The temperature of 
the front side of the PET substrate was maintained at 300 K, and the 
temperature of the back side of the substrate was maintained at 310 K 
during the geometry optimization. These boundary conditions define a 
constant temperature gradient across the device, enabling a direct 
comparison of the effect of geometry on the thermoelectric performance 
during the optimization process. No external heat flux was imposed, as 
the thermal driving force is fully determined by the prescribed tem
perature difference. Under these assumptions, the temperature distri
bution and resulting electrical output are governed by the coupled heat 
transfer and electrical transport equations. It should be noted that the 
use of fixed temperatures represents an idealized condition. In practical 
operation, the cold side is typically influenced by convective heat ex
change with the surrounding environment, which may reduce the 
effective temperature gradient. Therefore, the simulated results corre
spond to an upper-bound estimation of device performance under 
controlled thermal conditions.

The parametric Solver was configured for the Automatic (Newton) 
method using a physics-controlled mesh with a finer element size. The 
physical constants of the materials employed were taken from the 
COMSOL Materials database. However, the transport properties (σ and 
S) of the hTE films of Bi2Te3 (Sb2Te3)/PMMA corresponding to the in
dividual legs were obtained from the experimental measurements.

2.5. Characterization of TE materials, hTE films, and hTEGs

Crystalline phases and phase purity of as-synthesized TE materials 
were investigated using X-ray powder diffraction (XRPD) with a Philips 
PANalytical X’Pert Pro Powder Diffractometer, employing Cu-Kα1 ra
diation and a scan speed of 0.04◦/s in continuous scan mode.

Synchrotron radiation X-ray absorption spectroscopy (XAS) mea
surements were performed at the P65 Applied XAS beamline of PETRA 
III, DESY[28](see Supplementary Material). Morphology and micro
structure of the powder TE materials and the hTE films were performed 
using Electron Microscopy (SEM (FEI Nova 200) and TEM (JEM-2100F, 
200 kV, JEOL). A 200-mesh copper grid was used for TEM analysis, 
where 100 μL of the sample was pipetted onto it and then air-dried 
before analysis. The thickness of the films was measured using a pro
filometer (Profiler KLA-Tencor P15, CA, USA), while the lateral 
dimension was pre-determined using the Kapton tape template.

Electronic transport properties of the hTE films were evaluated by 
measuring their electrical conductivity (σ) and the Seebeck coefficient 
(S) of three independent samples for each composition. The σ was 
determined using the linear four-point probe method. Four equidistant, 
rounded probes were applied in the center of the film surface, and a 
current was applied between the outer probes, measuring the voltage 
between the inner ones. Using the IV curve and the film thickness (d), 
the electrical resistivity (ρ) was calculated and converted into σ (see 
Supplementary Material). Hall mobility measurements were con
ducted using a PPMS DynaCool system to determine both carrier con
centration and mobility. A 3 × 5 mm film section was cut and contacted 
using silver paste and copper wires, following the configuration shown 
in Supplementary Fig. 2 for the dual sample holder. A constant current 
of 0.5 mA was applied, and the voltage was recorded across a range of 
magnetic field values, from − 1000 to 1000 Oe in 500 steps. From the 
resulting data, the Hall coefficient (RH), carrier concentration (n), and 
carrier mobility (μ) were determined.

3. Results and discussion

3.1. Characterization of as-synthesized TE material

Sb2Te3 and Bi2Te3 materials, as p- and n-type TE materials, have 
been synthesized in large quantities via an energy- and time-efficient 
microwave-assisted thermolysis route, with a reaction yield of 98%. 

Fig. 1. Schematics of processing of TE ink for the fabrication of hTE films.
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Structural analysis was performed using XRPD on the as-synthesized 
powders, and the results are presented in Supplementary Fig. 3, 
along with the corresponding Miller indices. The diffraction patterns are 
normalized to the most intense diffraction peak, indexed to the (015) 
plane. The crystalline phases were identified as Sb2Te3 (ICDD: 
96–900–7591) and Bi2Te3 (ICDD: 01–085–0439), exhibiting a rhom
bohedral crystal structure. The sharp and high-intensity diffraction 
peaks are a good indication of the high crystallinity of the synthesized 
materials.

The experimental extended X-ray absorption fine structure (EXAFS) 
spectra (χ(k)k²) and corresponding Fourier transforms for the Sb and Te 
K-edges in Sb₂Te₃, and the Bi L₃-edge and Te K-edge in Bi₂Te₃ powder 
samples, recorded at 10 and 300 K (Supplementary Fig. 4), show a 
pronounced reduction in amplitude at higher temperatures, indicating 
increased thermal disorder due to weak interatomic bonding. The data 
were analyzed using reverse Monte Carlo (RMC) simulations[27], 
resulting in structural configurations consistent with the rhombohedral 
crystal structure. The extracted mean-square relative displacement 
(MSRD) factors and effective interatomic force constants highlight the 
strong anisotropy of thermal conductivity inherent to the layered ar
chitectures of Bi₂Te₃ and Sb₂Te₃.

TEM analysis was performed on the as-made materials, and a few 
micrographs of the samples are presented in Fig. 2. Samples lying along 
the a-b axes are very thin and are transparent in the TEM analysis. A 
nearly hexagonal platelet morphology can also be observed in the TEM 
micrographs.

3.2. Evaluations of hybrid TE films

3.2.1. Microstructure analysis of the films
Microstructural and morphological analyses of the as-made powders 

have been reported earlier using SEM [27]. Both samples exhibit a 
hexagonal platelet morphology, displaying significantly different lateral 
dimensions (within the range of 20–500 nm for Bi2Te3 and 20–4000 nm 
for Sb2Te3) [27]. SEM micrographs of typical hybrid films in the PMMA 
matrix at different magnifications are presented in Fig. 3. Fig. 3a,b 
shows Bi2Te3 – PMMA, and Fig. 3c,d shows Sb2Te3 hTE films, where the 
morphology of constituent nanoparticles can be clearly seen.

The cross-sectional view of the film containing Sb2Te3 NPs is shown 

in Fig. 3d The micrograph shows a film thickness of around 50 µm with 
the NPs homogeneously blended and distributed within the PMMA 
polymer matrix. The passive top layer polymer protects the filler parti
cles against air exposure and environmental conditions. It is one of the 
primary concerns for the long-term stability of hTEs, as these factors can 
lead to the oxidation of TE materials and, consequently, a gradual 
decline in their performance. PMMA is a hydrophobic polymer that is 
air-impermeable and thermally stable up to 150 ◦C, providing a ther
mally stable and protective matrix for the embedded NPs [29–32].

3.3. Transport properties of hTE films

Seebeck coefficient (S) and resistance measurements were performed 
on hTE films with varying nanoparticle content (60, 70, and 80%, cor
responding to PMMA polymer contents of 40, 30, and 20%, respectively) 
under two conditions: binder-free and with the addition of 5 wt% HDT 
as the binder. It has been previously demonstrated that organothiols can 
positively influence electronic transport in films composed of nano
particulate materials [17]. The effect of adding a binder molecule to the 
ink was investigated to study its influence on the carrier mobility and 
conductivity of the hTE films. The complete percolation curve for the 
Sb2Te3/PMMA and Bi2Te3/PMMA ink formulation with and without 
HDT can be found in Supplementary Fig. 5.

The samples' σ was calculated based on the equation for linear four- 
point probe electrical resistance (σ = ln2/π R t), where R represents the 
resistance measured with linear 4- probe, and t is the film thickness. The 
resulting values of σ for the samples are presented in Fig. 4 and are 
summarized in Supplementary Table 1 for all samples. The dimensions 
of the films applied to the PET substrate were as follows: a length of 1.5 
cm, a width of 0.7 cm, and a thickness of 50 µm. The hTE films show an 
increasing trend of σ with increasing NP content (Fig. 4(a)). Sb2Te3 hTE 
films without HDT show a σ value of 0.57 S/cm (60%), increasing to 4.2 
S/cm (70%) and finally to 5.3 S/cm (80%) with increasing NP content. 
Upon the addition of HDT to the formulation of the inks, the σ values 
increase significantly from 3.1 S/cm (60%) to 6.0 S/cm (70%) and 
finally to 8.1 S/cm (80%). The same trends are observed for Bi2Te3 hTE 
films upon the addition of HDT, where the σ values increase from 0.1 to 
0.3 S/cm, 0.7 to 2.1 S/cm, and 0.8 to 3.2 S/cm for the films with 60%, 
70%, and 80% NP content, respectively. There is an apparent positive 
impact of HDT addition on the σ, which will be discussed later, along 
with the carrier concentration and Hall mobility measurements. S values 

Fig. 2. TEM micrographs of as-synthesized TE materials (a, b) Bi2Te3, and (c, d) 
Sb2Te3 through MW-assisted thermolysis.

Fig. 3. SEM micrographs of hTE films at different magnifications: (a-b) Bi2Te3- 
PMMA, (c-d) Sb2Te3-PMMA, where (d) shows a typical cross-sectional view of 
Sb2Te3–PMMA hybrid film.
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of the hTE films were also evaluated for films with the same NP content; 
the results are presented in Fig. 4b and summarized in Supplementary 
Table 1 for all samples. Sb2Te3 hTE films exhibit positive S values – 
indicative of p-type transport - in the range of approximately 200–225 
µV/K, with an incremental increase upon the addition of HDT. Bi2Te3 
films exhibit negative S values, indicative of n-type transport, ranging 
from − 150 to − 175 µV/K, which increase slightly in absolute value to 
− 175 to − 210 µV/K upon the addition of HDT. The slight increase in S 
values upon HDT addition can be attributed to an increase in carrier 
mobility. Finally, using the values of σ and S, the electronic power factor 
(S2σ) was estimated and presented in Fig. 4(c). In agreement with the 
trends of σ and S, the power factor (PF) values increase with increasing 
NP content, with a further improvement in the presence of HDT for both 
n- and p-type hTE films. The highest PF values were estimated for hTE 
films with the highest NP content of 80%. The highest PF value of 40 µW 
m− 1 K− 2 has been calculated for Sb2Te3, while the highest value of about 
14.1 µW m− 1 K− 2 has been obtained for Bi2Te3 hTE films.

The samples with organothiol HDT in their compositions (Fig. 4c) 
exhibit elevated PF compared to their HDT-free counterparts. This in
crease is attributed to a significant increase in their conductivity (σ). To 
shed light on the real effect of the organothiol addition, we performed 
Hall mobility measurements on the characterized hTE films. Fig. 4d and 
4e show the obtained values for carrier concentration (n) and Hall 
mobility (µ) for Sb2Te3 and Bi2Te3 hTE films with different NP content, 
in the absence and presence of HDT. A general trend of slightly increased 
n with increasing NP content is observed for both samples across all 
compositions. For a given composition of hTE films, n is of the same 
order of magnitude, and it does not exhibit a strong dependency on the 
HDT addition, whereas the µ values show a significant jump in the 
presence of HDT. This reveals that HDT reduces the interface resistance 
between the NPs and the polymer matrix in hTE films, improving the µ 
and σ values. This is consistent with percolation curve studies (see 
Supplementary Fig. 5), which show that adding HDT reduces the 
percolation threshold and improves the prefactor governing the 

efficiency of charge transport above the threshold. This specifically 
enhances the PF of the hTE films. These results align with previous 
works, where organothiol was used to reduce the interface resistance 
between particles [17,18,33]. Bifunctional thiols can replace long 
insulating surface ligands, such as those from the oleic acid solvent, and 
form direct molecular bridges between neighboring particles. This re
duces interparticle spacing and it may lower the tunneling barrier for 
charge carriers. This mechanism is well established in nanoparticle 
films, where short-chain ligands enhance electronic coupling and charge 
transport. Other work on alkane dithiol‑linked junctions shows that 
HDT shortens effective tunneling distances and increases current at 
nanoparticle–thiol interfaces, an effect attributed to stronger metal
–sulfur bonds and improved electron coupling. Consequently, the 
observed increase in mobility is consistent with a reduction in interfacial 
resistance resulting from improved electronic coupling between parti
cles [34–36].

Our findings show the following experimental trends: σ increases 
strongly, mobility increases, and the absolute value of S increases. While 
this combination is consistent with more efficient charge transport 
pathways induced by HDT treatment, it does not uniquely identify a 
single dominant mechanism. In addition to enhanced carrier mobility, 
several concurrent effects may contribute to the observed behavior, 
including modifications of interparticle tunneling barriers, variations in 
effective carrier concentration, changes in surface states or trap density, 
or alterations in the energy-dependent transport near the Fermi level. In 
this context, interfacial phenomena, such as energy-dependent trans
mission across nanoparticle junctions, could lead to signatures resem
bling energy filtering, with a preferential contribution of higher-energy 
carriers and a corresponding slight increase in S [37,38].

This combination improves the power factor S2σ, which is a result of 
synergy we sought to achieve through the hTE strategy. Based on the 
electronic transport property data, hTE formulations with 80% NP 
(Sb2Te3 or Bi2Te3) content were chosen and used for the simulation and 
fabrication of hTEG in the following sections.

Fig. 4. Electronic transport properties of the as-made hTE films with different filler ratios (60–80%) of Bi2Te3 and Sb2Te3 NP in the polymer matrix, in the absence 
and presence of with and without HDT; (a) electrical conductivity (σ), (b) Seebeck coefficient (S), and (c) electrical power factor (PF); carrier concentration (n) and 
Hall mobility (µ) of (d) Sb2Te3 and (e) Bi2Te3.
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3.4. Simulation, optimization and fabrication of hTEG devices

Once the single hTE legs were characterized individually, their σ and 
S values were input into the model to determine the optimal geometry. 
The modeling of hTEG utilized the properties of hTE films containing 
80% NP content. As shown in Fig. 4a, the σ of Sb2Te3 hTE films (p-leg) is 
twice that of the Bi2Te3 hTE films (n-leg). Consequently, the first step in 
optimizing the geometry of the hTEG involves identifying the optimal 
cross-sectional area ratio between the p-leg and the n-leg (p:n). For this 
purpose, the width of the p-leg was fixed at 7 mm, while the width of the 
n-leg was varied, maintaining a constant leg length and applying a 
temperature gradient of 10 K.

Since increasing the cross-sectional area reduces the device's internal 
resistance, the power output increases with a larger cross-sectional area, 
potentially resulting in an excessively large TEG. Therefore, geometry 
optimization was conducted based on the power output density (PoD), 
enabling the identification of the geometry that delivers the highest 
power output per unit area while minimizing the device's footprint. The 
results of this initial simulation step are shown in Fig. 5a. As expected, 

increasing the width of the n-leg leads to a reduction in the device's 
internal resistance. Furthermore, it was observed that a p:n ratio of 1:2 
yields the highest PoD. Thus, the width of the n-leg should always be 
double that of the p-leg, consistent with the measured σ values.

In the next step, the optimal width of the p-leg was evaluated. A 
parametric study was conducted in which the width of the p-leg was 
varied while maintaining a constant p:n ratio of 1:2, a leg length of 15 
mm, and a temperature difference of 10 K. The results, shown in Fig. 5b, 
indicate that the power output density increases gradually with the p-leg 
width until it reaches 14 mm, where a saturation point is observed (the 
differences between 13 and 14 mm are negligible). As in the first step, 
increasing the cross-sectional area reduces the TEG's internal resistance.

Finally, the optimization of the leg length was addressed. The p-leg 
width was fixed at 14 mm, the n-leg width at 28 mm, and the leg length 
was varied between 10 and 30 mm, with a thermal gradient of 10 K 
applied. Leg lengths shorter than 10 mm were excluded from the study 
due to the increased difficulty of achieving high thermal gradients. In 
this case, the maximum PoD was obtained with short legs (10 mm, 
Fig. 5c). Additionally, the internal resistance decreased slightly from 

Fig. 5. Finite element modeling (FEM) optimization of (a) p:n width ratio, (b) p-leg width, and (c) leg length as a function of power output density -PoD. (d) 
Schematic of the TEG final geometry - The three legs are marked as "n" and the three legs as "p", representing the NPs content of the legs as Bi2Te3 and Sb2Te3, 
respectively. (e) Power Output as a Function of thermal gradient, ΔT.
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250 ohms (length of 30 mm) to 150 ohms (length of 10 mm).
Thus, the optimal geometry for a TEG using the formulated inks in 

this study is established as rectangles with a length of 10 mm and a 
width of 14 mm for the p-leg and 28 mm for the n-leg, as illustrated in 
Fig. 5d Finally, the optimized geometry simulated the TEG's power 
output under different thermal gradients (Fig. 5e). The simulation pre
dicts that under a ΔT of 30 K, a power output of 1.3 µW could be 
achieved.

The demonstrator hTEG device was fabricated employing the ge
ometry optimized by FEM. During the optimization process, the thick
ness of the legs was maintained by keeping the volume of hybrid ink 
deposited per unit area constant at 125 μL cm− 2. The same volumetric 
factor was used for the previously characterized individual legs. Thus, 
each p-type and n-type leg was obtained with 175 μL and 350 μL of the 
formulated hybrid-ink, which implies a total of 0.756 g of NPs (0.252 g 
Sb2Te3 and 0.504 g Bi2Te3 in total for the p and n-legs, respectively) for 
the complete hTEG fabrication. Fig. 6a illustrates the hTEG with three p- 
type and three n-type hTE legs linked at their ends using silver cement, 
forming three thermocouples. An important parameter to evaluate 
during the development of TEG is the variation of internal resistance as a 
function of the number of legs. Given that the cross-sectional area of 
both p-type and n-type legs has been optimized, a linear evolution of 
resistance with the number of legs is expected, as illustrated in Fig. 6b 
The internal resistance of the hTEG exhibits an almost linear increase 
from 18.2 Ω to 186.7 Ω. However, the final internal resistance of the 
optimized hTEG is slightly higher than that of the simulated hTEG 
(151.9 Ω), likely due to contact resistance at the interface between the 
legs and the silver cement electrode. In order to verify this, Transfer 
Length Method (TLM) measurements were performed to determine the 
contact resistance between the legs and the silver paste (see Supple
mentary Fig. 6). For this purpose, the distance between the silver paste 
electrodes varied from 2 to 10 mm, and by extrapolating to 0 mm, the 
contact resistances of silver paste/Sb2Te3 and silver paste/Bi2Te3 were 
found to be 2.7 Ω and 2.8 Ω, respectively. Considering the number of 
silver paste interfaces with the p- and n-type legs and adding these 
values to the theoretical internal resistance of the device, the resulting 
internal resistance is close to the experimental value (185.0 Ω). This 
indicates that the main reason for the increased internal resistance 

compared to theoretical value arises from the contact resistance at the 
silver paste/leg interfaces.

Subsequently, the hTEG was subjected to various constant thermal 
gradients (ΔT = 5, 10, 20, 30 K), during which different load resistances 
ranging from 10 Ω to 4000 Ω were applied. The voltage was measured, 
and using the voltage and load resistance values, the power output was 
calculated. The results are presented in Fig. 6c, which shows that both 
the power output and voltage increase with temperature.

Supplementary Figs. 6 and 7 provides a magnified view of the 
power output values (not visible under low thermal gradients) and a fit 
of the output voltage using the following equation: 

V = VOC
RL

RI + RL 

where VOC is the open-circuit voltage, RL is the load resistance, and RI is 
the internal resistance of the device. From this fitting, the internal 
resistance of the hTEG and the VOC can be determined. Table 1 sum
marizes the experimental results obtained for the optimized TEG, 
including the derived parameters. The optimized hTEG, fabricated using 
<1 g of TE powders, shows around 1 µW power output. As synthetic and 
processing technologies are easily scalable, this may enable a broader 
entry of TEs applied to larger areas.

Table 2 shows the comparative analysis of flexible hTEGs, which 
reveals three main categories of materials: (i) carbon nanotube–based 
composites with conducting polymers or chalcogenides, (ii) chalcogen
ides combined with conducting polymers, and (iii) chalcogenides 

Fig. 6. (a) Photograph of the optimized hTEG device, with 6 hTE (80% NPs + 20% PMMA) legs (3 p-n junctions) on a PET substrate connected via silver cement at 
their ends. (b) Measured internal resistance change per leg throughout the device. (c) The hTEG’s power output and output voltage are under various load resistances 
and temperature gradients (● closed dots for Power Output, ◦ open dots for Output Voltage).

Table 1 
Internal resistance (RI), maximum power output (Pmax), maximum power output 
density (PoDmax), and open-circuit voltage (VOC) for the TEG measured at 
different thermal gradients, ΔT.

ΔT RI (Ω) Pmax (nW) PoDmax (nW cm− 2) VOC (mV)

5 K 184.13 13.65 0.58 3.00
10 K 180.49 52.22 2.22 6.00
20 K 180.66 361.27 15.36 16.02
30 K 179.61 949.52 40.37 25.99
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embedded in insulating polymer matrices. Each category displays 
distinct advantages and limitations in terms of electrical transport, 
mechanical flexibility, and power output. Carbon nanotube (CNT)– 
based composites, such as SWCNTs/PVP and PEDOT:PSS/SWCNT, 
achieve the highest reported power outputs and power output densities, 
reaching values in the μW cm− 2. This superior performance originates 
from the intrinsically high electrical conductivity and percolative 
transport pathways provided by CNTs [39]. Nevertheless, their practical 
application is often constrained by high processing costs, difficulties in 
large-area integration, and limited material availability [40,41].

In contrast, hTEGs constructed from chalcogenides and conducting 
polymers, such as Cu3Se2/PANI:H2SO4 or Bi0.5Sb1.5Te3/PEDOT:PSS, 
exhibit considerably lower performance, typically within tens to hun
dreds of nW of power output. This reduction is attributed to the limited 
electrical conductivity of the polymer matrices, as well as interfacial 
mismatches between the organic and inorganic components, which 
hinder effective charge transport [40,41]. A similar trend is observed for 
chalcogenides dispersed in insulating polymer matrices, such as 
Bi2Te3/PVDF or Bi2Te2.7Se0.3/silk fibroin, where the insulating nature of 
the host polymer severely limits electron transport, resulting in 
maximum power outputs below 25 nW. Within this context, the results 
of the present work (Sb2Te3/HDT/PMMA and Bi2Te3/HDT/PMMA) 
demonstrate a significant advancement for the category of chalcogeni
de–insulating polymer composites. The device achieves a maximum 
output power of 949.52 nW at ΔT = 30 ◦C, representing an improvement 
of more than one order of magnitude compared to previously reported 
systems employing insulating matrices (12–25 nW). Although the cor
responding power output density (40.37 nW cm− 2) is still far below the 
values obtained with CNT-based composites, it remains competitive 
when compared with other polymer-based systems and is particularly 
remarkable considering the relatively modest temperature gradient 
applied. This suggests that enhanced performance stems from the opti
mized hybrid architecture, rather than from extreme thermal conditions.

One of the key characterizations of hTEGs for use in wearable elec
tronics is the study of their long-term thermal stability and resistance to 
everyday wear. To this end, the evolution of the device’s internal 
resistance was monitored over a period of 24 weeks under laboratory 

ambient conditions, with temperatures ranging between 19 and 22 ◦C 
and relative humidity between 58 and 66%. As shown in Fig. 7a, the 
internal resistance of the hTEG gradually increased by approximately 
20% of its initial value (RI,0), indicating degradation of the device when 
exposed to common real-life conditions. This could be extrapolated to 
mean that the maximum output power may decrease by around 20% 
after 6 months. However, the origin of this degradation is not entirely 
clear, as it may be influenced by the intrinsic degradation of the hTE 
material itself or of the electrode (silver paste). To clarify this, we 
replaced the silver paste with fresh silver contacts, and the internal 
resistance of the device after 6 months was found to be only 3% more 
than its initial value, as shown in Fig. 7b

To evaluate the stability of the hTEG under wearable-like mechanical 
stress, we studied the evolution of the device’s internal resistance as a 
function of the number of bending cycles around a cylinder with a 
diameter of 6 cm, simulating the approximate diameter of a human 
wrist. As shown in Fig. 7c, the internal resistance of the hTEG remained 
approximately stable during the first 1200 bending cycles. Beyond this 
point, the increase became more pronounced, reaching about a 28% 
increase after 3000 cycles compared to the initial value. Once again, we 
sought to investigate the origin of this degradation, as it is known that 
silver electrodes are brittle and the PMMA matrix embedding the Sb2Te3 
and Bi2Te3 NPs is not a flexible polymeric matrix. After completing the 
3000 bending cycles, we replaced the silver electrodes with fresh ones, 
and the internal resistance of the hTEG was essentially restored, main
taining 99.4% of its original value, as shown in Fig. 7d These two ex
periments demonstrate that the primary cause of hTEG degradation lies 
in the silver electrodes used for device fabrication, rather than in the hTE 
materials developed in this work.

Finally, to underscore the significance of FEM-guided design in hTEG 
development, a device was fabricated with the same configuration and 
legs of uniform width (7 mm) and length (10 mm). Supplementary 
Figs. 7a and 8a illustrates the evolution of the internal resistance of this 
hTEG. Two distinct differences compared with the geometrically opti
mized hTEG are evident: (1) the internal resistance of this hTEG is 
significantly higher (4.2 kΩ vs. 180 Ω), and (2) due to the intrinsic 
mismatch in the electrical conductivities of Sb2Te3 (p-type) and Bi2Te3 
(n-type), abrupt changes in internal resistance occur at the transitions 
between p-type and n-type legs. Since these two TE materials exhibit 
significantly different resistivities, if the leg cross-sections are not 
geometrically optimized, the current density distribution becomes 
discontinuous at the p–n transitions. This leads to localized resistance 
jumps at the interfaces, which manifest as abrupt resistance changes in 
the measured curves. In the optimized device, by tailoring the cross- 
sectional areas of the p- and n-type legs, we effectively match their 
electrical resistances, thereby homogenizing the current flow and 
minimizing internal resistance, which eliminates such abrupt transi
tions. Supplementary Figs. 7b and 8b presents the power output and 
voltage measurements of the non-optimized device. In this case, the 
maximum power output under a ΔT of 30 K is only 14 nW. This power 
output value is consistent with previous reports on composites 
composed of Bi(Sb)2Te3 nanoparticles embedded in insulating polymer 
matrices such as PVDF or silk fibroin, where the maximum power output 
reaches around 10 nW for a thermal gradient of 30 K [29,30]. The power 
output value of the non-optimized hTEG is not directly comparable to 
the optimized one, as the active areas of the two devices differ. When 
considering the respective areas of both hTEGs, the optimized hTEG 
achieves a maximum PoD of 40.37 nW cm− 2, while the non-optimized 
hTEG exhibits a PoD of just 1.38 nW cm− 2. The FEM-assisted geo
metric optimization of the TEG has resulted in a net 30-fold improved 
device-generated power density efficiency. It is therefore clear that, 
when comparing the performance of hTEG devices without prior geo
metric optimization - such as the non-optimized device presented in this 
study and those previously reported by Weng et al. [29]. and Park 
et al.30with the geometrically optimized device developed here, the 
importance of conducting preliminary modeling of the TEG becomes 

Table 2 
Comparative summary of flexible hTEGs reported in the literature, highlighting 
the hybrid TE material and architecture, number of thermoelectric legs, 
maximum output power (Pmax), power output density (PoD), and applied tem
perature difference (ΔT).

Hybrid TE material and 
architecture

N◦

legs
Pmax 

(nW)
PoD (nW 
cm− 2)

ΔT ( 
◦C)

Reference

MWCNT-NH2/NiO  
(p-p architecture)

15 1.44 59.3 100 [42]

SWCNTs/PVP 
(p-n architecture)

6 1440 400,000 56 [39]

PEDOT:PSS/SWCNT 
SWCNT:PEI 
(p-n architecture)

18 2600 361,000 48 [43]

Ag2Se/SWCNT 
(n-n architecture)

6 725 - 30 [44]

Bi0.5Sb1.5Te3/PEDOT: 
PSS 
(p-p architecture)

6 45 - 25 [45]

Cu3Se2/PANI-H2SO4 

(p-p architecture)
8 25.69 2380 100 [46]

Bi2Te2.7Se0.3/Silk 
fibroin 
Bi0.5Sb1.5Te3/Silk 
fibroin 
(p-n architecture)

6 20 - 40 [29]

Bi2Te3/PVDF 
(p-n architecture)

6 12 - 25 [30]

Sb2Te3/HDT/PMMA 
Bi2Te3/HDT/PMMA 
(p-n architecture)

6 949.52 40.37 30 This work
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evident. Such modeling is demonstrated to be a powerful tool to guide 
the design of TEGs/hTEGs with maximized power output per unit area.

4. Conclusions

Nanostructured Sb2Te3 (p-type) and Bi2Te3 (n-type) with platelet 
morphology were successfully synthesized via a microwave-assisted 
thermolysis route and incorporated into hybrid thermoelectric (hTE) 
inks using PMMA as the polymer matrix. The use of an organothiol 
(HDT) in ink formulation has proven highly effective in enhancing the 
electrical conductivity of hybrid TE films by reducing the interface 
resistance. It is demonstrated through Hall mobility measurements that 
carrier mobility has increased significantly upon the addition of HDT 
into the hybrid-ink matrix. Through percolation studies, the optimal 
composition yielding the highest electronic power factor is determined 
to be 80% NP and 20% polymer content for both n-type (Bi2Te3) and p- 
type (Sb2Te3) hybrid TE films. A series of geometric and power opti
mizations has been performed using finite element modeling for a 6-leg 
hTEG device, utilizing experimentally measured transport properties as 
materials’ (individual leg’s) characteristics. Results revealed a p-leg:n- 
leg area ratio of 1:2, with a p-leg width of 14 mm for the best power 
output from the fabricated hybrid films. A maximum power output of 
1300 nW was estimated for the optimized TEG design, under a thermal 
gradient of 30 K. Thereafter, a TEG device with the identified parameters 
was fabricated, and its transport properties were evaluated under 

varying loads and temperature gradients. The highest power output of 
950 nW was obtained at a 30 K thermal gradient, slightly lower than the 
theoretically predicted value, which is attributed to the contact resis
tance of the silver electrodes with the p- and n-legs, as demonstrated by 
TLM measurements. Furthermore, the optimized hTEG achieves a 
maximum power output density (40.37 nW cm− 2) that is 30 times higher 
than that of the non-optimized hTEG (1.38 nW cm− 2). This difference is 
attributed to the higher internal resistance of the non-optimized device. 
This work demonstrates that combining sustainable, low-energy chem
ical synthesis with simulation-guided device optimization enables the 
fabrication of flexible, high-performance hTEGs. The proposed strategy 
not only minimizes energy use and material waste but also maximizes 
device efficiency, paving the way for more sustainable approaches to 
energy harvesting with TE materials.
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