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Abstract 

Advances in modern electronics have significantly reduced power consumption, paving 

the way for alternative energy harvesting (EH) to complement traditional batteries. With 

an estimated 50% of global energy consumption expected to be wasted as heat by 2030, 

the development of energy harvesting technologies that can convert this waste heat into 

usable energy is critical to addressing sustainability challenges. Thermoelectric 

generators (TEGs) are the ideal candidates, as they use the Seebeck effect to convert 

thermal energy into electrical energy. However, conventional manufacturing processes 

for TEGs are often expensive and environmentally unfriendly and rely on inorganic 

materials that are rare, limiting their widespread adoption. 

Organic TEGs are emerging as a cost-effective and environmentally friendly alternative 

due to the good solution processability and abundance of organic materials in nature. 

Despite significant research into the thermoelectric (TE) properties of organic materials, 

their practical application within energy harvesting devices remains limited to proof-of-

concept lab-scale devices, both for environmental instability, especially for the n-type 

materials, and absolute poor TE performance far behind the inorganic counterparts. 

However, recent advances in materials research have created the potential to implement 

these materials in application-specific devices, which is an important first step toward 

practical applications. 

This thesis explores the development, characterization, and optimization of scalable, low-

cost fabrication methods for organic-inorganic TEGs, focusing on the transition from lab-

scale prototypes to large-scale production. First, a scalable method for fabricating vertical 

organic TEGs using industrial machinery is introduced, with device reliability validated 

through finite element simulations and scalability demonstrated by successfully printing 

up to 800 thermoelements. Second, the integration of a stable n-type ink into a scalable 

folded TEG architecture is presented, with performance aligning with numerical 

simulations. These devices exhibit record performance in the field of organic TEGs and 

deliver unprecedented stability in harsh environments, meeting the requirements for real-

world applications. Finally, the integration of an inorganic scalable device with a vertical 

architecture and a low-cost, low-power start-up stage is demonstrated. The system 
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effectively boosts the power generated by the printed TEG to drive conventional 

electronic devices in practical applications. 
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Kurzfassung 

Fortschritte in der modernen Elektronik haben den Energieverbrauch erheblich reduziert 

und ebnen den Weg für alternative Energiegewinnungsmethoden (engl. Energy-

Harvesting-Methoden, EH) als Ergänzung zu herkömmlichen Batterien. Angesichts der 

Prognose, dass bis 2030 etwa 50% des globalen Energieverbrauchs als Wärme 

verschwendet werden, ist die Entwicklung von Technologien zum Energy Harvesting, die 

diese Abwärme in nutzbare Energie umwandeln können, entscheidend für die 

Bewältigung von Nachhaltigkeitsherausforderungen. Thermoelektrische Generatoren 

(TEGs) sind dazu die idealen Kandidaten, da sie den Seebeck-Effekt nutzen, um 

thermische Energie in elektrische Energie umzuwandeln. Allerdings sind die 

herkömmlichen Herstellungsverfahren für TEGs oft teuer und umweltschädlich und 

basieren auf seltenen anorganischen Materialien, wodurch ihre weitverbreitete 

Anwendung einschränkt ist. 

Organische TEGs gewinnen als kostengünstige und umweltfreundliche Alternative 

zunehmend an Bedeutung, da organische Materialien gut löslich und reichlich vorhanden 

sind. Trotz umfangreicher Forschung zu den thermoelektrischen (TE) Eigenschaften 

organischer Materialien bleibt ihre praktische Anwendung in Energy-Harvesting-

Systemen auf Machbarkeitsstudien im Labormaßstab beschränkt, sowohl aufgrund der 

Umweltinstabilität, insbesondere der n-Typ-Materialien, als auch aufgrund der insgesamt 

schlechten TE-Leistung im Vergleich zu anorganischen Materialien. Jüngste Fortschritte 

in der Materialforschung haben jedoch das Potenzial geschaffen, diese Materialien in 

anwendungsspezifischen Geräten einzusetzen, was einen wichtigen ersten Schritt in 

Richtung praktischer Anwendungen darstellt. 

Diese Dissertation untersucht die Entwicklung, Charakterisierung und Optimierung 

skalierbarer, kostengünstiger Fertigungsmethoden für organisch-anorganische TEGs und 

konzentriert sich auf den Übergang von Laborprototypen zu Großserienproduktionen. 

Zunächst wird eine skalierbare Methode zur Herstellung vertikaler organischer TEGs mit 

industriellen Verfahren vorgestellt, wobei die Zuverlässigkeit der Bauteile durch Finite 

Elementsimulationen validiert und die Skalierbarkeit durch den erfolgreichen Druck von 

bis zu 800 Thermoelementen demonstriert wird. Zweitens wird die Integration eines 

stabilen n-Typ Materials in eine skalierbare gefaltete TEG-Architektur präsentiert, deren 

Leistung mit numerischen Simulationen übereinstimmt. Diese Geräte zeigen 
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Rekordleistungen im Bereich der organischen TEGs und bieten außergewöhnliche 

Stabilität in rauen Umgebungen, wodurch sie die Anforderungen für reale Anwendungen 

erfüllen. Schließlich wird die Integration eines anorganischen, skalierbaren Bauteils mit 

einer vertikalen Architektur und einer kostengünstigen, energiesparenden Startphase 

demonstriert. Das System steigert effektiv die von den gedruckten TEGs erzeugte 

Energie, um herkömmliche elektronische Geräte in praktischen Anwendungen zu 

betreiben. 
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Introduction 

 

“Non temete i momenti difficili. Il meglio viene da lì” 

Rita Levi Montalcini 

 

1.1 Motivation  

With the widespread of IoT (Internet of Things) devices, the demand for sustainable, cost-

effective, and long-lasting power is crucial.1,2 Energy Harvesting (EH) solutions are 

emerging as game changers to replace or more reasonably complement batteries in 

applications where portability, remote control, and power autonomy are critical. 

Photovoltaics, which harnesses solar radiation, are the most promising and extensively 

studied EH, achieving conversion efficiencies nearing 50%.3 Although, as one would 

logically expect, their operation depends on sunlight. In dark scenarios, alternative 

solutions have to be examined to surmount this limitation. Piezoelectric and 

electromagnetic EHs represent viable alternatives,4,5 wherever there is mechanical energy 

is available. However, these mechanical generators are composed of moving parts, and 

their maintenance is often critical, especially in harsh remote-control scenarios.  

Another widely available source of energy is heat energy. Just consider that by 2030 is 

estimated that around 50% of global energy use will be wasted as heat.6 The heat can be 

converted into electrical energy using thermoelectric generators (TEGs). The TEGs are 

free of mechanical parts; thus, they are silent, highly reliable, and require little 

maintenance compared to Piezoelectric and Electromagnetic EH. 

TEGs are typically used in applications such as industrial processes, automotive 

applications, and remote sensors (including wearables) where sunlight and mechanical 

movements are not available or reliable. TEGs are particularly advantageous in situations 

where a temperature gradient is maintained, operating continuously as long as this 

temperature difference exists. The modularity, flexibility, and compactness of the TEG 

design, along with their ability to operate at low temperatures, allow the TEG to exploit 

small and local temperature differences, unlike other standard methods of generating 
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energy from the heat, such as the Rankine cycle.7,8 These characteristics make these 

devices very suitable for the IoT world.  

The majority of TEGs are manufactured using known processes such as Bulk, Si-based, 

and MEMS (Micro-Electro-Mechanical System) techniques. 

Bulk TEGs, the commercially available Peltier modules, are made by synthesizing high-

quality thermoelectric materials, which are then cut, shaped, and doped into single 

elements to create individual p-type and n-type legs. These elements are afterward 

assembled with thermal and electrical interconnections and encapsulated to create the 

TEG modules.9,10 The cost of producing these devices remains high, despite being already 

commercialized in mass production. This is due to high-purity materials and the complex, 

specific manufacturing techniques involved.  

Si-based TEGs are made using CVD (Chemical vapor deposition), and ion implantation 

to create the thermoelectric legs TEG. These techniques are easy to integrate into 

widespread and well-consolidated complementary metal-oxide-semiconductor (CMOS) 

technology.11,12 Typically, poly-Si and poly-SiGe are used in the fabrication of the CMOS-

based TEG, due to their reasonable thermoelectric performance. However, the high 

thermal conductivity of Silicon remains the main limiting factor in exploiting this 

technology. 

MEMS (Micro-Electro-Mechanical Systems) TEGs are often deposited by physical vapor 

deposition (PVD) and CVD, and typically the fabrication process involves 

photolithography, dry etching, liftoff, and shadow masks, leading to a high production 

cost. 13,14 

Alternative to the standard fabrication electronic techniques described above industrial 

printing techniques are emerging methods for fabricating TEGs.15–17 These techniques are 

characterized by low-temperature, vacuum-free (or vacuum-less in some cases), cost-

effective equipment, minimal material waste, and the possibility to use sustainable 

substrates and materials. However, not all materials can be printed. Solution-processable 

inks with specific rheological properties,18,19 which vary for each printing technique, are 

necessary for proper drop generation and to achieve the desired resolution and pattern. 

Nowadays, the most widespread printing techniques are inkjet printing, screen printing, 

aerosol jet printing, and direct ink writing (DIW). The main differences between these 

techniques are production time, printing resolution, and specific requirements of the inks, 
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as described below. Using these new methods to fabricate TEGs boosts the exploration of 

new cost-effective, flexible conformal, low-weight, and customizable architectures ideal 

when the heat sources have a curved or irregular surface, such as human skin, demanding 

TEGs that are conformal, flexible, low-weight, and customizable. These devices could 

provide a complementary source of energy where other forms of energy generation cannot 

meet the requirements. 

Currently, inorganic materials outperform organic materials in terms of energy generation 

efficiency.20 The most used printable inorganic materials for fabricating TEGs are 

certainly (BiSb)2(TeSe)3-based,21 which perform best at medium-temperature gradients 

(below 450 K) and are among the most suitable to make inks. However, promising 

chalcogenides Ag2Se and Cu2Se have also demonstrated good printability and reasonable 

performances.22 Bi, Se, and especially Te have a rare crustal abundance of 0.18,23 0.1323 

and 0.00124 ppm, respectively, and their extraction, processing, and disposal can pose 

environmental risks. Furthermore, Te and Bi in low to medium concentrations and Se in 

high concentrations are toxic to humans. These factors limit their mass production in light 

as societies move towards environmental sustainability. 

Printable inorganic materials are still less efficient than bulk materials due to the presence 

of binders, additives, and solvents that cause high interfacial resistance among the TE 

particles.22 Compared to the bulk materials the TE-printed films are less brittle and can 

be bent slightly, but they are still not as flexible as their organic counterparts. 

The organic materials are easily compatible with solution-based fabrication techniques 

and are ideal candidates for printing flexible, stretchable, and sustainable TEG. Their 

processability allows for the development of cost-effective devices with diverse 

architectures, capable of exploiting all thermal gradients by tailoring them for each heat 

source, ensuring optimal thermal matching.25–27 However, as anticipated, the 

thermoelectric performance is significantly lower compared to inorganic materials. 

Prototypes of organic TEG with an output power density ranging from 10 to 100 μW     

cm-2,28 which is required for most IoT technologies, have yet to be realized in practical 

applications. 

Nowadays the research in the organic community is primarily focused on enhancing 

material performance, aiming to bridge the gap with inorganic counterparts by 
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synthesizing new materials and improving doping quality. While studying the properties 

of materials is undoubtedly important, it remains distant from practical application. 

Recent advancements in organic semiconductors, doping, and processing techniques, are 

starting to pave the way for application-oriented organic TEGs.29–31 Nevertheless, the 

current constraints have limited examples of fully printed organic TEGs to just a few 

studies, primarily serve as benchmarks for material properties, and are often characterized 

by low thermocouple density and fill-factor (FF) unsuitable for efficient energy 

harvesting. 

There is a need for TEG architecture made using scalable, solution-based deposition 

techniques that provide high power density, compatibility with various TE active 

materials, and predictable performance. This demand is becoming even more urgent as 

new, high-performance organic materials, such as the recently discovered 

poly(benzodifurandione) PBFDO,32 are developed and scaled up. 

Simultaneously there is a need for the development of suitable low-cost electronics 

capable of stepping up the low power generated by these devices to minimize the required 

area and temperature difference. The implementation of a start-up stage is necessary to 

minimize the minimum input voltage and to power conventional electronic devices. 

 

1.2 Scope of this work  

This thesis aims to bridge the gap between not-scalable poorly defined demonstrators to 

scalable, predictable organic TEGs that could be used for energy harvesting prototyping 

systems. Specifically, it aims to present new fully printed TEG architectures that are 

compatible with various printable inks without the use of time-consuming and costly 

extra-processing steps together with a low-power cost-effective electronic. Large-area 

techniques will be used to develop prototypes that are close to industrial-scale production 

taking into account the trade-offs between material performance, manufacturing 

techniques, and device design. To overcome these challenges, the development of 

materials and device concepts must carefully reevaluate their compatibility with the 

manufacturing process. 

The scope of this thesis is outlined in the following chapters, which briefly describe the 

objectives of each section: 
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• Chapter 2: provides an overview of thermoelectric phenomena through a 

description of the fundamental thermoelectric parameters: Seebeck coefficient, 

electrical conductivity, and thermal conductivity. Additionally, it presents the 

current state of the art in organic thermoelectric materials and solution-processable 

inorganic materials. 

• Chapter 3: gives a background to understand the fundamental principles of a 

thermoelectric generator and the influence of design parameters on its performance. 

It describes the fabrication methods employed in this thesis, screen printing and 

inkjet printing, and the properties that the inks should have for good printability in 

both cases. Lastly, it presents the current state of the art in printed thermoelectric 

generators. 

• Chapter 4: outlines the development of a scalable method for fabricating vertical 

organic thermoelectric generators using industrial machinery. The reliability of the 

devices is validated through finite element simulations, and scalability is 

demonstrated by successfully printing devices with up to 800 thermoelements. 

• Chapter 5: aims to demonstrate the use of the recently reported PBFDO n-type 

polymer alongside the PEDOT:PSS p-type polymer in a scalable thermoelectric 

generator. The performance is compared with finite element simulations, and the 

device is tested under harsh environmental conditions to assess its suitability for 

real-world applications. 

• Chapter 6: investigates a cost-effective, custom energy harvesting system, 

comprising a scalable inorganic thermoelectric generator and a custom start-up 

electronic circuit. The aim is to demonstrate its potential for practical applications, 

with future readiness for integration with organic thermoelectric generators. 

• Chapter 7: summarizes the key findings of this work and provides an outlook for 

future studies on improving the performance of organic thermoelectric generators 

and energy harvesting systems. 
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2.1 Fundamental of Thermoelectrics 

This chapter will describe the basic thermoelectric parameters for band-like conductive 

materials and amorphous materials. The basic interrelated parameters relevant to 

thermoelectric power generation are the Seebeck coefficient (S), electrical conductivity 

(σ), and thermal conductivity (k). Describing these parameters analytically for 

amorphous materials (most printed semiconductors) is challenging. Additionally, it will 

analyze the Figure of Merit (FoM): Power Factor (PF) and zT and describe the state of 

the art of organic materials and printed inorganic materials.  

The analysis of the state of the art of organic materials has been previously published as 

a journal article in the Journal of Materials Research.33,a 

 

2.2 Boltzmann transport equation 

Generally, the charge and heat transport in solid semiconductors and conductors can be 

described by the electrical (j) and thermal (jq) current density using the Boltzmann 

transport equation:34 

𝑗  =  𝐿11 ɛ + 𝐿12(−𝛻𝑇) (2.1) 

𝑗𝑞   =  𝐿21 ɛ + 𝐿22(−𝛻𝑇) (2.2) 

Where ɛ = E + ∇µ/q is the electric field (electrostatic field and the gradient of the 

electrochemical potential), and ∇T is the temperature gradient. For band conduction, we 

can evaluate from the Boltzmann transport equation the parameters L as a function of 

three tensors 𝓛α with the relaxation time approximation hypothesis (the system returns to 

equilibrium after a characteristic time, τ):35 

𝐿11 = ℒ0 (2.3) 

𝐿21 = 𝑇𝐿12 = − 
1

𝑞
 ℒ1 (2.4) 

𝐿22 =
1

𝑞2𝑇
 ℒ2 (2.5) 

ℒ𝛼 = ∫ 𝑑𝐸(
𝑑𝑓

𝑑𝐸
)(𝐸 − 𝐸𝐹)𝛼𝜎(𝐸) (2.6) 



Fundamental of Thermoelectrics 

 

 

 

22  

Where q fundamental charge, EF is the Fermi level, f is the fermi-Dirac distribution f = 

[1+exp(E-EF/kBT)]-1, and σ(E) is the transport function: 

𝜎(𝐸) =
𝑞2

4𝜋3 ∫ 𝜏(𝐸) 𝑣(𝑘)𝑣(𝑘)𝛿(𝐸 − 𝐸(𝑘))𝑑𝑘 (2.7) 

Where τ is the relaxation time, and v is the electron velocity. 

Knowing the σ(E) it is possible to evaluate all the thermoelectric parameters since: 

𝜎 = 𝐿11 (2.8) 

𝑆 =
𝐿12

𝐿11
 (2.9) 

𝑘0 = 𝐿22 (2.10) 

It has been demonstrated that these relationships are generally true, regardless of the 

transport in disordered semiconductors where the relaxation time approximation is not 

valid.36,37 The following sections describe each parameter in more detail, starting with a 

conceptual description and progressing to a more detailed one. 

 

2.3 Electrical conductivity 

The electrical conductivity σ is a measure of the ability of the materials to conduct 

electrical current. It can be expressed as follows: 

𝜎 =  
𝑗

𝐸
 (2.11) 

Where j is the current density, and E is the electric field. Following Drude's model and 

assuming that there is only one type of moving charge q under the action of an electric 

field, the carriers are accelerated by a force F=eE for a time τ, and the current density can 

be defined as: 

𝑗 =  𝑞
𝑒τ

𝑚
𝑛𝐸 (2.12) 

Where n is the density of carriers. Hence, the conductivity can be described by: 

𝜎 =  𝑞
𝑒τ

𝑚
𝑛 = 𝑞µ𝑛 (2.13)  

Where µ is the carrier mobility, and it is a measure of the velocity of charge carrier motion 

in the material when an electric field is applied. Making qualitative assumption, the 

conductivity is proportional to the density of the electrons, not surprising since the higher 
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the number of carriers, the more the current density. The conductivity is also inversely 

proportional to the mass since the mass is inversely proportional to the acceleration of the 

charge in an electric field. The µ is generally related to the morphology of the materials, 

while n can be tuned with doping. 

In a more realistic and extended description, the µ and n depend on the band structure, 

the transport mechanism, the physical condition (i.e. temperature) of the materials, and 

the presence of a crystal, as well as defects and impurities, which can scatter carriers and 

limit their dispersion. 

A general expression for the conductivity can be derived from the Boltzmann transport 

equation (see equations 2.6,2.7,2.8) in a relaxation-time approximation:38 

𝜎 =  ∫ 𝜎(𝐸)(−
𝑑𝑓

𝑑𝐸
)



−
𝑑𝐸 (2.14) 

Where σ(E) is the transport function described by equation 2.7. σ(E) has the same unit of 

electrical conductivity and depends on various factors such as the doping transport model, 

the applied force, and doping concentration. 

In an isotropic metal-like conductor material the transport function corresponds to:39 

𝜎(𝐸) =   
𝑒2

3
𝜏(𝐸)𝑣2(𝐸)𝑔(𝐸) (2.15) 

Where the g(E) is the density of the state. For a single parabolic band model g(E) is 

proportional to E1/2, 𝜏 is often considered proportional to E-1/2(case of phonon scattering), 

and v2 scale with E. Hence, σ(E) scales proportionally with E.40 By considering -df/dE as 

a selection function we can qualitatively describe equation 2.14 for a metal-like 

conductor. In a Metal -df/dE is a delta function center in the fermi level, well above the 

transport edge, and it selects the transport function in a range of 4kBT around the fermi 

level (Figure 2.1a). Whereas in a doped semiconductor, the fermi level is just above the 

band edge, and the band edge has the function of cutting out the carrier usually would 

take part in the conduction (Figure 2.1b). 

Considering τ only dependent on energy, the electrical conductivity can be described as: 

𝜎 =   
𝑒2

3
(𝑔𝑣2𝜏)𝐸=𝐸𝐹

 (2.16) 
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Figure 2.1: a) Energy dependence of the transport function (red line) and the 

selection function (blue dotted line) for a metal. b) Energy dependence of the 

transport function (red line) and the selection function (blue dotted line) for a 

doped semiconductor. 

 

Using the parabolic dispersion and the effective mass m*, it became: 

𝜎 =   
𝑛 𝑒2𝜏

𝑚∗  (2.17) 

It resulted in the Drude expression for m*= m. For a more detailed derivation refer to.41 

The time approximation is not generally valid for disordered materials, such as organic 

semiconductors, however, H. Fritzsche36 showed that equations 2.2 and 2.14 are valid 

regardless of the transport mechanism. It should be remembered that the main difference 

in charge transport in amorphous organic materials compared to crystal inorganic 

semiconductors and metals is that the carriers are not delocalized in the solid but are fully 

or partially localized. This precludes band conduction, the carriers rather move by a 

thermally activated tunneling process known as hopping. Establishing an analytical 

unique expression to describe the electrical conductivity of this class of materials is a 

nearly impossible task, given their spectrum of morphological possibilities, ranging from 

ordered molecular crystallites to semi-crystalline solids to near-amorphous polymers. A 

more detailed analysis can be found in the available literature.34,42,43 These works present 
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different models, the Mott-Martens/Zuo,44,45 the Schmechel-Ihnatsenka,46,47 and the 

Kang-Snyder.43 

 

2.4 Seebeck coefficient 

In a thermodynamic system, ideal and closed, subjected to an external temperature 

gradient, the uncharged mobile particles are subject to a steady drift. The hot particles 

have a higher average mean velocity than the cold particles. Hence, the hot particles have 

longer free paths than the cold ones, leading to a higher concentration of particles at the 

cold end by establishing a gradient. This phenomenon is known as the Soret effect or 

thermophoresis.48 When this process occurs in a system with charged particles, the 

gradient will produce a repulsive electrostatic force and, consequently, an electric 

potential, that drives the charges back toward the hot end, developing a dynamic 

equilibrium with a zero net flux of the charged particles. This phenomenon called the 

thermoelectric effect, was discovered through the observation of a current resulting from 

the difference in electrostatic forces of two metals when their junctions were kept at 

different temperatures.49 

For a single material, the ratio between the voltage generated (or thermal voltage ∆V) and 

the temperature difference (∆T) applied to the materials is the S, and can be described as: 

𝑆 = − 
∆𝑉

∆𝑇
 (2.18) 

The negative sign is due to the convention that the electric field points in the direction of 

decreasing electric potential. Thus, if the majority of the carriers in the materials are holes 

(p-type material) there will be a positive charge at the cold end and S will be positive, 

while if the carriers are mainly electrons (n-type material) there will be a negative charge 

at the cold end and the S will be negative.  

The S (or thermopower) is an intrinsic property of the material, and it is connected to the 

entropy of the charge carriers in a material with a temperature gradient. Charge carriers 

move from the hot side (high entropy) to the cold side (low entropy) of the material, 

creating a steady-state voltage. 

The classic theory does not explain why several metals, such as silver, gold, and 

aluminum which are known to be electron conductors, have a positive Seebeck 
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coefficient. This discrepancy is due to the application of the free electron gas model, 

which does not consider the band-dependent effective mass (m*) of the particles. 

As anticipated in the previous section, the Seebeck coefficient can be described 

macroscopically, derived from the Boltzmann equation in the relaxation time 

approximation38 (equations 2.6-2.9-2.7) independently from the transport process (H. 

Fritzsche36), with the following formula: 

𝑆 = −
1

𝑞𝑇
 ∫  (𝐸 − 𝐸𝐹)

𝜎(𝐸)

𝜎
(−

𝑑𝑓

𝑑𝐸
) 𝑑𝐸 = −

1

𝑞𝑇
 ∫  (𝐸 − 𝐸𝐹)

𝜎′(𝐸)

𝜎
𝑑𝐸  (2.19) 

In this case, the selection function is (E-EF)(-df/dE) and has a dipole moment shape (see 

Figure 2.2). 

In a metal, since the fermi level is deep inside the band, the dipole moment induces the 

cancellation between the carrier below and above the fermi level, minimizing the value 

of the S. This is the reason why, despite their high electrical conductivity, these materials 

are not considered effective thermoelectric materials. 

In a doped semiconductor, where the Fermi level is just above the band edge, the 

multiplication of the transport function and the selection function results in one lobe being 

larger than the other, maximizing the value of S (Figure 2.2). These materials are 

considered the best TE materials, as they exhibit a trade-off between the σ and S.40 

 

Figure 2.2: a) Energy dependence of the transport function for a doped 

semiconductor. b) Selection function of the Seebeck coefficient. c) Product 

between the transport function and the selection function. The yellow area is 

proportional to the Seebeck coefficient. The blue dashed red line represents the 

Fermi level. 
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In an isotropic metal-like conductor (parabolic band and simple phonon scattering), the 

current is determined only by the carriers with energies near EF, and equation 2.19 can be 

simplified using the Sommerfeld expansion:50 

𝑆 =  −
𝜋2𝑘𝐵

2𝑇

3𝑞

𝑑 

𝑑𝐸
ln [ 𝜎(𝐸)]|

𝐸=𝐸𝐹

=  
8𝜋2𝑘𝐵

2

3𝑞ℎ2 𝑚∗𝑇(
𝜋

3𝑛
)

2

3 (2.20) 

In which h is the Planck constant. This formula is known as the Mott expression It is 

possible to note that S is inversely proportional to the n, therefore extremely high charge 

carrier densities are responsible for a low S value, another way of seeing the trade-off 

between the S and the σ. 

Equation 2.20 is also valid for inorganic crystalline semiconductors but cannot usually be 

used in hopping systems (large amounts of printable semiconductor materials). 

In a system where the EF is far from the energy of the mobile charges, and only delocalized 

states over a specific mobility edge EC contribute to the charge transport (narrow-band 

materials), the σ (E) can be approximated with a step function where σ (E) is 0 for E < EF 

and constant for E ≥ EC. Since the derivate (σ’(E)) of the step function is a Dirac delta 

(σ’(E) = θ (E-EC)), the Seebeck coefficient in disordered or amorphous materials can be 

expressed as:34,43,50
 

𝑆 =  −
𝐸𝐶−𝐸𝐹

𝑞 𝑇
+ 𝐴 (2.21) 

Where A is a constant that depends on the conductivity distribution function (A is often 

ignored). In these systems, simplifying, the Seebeck coefficient is therefore proportional 

to the distance of the Fermi level from the band. 

 

2.5 Thermal conductivity 

The thermal conductivity k is a measure of the ability of the materials to conduct the heat. 

Heat can be defined as the transfer of thermal energy from one particle to its neighboring, 

where the thermal energy is defined by the microscopic vibration of the particles. In 

general, heat transfer can occur by radiation, convection, or conduction, but it has been 

shown that conduction is the main mode of heat transfer in solid materials. In solids, heat 

is carried by both lattice vibrational waves (phonons) and free electrons. Therefore, the 

total thermal conductivity can be defined as: 
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𝑘 = 𝑘𝑙𝑎𝑡 +  𝑘𝑒𝑙 (2.22) 

Where the klat and kel are the thermal conductivities due to the lattice vibration (phonons) 

and due to the electron, respectively. 

In a crystalline material, klat derives from the vibrational wave-like aspect of the phonon 

transmitted through the structures, which move from a high to a low-temperature zone. 

Generally, klat can be described with the Debye equation: 

𝑘𝑙𝑎𝑡 =  
𝐶𝑝 𝑣 𝑙

3
 (2.23) 

Where Cp is the volumetric heat capacity, v is the average phonon velocity, and l is the 

phonon mean free path. 

Instead, the kel is due to the free electron motion. The electrons on the hot side acquire 

kinetic energy and diffuse toward colder areas, where they collide and transfer some of 

their kinetic energy to the atoms as vibration. This contribution becomes more 

pronounced as the number of free electrons increases.  

Metals are known to be good heat conductors; indeed their thermal conductivity is 

generally very high (hundreds of W/mK). In metals, the electrons are not easily scattered 

and have higher velocities, therefore their contribution to the total thermal conductivity 

(k) is much bigger than the contribution of the phonons. The electrons in this case are 

responsible for both electrical and thermal conduction, and the two conductivities are 

proportional to each other, following the Wiedemann-Franz law: 

𝐿 =  
𝑘𝑒𝑙

𝜎𝑇
 (2.24) 

Where T is the absolute temperature, and L is the Lorentz number. This formula can also 

be derived once again from the Boltzmann equations in a relaxation-time approximation: 

𝑘0 =  
1

𝑞2𝑇
∫(𝐸 − 𝐸𝐹)2 𝜎(𝐸)(−

𝑑𝑓

 𝑑𝐸
)𝑑𝐸   with   𝑘𝑒𝑙 = 𝑘0 − 𝑆2𝜎𝑇 (2.25) 

Where 𝑘0 represents the electrical thermal conductivity when there is no electrochemical 

potential gradient inside the sample. In metal-like conduction, analogous to the conditions 

described for the calculation of the Seebeck coefficient and the electrical conductivity, 

the fermi level is deep inside the band and df/dE is negligible except for a small region 

around EF. Thus, kel can be expressed with the Sommerfeld expansion: 41
 

𝑘𝑒𝑙 =  
𝜋2

3
 (

𝑘𝐵

𝑞
)2𝜎𝑇 +  𝑜(

𝑘𝐵𝑇

𝐸𝐹
)2 (2.26) 
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Neglecting the second term, the kel = L0σT, where the Sommerfeld value L0 is 2.44×10-8 

Ω W/K2 and is similar to the Lorentz number described by equation 2.24. 

In this case, the selection function is (E-EF)2(-df/dE). As shown in Figure 2.3 (for the case 

where the Fermi level is just above the band edge), the two lobes combine, and the kel is 

closely related to the σ (see Figure 2.1). 

For amorphous materials, the typical situation is represented by klat >> kel. Furthermore, 

it must be considered that due to the structural disorder, the thermal energy will not 

propagate fast toward the material (Figure 2.4). Most of the initial kinetic energy is 

dissipated into the atoms of the disordered structure, causing k values advantageously 

low.  

 

 

Figure 2.3: Product between the transport function and the selection function. 

The purple area is proportional to the electrical thermal conductivity. The blue 

dashed red line represents the Fermi level. 

 

Scheunemann et al.37 demonstrated that equation 2.25 is in good agreement with the kel 

of disordered organic semiconductors experimentally measured. However, for this class 

of materials, the Lorenz number can be very different from the Sommerfeld value, and it 

can range over quite a wide range of values, depending on the localization length, 

energetic disorder, and carrier concentration.  
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Figure 2.4: Comparison between the thermal energy propagation in a) crystalline 

materials and b) polymers, using the Newton pendulum analogy.  

 

2.6 Thermoelectric materials figure of merit 

As discussed previously Seebeck, electrical conductivity and thermal conductivity 

depend on the same transport function σ(E) and are strictly correlated with each other. To 

take this dependence into account, a general Figure of Merit (FoM) used to evaluate the 

quality of the TE materials is the dimensionless zT: 

𝑧𝑇 =  
𝜎𝑆2

𝑘
𝑇 =  

𝑃𝐹

𝑘
𝑇  (2.27) 

Where PF is the power factor. The zT of the material is related to the maximum efficiency 

of the thermoelectric device (TEG) figure of merit ZT. 

The maximum efficiency of a material is often described as: 

𝜂𝑚𝑎𝑥   =  
∆𝑇

𝑇ℎ
 
√1+𝑧𝑇−1

√1+𝑧𝑇+1
  (2.28) 

Where the first term is the Carnot efficiency ∆T/Th and the second term is a factor smaller 

than 1, that tends to 1 when zT approaches infinity.51 To maximize the zT parameter, the 

S and the σ (PF) must be maximized, while the k should be minimized, as shown in 

Equation 2.27. In detail, S should be maximized to enhance the conversion of heat into 

electric power, while, the σ should be maximized to reduce the resistance of the device 

and minimize Joule heating, thereby maximizing electric power. Additionally, k should 
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be minimized to avoid thermal shorting and maintain a large ∆T between the hot and cold 

sides, maximizing the power as well. 

The Thermoelectric materials should behave as electrical conductors but as thermal 

insulators, a challenging condition as explained in the previous sections. In metal-like 

conductors S and σ generally have an opposite trend with respect to the density of carrier 

n (equations 2.17 and 2.20). Furthermore, when the kel is dominant, k increases as n 

increases. Figure 2.5 shows the behavior of S, σ, k as a function of the carrier density 

concentration. All the TE parameters associated with zT are functions of n, leading to an 

optimal zT value at a specific n, suggesting that doped semiconductors (carrier 

concentration 1019-1020) are the best candidates. These materials have the EF near the 

band edge, as discussed graphically in the sections above. 

 

 

Figure 2.5: Variation of the TE parameters S, σ, and k as a function of the carrier 

concentration. The red and light red curves represent the zT and PF (S2σ). Figure 

adapted from52 Licence BB-CY. 

 

Advancements in band structure engineering, microstructural design, novel doping 

processes, and nano-structuring techniques53 have enabled the attainment of zT values of 

inorganic doped semiconductors (p-type) exceeding 2 (around 700 °C).54  

As a general rule, zT should be around 1 to consider the materials relevant for 

application.55 Furthermore, as can be seen in Figure 2.5, the peak of the zT is not in 
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correspondence with the peak of the PF but is shifted towards a metallic zone because 

the PF ignores the increase of kel. 

For organic conductors, as explained in the previous chapters, the situation is somewhat 

different, since describing charge transport in these systems is not trivial. This is due to 

the range of possible morphologies, from ordered molecular crystals to semi-crystalline 

solids and near-amorphous polymers. Furthermore, it is very difficult to calculate the 

carrier density because Hall measurements are not reliable in localized systems. In 

general, however, it can be said that in organic materials, as in inorganic materials, the 

conductivity generally increases monotonically with increasing doping concentration, 

and hence with increasing carrier concentration, while the Seebeck coefficient decreases 

monotonically with it. As shown in these qualitative works using PEDOT:PSS poly(3,4-

ethylenedioxythiophene): poly(styrenesulfonic acid) (used in this thesis in Chapters 4 and 

5), PEDOT:Tos, and doped P3HT, which are among the most commonly used organic 

semiconductors.56–58 

An even broader consideration can be made by examining the trend of the Seebeck 

coefficient versus electrical conductivity, without knowing the value of the carrier density. 

Glaudell et al.59 (Figure 2.6) discovered a universal trend for p-type organic 

semiconductors, expanded for n-type materials by others,59,60 whereby the S can be 

expressed as: 

𝑆 =  
𝑘𝐵

𝑞
(

𝜎

𝜎𝛼
)−

1

4  (2.29) 

Where σα is an unknown constant conductivity independent of carrier concentration 

(fitting parameter). The surprising correlation between S and σ, S α σ -1/4, valid for 

different polymers and dopants, seems to indicate that the transport is mainly dominated 

by the polymers themselves rather than by the specific doping methods.  

Since S α σ -1/4, and thus the PF α σ -1/2, the PF is maximized when the σ is maximized. 

However, it has been demonstrated this is not always true, as seen in PEDOT-based 

materials.56,57 In these cases, the maximum PF is observed for a specific value of σ. 

Additionally, it seems that some polymers with high conductivities (e.g. in Figure 2.6 for 

>102-103 S/cm) deviate moderately from this trend.  
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Multiple models have been proposed to explain the trend of S versus σ, e.g., in terms of 

transport edge and transport parameter s (without any specific physical meaning) by Kang 

and Snyder,43 and in terms of hopping by Zuo et al.42 

 

 

Figure 2.6: Seebeck coefficient (here represented by α), and electrical 

conductivity of various p-type polymers and dopants. Figure reprinted from59 

Licence CC-BY.  

 

To maximize the zT, we have to consider the thermal conductivity k, a property that has 

not yet been thoroughly studied. Below we briefly present two studies that focus on 

theoretical and experimental analysis of the k of organic materials. In the first, 

Scheunemann et al.37 demonstrated that weakly disordered organic materials with a high 

carrier concentration (high σ) show a lower Lorenz number, minimizing the kel. Even 

though, in this class of materials, as explained earlier, klat dominates kel, so kel does not 

have much influence on the value of k, however, kel will dominate as electrical 

conductivities increase, which is necessary for the material to be used effectively in 

applications. In the second, Rodrigueez-Martinez et al.61 described a detailed analysis of 

k of several polymers, in which the klat is dominant, by providing specifically designed 

rules for minimizing (or maximizing) the k of the polymers. In long-range ordered 

polymers the charge and thermal transport are closely correlated, k increases with stiffer 
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backbones, higher molecular weights, and heavier repeat units. Instead, in amorphous 

polymer the k the thermal and charge transport seems to be decoupled, since the k is 

decreasing with the µ. Suggesting further studies on stable and more effective doping of 

short-range ordered polymers, which could bring a real advancement in the organic 

thermoelectric field.61 

 

2.7 State of the art of organic materials 

Although the more complete figure of merit (FoM) to describe thermoelectric materials 

is the zT factor (Equation 2.17), the discussion will initially be limited to the analysis of 

the power factor (PF) (Equation 2.27), not taking into account the k. This is due to a lack 

of data points resulting from the difficulties in measuring and the absence of standard 

methods to measure the k in thin films, common in the field of solution-processable 

materials.  

The International Network on Hybrid and Organic Thermoelectrics created an up-to-date 

open-access database, with the most relevant n-type and p-type organic TE materials.62 

To summarize the status (2024) and the trends over the past years of organic TE materials, 

we reported figures of the S, σ, and PF versus the years of publication for p-type (black 

squares) and n-type organic materials (red squares).33 Analyzing the p-type (Figure 2.7a-

c), we can surprisingly notice that the PF is not showing any upward trend over time, 

despite the growing interest (and increasing number of publications) in organic TE. The 

σ appears to be limited below a certain threshold, whereas the S shows a trend that, with 

some optimism, could be regarded as increasing sing. On the other hand, the PF is not 

increasing, suggesting that the well-known relation between S and σ, S α σ -1/4 is once 

again observable (Figure 2.8a), and as a consequence also the PF α σ -1/2 (Figure 2.8b). 

The best σ of the n-type materials are on average almost an order of magnitude lower than 

the p-type counterpart (Figure 2.7d-f). Indeed, the PF of the n-type is in the same range 

as that of the p-type, suggesting that the reduction in conductivity is compensated by 

higher Seebeck coefficients. 
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Figure 2.7: a) Electrical conductivity b) Seebeck coefficient c) Power factor of 

p-type organic materials as a function of the year of the publication (black 

squares). d) Electrical conductivity e) Seebeck coefficient f) Power factor of n-

type organic materials as a function of the year of the publication (red squares). 

Figure reprinted from Licence CC-BY. 33 

 

The relationships S α σ -1/4 and PF α σ -1/2 also hold in this case (Figure 2.8c,d). The n-

type conductivity and power factor, again with some optimism, seem to have a slight 

upward trend, suggesting a step forward towards the most commonly used p-type, which 

are preferred mainly for their air stability (also after the doping process). For 

completeness, even if we could evaluate only a few data, the zT, and the value of the k of 

the n-type and p-type materials are reported in Figure 2.9. 
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Figure 2.8: a) Seebeck coefficient and b) Power Factor of p-type organic 

materials as a function of the electrical conductivity (black squares). c) Seebeck 

coefficient and d) Power Factor of n-type organic materials as a function of the 

electrical conductivity (red squares). The grey dotted lines are the S α σ -1/4 and 

PF α σ -1/2 fitting. Figure reprinted from Licence CC-BY. 33 

Consistently, also the zTs are not showing any upward trends. Furthermore, it is possible 

to notice that the k are almost independent with respect to the σ, implying that the thermal 

conductivity is dominated by klat, as expected in disordered systems. A rough estimate 

using the Wiedemann-Franz form and the Sommerfeld value kel (equation 2.24) for 

conductivity of 104 S/cm, realistically the best value for p-type, at T = 300 K should give 

a kel ~ 7 W/mK, which is far below all the values in Figure 2.9 except for the CNTs 

(Carbon Nanotube) reported in.63 This could be explained by the hypothesis that L for the 

highly doped semiconductor is far below L0,
37 as described in sections 2.5 and 2.6. 
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Figure 2.9: a) zT and b) thermal conductivity as a function of the year of the 

publication and c) thermal conductivity as a function of the electrical 

conductivity of the p-type organic materials (black dots). d) zT and e) thermal 

conductivity as a function of the year of the publication and f) thermal 

conductivity as a function of the electrical conductivity of the n-type organic 

materials (red dots). The blue lines are the value of k = kel + klat, with kel evaluated 

with the Wiedemann-Franz law (with L = L0) and klat = 0.35 W/mK. Figure 

reprinted from Licence CC-BY. 33 

Overall, there has been no systematic improvement in organic TE parameters over time, 

and to break this trend, the field of organic TE needs a predictive and universally 

applicable theory to understand where there is room to increase zT and PF. Considering 

that the mobility, µ, of a good crystal is around 10 cm2/V s and the charge carrier density 

of a (monomer) site density is typically n = N0 ~ 1021 cm-3, the conductivity can be 

expressed as the equation 2.13 and results to be 103 S/cm (grey dashed line in Figure 

2.7a,d), which is not far from the best values of the organic p-type TE. Increasing 

conductivity may therefore be a complicated path. 

One possibility to improve the TE performance of a material would be to overcome the 

trade-off between σ and S, or with kel, or to further investigate the relationship between 

these TE properties (σ, S, kel) and klat, which seems to be the main contribution of thermal 

conductivity in the organic field.  
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To conclude this analysis, it must be said that the FoMs shown are not all the information 

we need to understand whether materials are suitable for use in an application, as the TE 

parameters are often measured under optimum conditions and in special environments 

(e.g. nitrogen atmosphere). It also does not take into account solvents, the ability to 

produce large area inks, and the cost of production. From this point of view, great progress 

(not visible in the comparison above) has been made, especially on the n-type side, with 

the recently discovered polymer PBFDO (DMSO-based), which has good environmental 

stability a very high electrical conductivity of around 2000 S/cm, and a modest S ~ –21 

µV/K32. The k of this material has been measured for the first time in this thesis (see 

Chapter 5). This material is very promising and, hopefully, can be optimized with post-

processing and structural variations. This new polymer is also easy and cheap to 

synthesize, also on a large scale, and appears to be suitable for printing, making it an ideal 

candidate for use in a TE device (see Chapter 5). Whereas for the more established p-type 

PEDOT (water-based) remains the best candidate for use in a device, showing good 

thermoelectric properties, being cost-effective, with good stability and good adaptability 

to the solution processes. Furthermore, also the 2D materials have attracted much 

attention,64 due to their large σ, and a large PF. However, processing 2D materials into 

high-performance inks suitable for the large-area printed techniques has been quite 

difficult, due to the degradation of the performance after adding the additives. Significant 

progress in processability has been made in recent years,65–67 and in 2022, 

Abdolhosseinzadeh S. et al. presented a graphene ink68 with high performance and good 

printability, which has better thermoelectric properties compared to PEDOT, measured 

for the first time in the context of this thesis (Chapter 4), presenting a new opportunity 

for the realization of TE devices. 

 

2.8 State of the art of inorganic materials 

The state of the art of the inorganic materials has been limited to printable TE materials 

(at RT) to ensure a consistent comparison with solution-processable organic materials. 

This focus is motivated by the common goal shared by printable inorganic TE and organic 

TE materials, which is the possibility of creating cost-effective, shape-conformable 

thermoelectric generators (TEGs). Typically, printed inorganic TE materials are more 

cost-effective and have better mechanical properties than their bulk counterparts, 
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although they have lower TE performance. Among inorganic materials, bismuth telluride 

and antimony telluride are widely targeted for printed TEGs due to their excellent 

performance around room temperature and their solution processability. 

As discussed above the complete FoM to describe thermoelectric materials is the zT factor 

(Equation 2.27), also in this case the discussion will initially be limited to the analysis of 

the PF (Equation 2.27), not taking into account the k. To summarize the status of the 

printed inorganic materials we reported the S, σ, and PF versus the years of publication 

for p-type69–77 (black dots) and n-type78–85 (red dots) of the most relevant paper of the last 

10 years.  

 

Figure 2.10: a) Electrical conductivity b) Seebeck coefficient c) Power factor of 

p-type inorganic materials as a function of the year of the publication (black 

dots). d) Electrical conductivity e) Seebeck coefficient f) Power factor of n-type 

inorganic materials as a function of the year of the publication (red dots). Figure 

reprinted from Licence CC-BY. 33 

The power factor of p-type and n-type materials appears to have a slightly increasing 

trend, especially in the case of n-type. Meanwhile, as we can see, the Seebeck coefficient 

is nearly constant and very similar to the values of bulk inorganic materials (around 250 

µV/K). The increasing trend of the PF is due to the electrical conductivities, which 

increase over the years, getting close to the value of the bulk materials (~2000 S/cm). The 
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PF is an order of magnitude higher than that of the organic material. For inorganic 

materials, as shown in Figure 2.10 the S coefficient of p-type and n-type is essentially 

constant to the conductivity (slightly decreasing trend), until a σ ~ 1000 S/cm, in contrast 

with what is happening for the organic. Consequently, PF is increasing (almost) linearly 

with the conductivity (Figure 2.11). 

 

Figure 2.11: a) Seebeck coefficient and b) Power Factor of p-type inorganic 

materials as a function of the electrical conductivity (black dots). c) Seebeck 

coefficient and d) Power Factor of n-type inorganic materials as a function of the 

electrical conductivity (red dots). Figure reprinted from Licence CC-BY. 33 

For integrity, we reported the zT of the analyzed inorganic printable TE materials, even 

though we were only able to evaluate a few values, due to the lack of reported measured 

k. The values of the zT and the k of the n-type and p-type inorganic materials are shown 

in Figure 2.10 
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Figure 2.12: a) zT and b) k as a function of the year of the publication and c) k as 

a function of the σ of the p-type inorganic materials (black dots). d) zT and e) k 

as a function of the year of the publication and f) thermal conductivity as a 

function of the σ of the n-type inorganic materials (red dots). Figure reprinted 

from Licence CC-BY. 33 

The zTs are slightly increasing getting near to 1, which is, as anticipated, the limit for 

practical application, with the current record for printed TE inorganic materials (p-type) 

at 1.2.77  

The zTs of the inorganic materials are one order and a half higher than the organic 

materials, this is because they have, as already discussed, higher PFs and thermal 

conductivities are just slightly higher (<1). The thermal conductivities are significantly 

lower than the inorganic bulk materials, due to the addition of additives, blinders, and 

solvents, necessary to improve the printability of the ink, which at the same time are 

responsible also for lower σ. In this case, the k seems to be the mix of the contribution of 

kel and klat (~ 0.3 W/mK), since for a conductivity of 103 S/cm, using the Sommerfeld 

value L0, and the Wiedemann-Franz law (equation 2.24) we obtain kel ~ 0.7 W/mK, and 

consequently a k ~ 1 in line with the value shown in Figure 2.10c,f.  
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In summary, the printed materials have a S similar to the bulk materials, with lower 

electrical conductivity, and lower thermal conductivity. This results in very similar zT 

values, considering that bulk materials have a zT around 0.6-1.5.86 Highlighting the 

potential to make flexible and conformable printed devices with high performance, 

comparable to those made with expensive manufacturing processes. However, is worth 

remembering that this discussion is only based on an evaluation of the properties of the 

materials and does not take into account the evaluation of the printability of the ink, and 

the ambient stability, which are often overlooked in articles that show records of zT 

values, and are key aspects in a potential application. 

To conclude the comparison between the inorganic printed TE and organic materials, we 

can say that the organic materials have zTs that are still too low to compete with the 

inorganic counterparts in terms of power generation. For instance, the Bi2Te3, shows at 

room temperature a zT~1, with a high S around 200 µV/K, a high σ near 1000 S/cm, and 

a modest thermal conductivity k ~ 1 W/mK. While some of these thermoelectric 

properties can be achieved with organic materials, particularly for p-type, they are not all 

present together in the same material. This suggests that overcoming the trade-off 

between σ and S and k could be key to improving overall performance, instead of trying 

to optimize the single parameter. Additionally, organic materials have better mechanical 

performance and processability, as well as being more cost-effective, environmentally 

friendly, and less rare. These aspects could not be taken into account in this analysis but 

are described and explained in the Introduction Chapter. 
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3.1 Thermoelectric Device  

This chapter presents the working principle of the device. The analysis considers material 

properties as well as device-specific factors such as geometry and design and their effect 

on the overall performance of the device. It also discusses the two printing fabrication 

techniques used in this thesis, screen printing and inkjet printing, and the properties that 

the inks should have for good printability, in both cases. Finally, the state of the art of 

printed organic and inorganic TEGs is summarized. 

 

3.2 Working principle 

The basic unit of the TE devices is known as thermocouples. A thermocouple consists of 

a n-type material and a p-type material, hence with a S with opposite signs, connected 

electrically in series and thermally in parallel. When a thermocouple is connected to a 

load (Figure 3.1a), as the materials have opposite charge carriers, a current flows across 

the load, producing electrical power. In this configuration, the thermocouple is working 

as a thermoelectric generator TEG. 

From an electrical perspective, a TEG can be represented as an ideal voltage source with 

an internal resistance (see Figure 3.1b). It provides a voltage proportional to the 

equivalent Seebeck coefficient and the ∆T: 

𝑉𝑜𝑐 =  (𝑆𝑝 − 𝑆𝑛) (𝑇ℎ − 𝑇𝑐)  = 𝑆𝑝𝑛 ∆𝑇  (3.1) 

Where Sp and Sn are the Seebeck coefficient of the p-type and n-type materials, 

respectively, and Th and Tc are the hot side temperature and the cold side temperature.  
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Figure 3.1: a) Graphical representation of a thermocouple operating as a 

thermoelectric generator. b) Electrical scheme of a thermoelectric generator. 

 

The current can be evaluated as: 

𝐼 =  
𝑆𝑝𝑛 ∆𝑇

𝑅𝑝+𝑅𝑛+𝑅𝑙
=

𝑆𝑝𝑛 ∆𝑇

𝑅𝑡𝑜𝑡
 (3.2) 

Where Rp and Rn are the resistances of the p-type materials and the n-type materials, 

respectively, while Rl is the load resistance. Defining m the ratio between Rl and 

Rteg=(Rp+Rn): 

𝑚 =  
𝑅𝑙

𝑅𝑡𝑒𝑔
  (3.3) 

Then I and Vout can be described as:  

 𝐼 =  
𝑉𝑜𝑐

𝑅𝑇𝐸𝐺(1+𝑚)
   and   𝑉𝑜𝑢𝑡  =  𝑉𝑜𝑐

𝑚

(1+𝑚)
 (3.4) 

Knowing that the power is the product between the current and the voltage, Pout results: 

𝑃𝑜𝑢𝑡  =  𝑉𝑜𝑢𝑡𝐼 =  
𝑉𝑂𝐶

2

𝑅𝑇𝐸𝐺
 

𝑚

(1+𝑚)2  (3.5) 

Equation 3.5 is maximized for mop = 1, Rl = Rteg (electrical impedance matching with the 

load), and maximum Pout can be described as: 

𝑃𝑜𝑢𝑡 𝑚𝑎𝑥  =   
1

4

𝑉𝑂𝐶
2

𝑅𝑡𝑒𝑔
=

1

4

(𝑆𝑝𝑛 ∆𝑇)2

𝑅𝑡𝑒𝑔
  (3.6) 
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From equation 3.6 we can see how the Pout increases with the increase (absolute value) of 

the Seebeck coefficient of the materials and with the decrease of the resistances. The 

Seebeck coefficient is a TE property of the material itself. On the other hand, the 

resistance depends on the resistivity of the material (inversely proportional to the 

electrical conductivity), but also on the length (li) and the cross-sectional area (Ai) of the 

TE element. It can be defined as: 

𝑅𝑖  =   𝜌𝑖
𝑙𝑖

𝐴𝑖
=

𝑙𝑖

𝜎𝑖𝐴𝑖
  (3.7) 

Thus, it is possible to minimize the resistance by modifying the geometrical factors and 

increasing the electrical conductivity of the materials.  

In addition to maximizing power, the efficiency η of the device should be optimized. The 

η is defined as the ratio between the Pout, that is the thermal energy effectively converted 

by the TEG, and the input heat flux (𝑄̇𝑖𝑛). Describing the TEG from a thermal perspective 

(dashed blue box in Figure 3.2) based on the mono-dimensional (1-D) heat flux 

approximation in the stationary state,87 we can assume that the heat flux is conserved at 

each node. Under these hypotheses, the heat input flux (at the hot junction), and the heat 

output flux (at the cold junction) can be described as:88 

𝑄̇𝑖𝑛  =    𝐾𝑝𝑛∆𝑇 − 
1

2
 𝑅𝑡𝑒𝑔𝐼2 +  𝑆𝑝𝑛𝑇ℎ𝐼  (3.8) 

𝑄̇𝑜𝑢𝑡  =    𝐾𝑝𝑛∆𝑇 +  
1

2
 𝑅𝑡𝑒𝑔𝐼2 +  𝑆𝑝𝑛𝑇𝑐𝐼  (3.9) 
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Figure 3.2: Thermal scheme of a thermoelectric generator based on the mono-

dimensional (1-D) heat flux approximation in the stationary state. The resistances 

are the thermal resistances (inverse of the thermal conductances), while the 

temperatures and the heat flux are equivalent to the electric voltages and currents. 

The resistance outside of the blue dashed box represents the top and bottom 

substrates (Rs,h and Rs,c) and the coupling between the hot source and the cold 

sink, and the environment. 

 

The first heat term of equations 3.8 and 3.9 takes into account the heat flow caused by the 

temperature gradient (Fourier’s law), which is proportional to the thermal conductance. 

The second heat term of equations 3.8 and 3.9 takes into account the Joule effect89 and 

the third term the Peltier effect.90 The equivalent thermal conductance  𝐾𝑝𝑛= (Kp+Kn) can 

be expressed as a function of the thermal conductivity, in a dual way with electrical 

resistance: 

𝐾𝑖  =    𝑘𝑖
𝐴𝑖

𝑙𝑖
  (3.10) 

The η can be then evaluated:91 

𝜂 =  
𝑃𝑜𝑢𝑡

𝑄̇𝑖𝑛
 =  

∆𝑇

𝑇ℎ
 

𝑚

1+𝑚−
∆𝑇

2𝑇ℎ
+

(1+𝑚)2

𝑇ℎ𝑍

  (3.11) 

Where Z is the FoM of the device: 
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𝑍 =  
𝑆𝑝𝑛

2

𝐾𝑝𝑛𝑅𝑡𝑒𝑔
  (3.12) 

The FoM Z can be optimized for maximizing η, moη = √1 + 𝑍𝑇𝑚 , where Tm = (Th + 

Tc)/2 (thermal impedance matching with the heat source and heat sink). Resulting in a 

maximum η: 

𝜂𝑚𝑎𝑥 =    
𝑇ℎ−𝑇𝑐

𝑇ℎ
 

√1+𝑍𝑇𝑚

√1+𝑍𝑇𝑚−
𝑇𝑐
𝑇ℎ

 (3.13) 

Thus, to maximize at the same time the η and Pout, both the conditions, thermal and 

electrical matching have to be satisfied, and mop = moη = √1 + 𝑍𝑇𝑚.  

 

3.3 Distinction between the ZT of devices and zT of materials 

It is not always valid to assume that the ZT, of the devices corresponds directly to the zT 

of the materials (equation 2.27), which is independent of the device design.  

The maximum device efficiency ηmax is generally defined by equation 3.13, where Z is 

the FoM of the device and depends on the geometric dimensions (equation 3.12). The first 

term is the maximum efficiency system (Carnot efficiency) and the second term, which 

depends on the thermoelectric properties S, σ, and k, and the geometric dimensions is 

responsible for the reduction of the efficiency (the efficiency increases with the increasing 

of the ZT). 

Only under the assumptions that the thermoelectric material properties S, σ, and k remain 

constant with temperature, which is typically a large approximation if applied when ∆T 

is large, the heat flow is one-dimensional with no additional losses, and the n-type and p-

type legs are perfectly matched, the material FoM zT and the device FoM ZT are the 

same.51 Only in this case equation 2.27 (evaluated at (Tc+Th)/2) and equation 3.12 

(evaluated between Th and Tc) are equivalent, and Z is independent of the geometric 

dimensions: 51 

𝑍𝑜𝑝𝑡  =   
𝑆𝑝𝑛

2

(√𝜌𝑝𝑘𝑝+√𝜌𝑛𝑘𝑛)2 (3.14) 

In conclusion, the assumption that the material FoM zT is directly equal to the device 

FoM ZT is only valid under ideal conditions, which are rarely met. Therefore, careful 

consideration of device geometry and a thorough analysis of the TE material properties 
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across a wide temperature range are essential to accurately evaluate the efficiency of 

thermoelectric devices. 

 

3.4 Design optimization of printed TEGs 

In the previous section 3.1, we described a TEG made up of a single thermocouple 

assuming that the ∆T across the device is known. In a more accurate description of the 

system, closer to a real application, a printed TEG consists of several thermocouples, n, 

connected thermally in parallel and electrically in series, and we only know the external 

temperature difference ΔText = Tr,c – Tr,h (Figure 3.2). In addition, due to manufacturing 

constraints, a real printed structure requires a substrate to carry it and, in some cases, an 

insulator to electrically isolate the thermoelements, which inevitably affects the power 

output.  

To understand how to change the device design to maximize the performance, we still 

need to make simplifying assumptions. Firstly, we assume that ΔT is relatively small, and 

the thermoelectric properties of the materials (S, σ, k) are constant. Secondly, since the 

thickness of the device of the printed materials is much smaller than the characteristic 

dimensions, the heat exchange through the lateral surfaces can be neglected (no heat 

losses). Finally, we assume that the electrical and thermal resistances of the metal 

interconnections and the electrical contact resistances between the thermoelectric 

material and the metal interconnections are also negligible (further consideration of this 

hypothesis is provided in Chapter 4). In addition, the temperatures of the cold and hot 

reservoirs are considered to be constant (assuming infinite heat capacity). 

To conduct this analysis, we examine the vertical device represented in Figure 3.3a. Note 

that the same analysis can be extended to folded planar architectures (Figure 3.3c), 

including all types of TEG presented in this thesis. 

The geometric design parameters that can be tuned with printing are the areas and 

thicknesses of the materials, with some limitations due to manufacturing techniques 

(discussed further). Figure 3.3a shows the cross-sectional lateral view of the device, while 

Figure 3.3b the top view of a thermocouple. The area of thermoelectric materials of a 

single thermocouple and the total area of the single thermocouple can be expressed as 

follows: 
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𝐴𝑝𝑛  = 𝐴𝑝 +  𝐴𝑛   and   𝐴𝑝𝑛𝑖  = 𝐴𝑝 +  𝐴𝑛+ 𝐴𝑖𝑛 (3.15) 

Where Ap and An are the areas of the p-type and n-type materials, respectively, while Ai 

is the area of the insulator. Thus, we can define the number of thermocouples per unit 

area as: 

𝑛 =  
1

𝐴𝑝𝑛𝑖
 (3.16) 

And the Fill Factor (FF), which is the ratio between the area occupied by the TE materials 

and the total area of the device:  

𝐹𝐹 =  
𝐴𝑝𝑛

𝐴𝑝𝑛𝑖
 (3.17) 

 

Figure 3.3: a) Lateral view of a vertical TEG. b) top View of a thermocouple. c) 

Adaptation of the model for the folded TEG. 

The pdensity, i.e. the power generated per unit of area, can then be described by reference 

to equation 3.5 (with nRpn =Rteg): 

𝑝𝑑𝑒𝑛𝑠𝑖𝑡𝑦  =  𝑖𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑣𝑜𝑢𝑡 =  
 𝑣𝑜𝑐

2

𝐴𝑝𝑛𝑖
2𝑛 𝑅𝑝𝑛

𝑚

(1+𝑚)2 =  
𝐹𝐹  𝑆𝑝𝑛

2

 𝜌𝑝𝑛 𝑙

𝑚

(1+𝑚)2 (𝑇ℎ − 𝑇𝑐)2 (3.18) 
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Where vout is the voltage on the load per unit area and idensity is the current flowing per unit 

area, while ρpn is the weighted average electrical resistivity of a thermocouple ρpn = (ρp/Ap 

+ ρn/An)Apn, and l is the length of the thermoelectric material parallel to the heat flow (here 

we assume an equal length of the p- and n-type element).  

However, Th – Tc is only still an unknown fraction of the external temperature Tr,h – Tr,c 

(Figure 3.3) and depends on the l, as well as the substrate, the cold-hot reservoir, and the 

thermal coupling with the environment.  

To obtain an expression of pdensity as a function of the known Tr,h – Tr,c we need to consider 

also the thermal behavior of the TEG. As already analyzed in section 3.1 the TEG can be 

represented with an electrical equivalent scheme of the thermal issue, Figure 3.2, with the 

resistance representing the thermal resistance (inverse of the thermal conductance). Note 

Rr,h and Rr,c are introduced to take into account the thermal coupling with the environment. 

This scheme was presented by Beretta et. al.92 building on the scheme originally presented 

by Yazawa et. al.93  

The effective temperature Th – Tc = ∆T is a non-linear function of the external difference 

of temperature Tr,h – Tr,c = ∆Text since we have to consider the Fourier conduction and the 

Peltier and Joule effect. Considering the hypotheses described above it is possible to 

express the heat in every section of the model: the coupling with the environment, the 

bottom substrate, the TEG, and the top substrate (Figure 3.2). This non-linear system is 

thoroughly described and solved using iterative methods in the works.88,92,94  

In this thesis, we will not discuss the complete solution but we will focus on analyzing 

the simplified linear model presented by Beretta et al.,92 which allows us to make 

reasonable design choices, sacrificing some accuracy but gaining in terms of 

computational complexity. 

Starting from equations 3.8 and 3.9, with the hypothesis of small ∆T, the heat dissipated 

per unit of area due to the Joule effect can be neglected, as it depends on (∆T)2: 

𝑞̇𝑗 =  
𝐹𝐹 𝑆𝑝𝑛

2(∆𝑇)2

𝜌𝑝𝑛(1+𝑚)2𝑙
 (3.19) 

This term is always much smaller than the Peltier and Fourier conduction terms. The 

Peltier term, on the contrary, is not always negligible, since it depends on ∆T. The Peltier 

heat per unit of area can be described as: 
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𝑞̇𝜋,𝑖 = ± 
𝐹𝐹 𝑆𝑝𝑛

2∆𝑇

𝜌𝑝𝑛(1+𝑚)𝑙
𝑇𝑖  where  𝑇𝑖 = 𝑇ℎ, 𝑇𝑐 (3.20) 

And the Fourier contribution per unit of area: 

𝑞̇  =  
𝑘𝑝𝑛𝑖

𝑙
∆𝑇   where  𝑘𝑝𝑛𝑖 =  

𝑘𝑝𝐴𝑝+𝑘𝑛𝐴𝑛+𝑘𝑖𝑛𝐴𝑖𝑛

𝐴𝑝𝑛𝑖
 (3.21) 

kpni is the average thermal conductivity of the whole thermocouple. Analogously, the kpn 

= (kpAp+knAn) /Apn is the average thermal conductivity of the thermoelectric material. 

Thus, the Peltier terms can be discarded only if:  

𝐹𝐹
𝑍𝑇𝑖

(1+𝑚)
≪

𝑘𝑝𝑛𝑖

𝑘𝑝𝑛
 (3.22) 

With this additional approximation, thermal losses from thermoelectric conversion within 

the device are not considered, and the heat flux leaving the cold reservoir is assumed to 

match the heat absorbed from the hot reservoir, simplifying the system in Figure 3.2 to a 

series of resistances. Therefore, the ∆T is linearly related to the ∆Text (simple thermal 

resistance divider): 

∆𝑇 =  
∆𝑇𝑒𝑥𝑡

1+
𝑘𝑝𝑛𝑖

𝑙
 

1

ℎ𝑒𝑞

 (3.23) 

Where heq
-1 = hr,h

-1+hs,h
-1+hs,c

-1+hr,c
-1, the equivalent heat transfer coefficient (hi = ki/l or 

hi=Ki/Ai equation 3.10). From this relation, we can see that increasing the l thermal 

resistance of the thermocouple becomes dominant with respect to everything else, and the 

∆T → ∆Text maximizes the efficiency. However, by substituting the ∆T in equation 3.18 

the pdensity can be expressed as follows: 

𝑝𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐹𝐹  𝑆𝑝𝑛

2

 𝜌𝑝𝑛 𝑙

𝑚

(1+𝑚)2

(∆𝑇𝑒𝑥𝑡)2

(1+
𝑘𝑝𝑛𝑖

𝑙

 1

ℎ𝑒𝑞
)2

  (3.24) 

From which it is clear that pdensity is maximized for a specific lopt, and mopt: 

𝑙𝑜𝑝𝑡 =  
𝑘𝑝𝑛𝑖

ℎ𝑒𝑞
   and   𝑚𝑜𝑝𝑡 =  1 (3.25) 

Similarly to the electrical matching (equation 3.6), thermal matching occurs when ∆Text 

is twice ∆T. Therefore, the maximum pdensity can be evaluated as: 

𝑝𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑚𝑎𝑥 =  
 𝑍

 16
 (

𝐹𝐹 𝑘𝑝𝑛

𝑘𝑝𝑛𝑖
)ℎ𝑒𝑞(∆𝑇𝑒𝑥𝑡)2 (3.26) 
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Where Z = Spn
2/(ρpn kpn). Note that Z is not independent of the Apn for the definition given 

before of ρpn and kpn, it is independent of the l, because we assumed lp =  ln. Unfortunately, 

co-optimization with respect to m, l, Ap/An does not yield an analytical expression. 

However, pdensity max can be optimized solely in terms of Z by selecting a specific leg ratio. 

In particular: 

𝐴𝑝

𝐴𝑛
=  √

𝑘𝑝𝜌𝑝

𝑘𝑛𝜌𝑛
 (3.27) 

Under this condition, Z is: 

𝑍𝑜𝑝𝑡  =
𝑆𝑝𝑛

2

(√𝜌𝑝𝑘𝑝+√𝜌𝑛𝑘𝑛)2
 (3.28) 

That is the same expression found in equation 3.14, making Z independent of the 

geometric factor. Furthermore, if kp ≈ kn and ρp ≈ ρn then equation 3.28 becomes easier 

and the Z is maximized for Ap = An. 

Equation 3.26 allows the evaluation of the impact of the design parameters on the power 

provided by the TEG. Beginning with the most straightforward consideration, if ki = 0 

then kpniApni = kpnApn, and the first term in brackets becomes unity. As a result, the pdensity 

is independent of the FF. However, for printed TEG this assumption is not justified. If ki 

≠ 0, the kpni can be described as kpni= kpn(FF)+ ki(1-FF) and can range from kpn to ki, 

when FF  = 1 and FF = 0, respectively. Thus, as the FF increases, the pdensity max increases, 

but the lopt, also increases. In contrast, tuning the heq can increase the pdensity max and 

decrease the lopt, allowing for the use of less thermoelectric material and reducing costs. 

The upper limit of heq is determined by the lowest heat transfer coefficient section 

(equation 3.23). Therefore, the primary focus should be on carefully selecting the 

thickness and the thermal conductivity of the substrates and optimizing the thermal 

coupling with the environment.  

Another important parameter to consider is the voltage provided by the TEG, Vout as it 

often needs to exceed a certain threshold value to be effectively amplified by an electronic 

booster circuit (for further discussion, see Chapter 6). Considering the thermal and 

electrical match (4 in the denominator), the Vout max can be expressed as shown in Equation 

3.29: 

𝑉𝑜𝑢𝑡 𝑚𝑎𝑥 =
𝑆𝑝𝑛∆𝑇𝑒𝑥𝑡

4𝐴𝑝𝑛𝑖
𝐴𝑇𝐸𝐺 = 𝑉̂𝑜𝑢𝑡 (3.29) 
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Where 𝑉̂out is the required value, and ATEG is the total area of the TEG. To find the 

effective number of thermocouples N needed to provide a specific Vout max then: 

𝑁 =
𝐴𝑇𝐸𝐺

𝐴𝑝𝑛𝑖
 = 𝑉̂𝑜𝑢𝑡

4

𝑆𝑝𝑛∆𝑇𝑒𝑥𝑡
  (3.30) 

Where A is the total area of the TEG. If Apni is fixed from the technological resolution 

limits, then we need N thermocouples, and the device must have a certain ATEG. Clearly, 

if Apni is reduced, for example by changing the printing technology, then ATEG is also 

reduced, simplifying the heat dissipation. 

 

3.5 Role of the substrate and metal interconnections 

Besides the choice of thermoelectric materials and the geometrical design, we must 

carefully select the insulating substrate that supports the device. The choice of the correct 

substrate plays a crucial role since it also determines the ∆T, as reported in the previous 

section 3.4. The thermal conductivity of the substrate ksub, and the thickness of the 

substrate, which are directly related to the heat transfer coefficient, have to be chosen to 

maximize the power density. With regard to the two architectures discussed in this thesis, 

there is one main distinction that can be made. 

In the vertical architecture, conceptually similar to the Peltier elements (see Figure 

3.3a,b), the substrate acts as an in-series thermal resistance between the heat source/sink 

and the thermoelectric material, increasing the thermal contact resistance. In the folded 

architecture (see Figure 3.3c) the substrate acts as parallel thermal conductance between 

the thermoelement, causing unwanted thermal losses. Thus, a thinner substrate is 

generally preferred in both vertical and folded architectures, as it minimizes thermal 

resistance and unwanted heat losses, respectively.94 On the other hand, in a vertical 

architecture, where the substrate acts as a thermal bridge in series with the thermoelectric 

material, a high 𝑘sub is essential to ensure efficient heat transfer and maximize the Δ𝑇. 

While, in a folded architecture, a low 𝑘sub is desired to prevent heat from bypassing the 

thermoelectric material, thereby minimizing thermal losses and avoiding thermal short-

circuiting.  

The main types of flexible substrates currently available are polymer foils, glass fibers, 

and passivated metal foils, each offering different properties that make them suitable for 

multiple applications. Polymer foils are lightweight, and highly flexible, but are not good 
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thermal conductors, glass fibers offer excellent thermal stability, and passivated metal 

foils offer high thermal conductivity but lower flexibility. 

In addition to the substrate, the role of the metal interconnection also impacts the thermal 

behavior of the device, particularly in vertical architectures. The model proposed by 

previous works,88,92,94 presented in the previous section 3.4, does not take into account 

the later heat conduction, transversal to the leg. These works assume that the metal 

interconnections thermally short-circuit the thermoelement and that the ∆T drops across 

the legs, n-type and p-type, are the same. This assumption is valid only depending on the 

size, thickness, distance between the legs, and thermal properties of the materials. Figure 

3.4a shows the complete thermal equivalent circuit that should be considered taking into 

account the presence of the thermal resistance of the metal interconnections (Rint) and the 

lateral heat conduction, in contrast to the simplified scheme presented in Figure 3.3. If 

the materials have standard values of k, the device thickness is in the order of µm, which 

is common for printed layers, and the device size is in the order of mm², Figure 3.4a must 

be modified. Figure 3.4b shows how a TEG could be represented in this case. The ∆T 

drops across the legs here could be almost independent (depending on the thermal 

conductivities of the materials and their dimensions). More detailed considerations will 

be described in Chapter 4. 

 

Figure 3.4: a) Thermal scheme of a thermoelectric generator considering the role 

of the metal interconnections and the lateral heat conduction. b) Thermal scheme 

of a thermoelectric generator considering the role of the metal interconnections 

and the lateral heat conduction, assuming standard values of materials k (for 

metal interconnections, TE legs, insulator, and substrate), a device thickness in 

the order of µm, and size in the order of mm². The resistance with different colors 

represents different materials. 
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3.6 Printing technique  

The flexible TEG can be fabricated using solution-processable TE materials, introduced 

in Chapter 2, which are often suitable for producing inks with specific rheological 

properties that can be deposited using various low-temperature techniques.95,96 These 

methods are much less complex than vacuum evaporation processes and require simpler 

and less energy-consuming equipment for both laboratory and industrial scenarios.  

In basic research (lab scale), samples are often prepared using simple deposition 

techniques such as spin coating97 and blade coating.98 In these methods, a shearing force 

is applied to a drop of solution on a substrate, creating a thin layer of liquid that forms a 

film as the solvent rapidly evaporates. In spin-coating the solvent evaporated due to the 

centripetal force generated by the spinning motion of the substrate. Angular velocity, 

acceleration, and time are the key parameters for controlling film thickness and 

morphology. Although simple, spin coating lacks the fine control of film properties 

required in production lines, i.e. uniform thickness, and is limited to flat and small 

surfaces. On the other hand, blade coating is a direct writing technique capable of 

depositing large-medium area thin films using a running blade to spread the ink over the 

substrate. Although it does not allow the creation of real patterns. Spin coating and blade 

coating are effective techniques for exploring material properties and gaining preliminary 

insights into the printing process, however, they are not suitable for producing 

application-oriented TEGs, the object of this thesis. 

For industrial-scale production, high-throughput methods such as screen printing, and 

drop-on-demand methods such as inkjet printing have been adapted for both organic and 

inorganic TE inks. It is important to note that each printing technique requires inks with 

specific rheological characteristics. The choice of coating technique therefore depends on 

the ink and the desired device architecture. 

 

3.6.1 Inkjet printing technique  

Inkjet printing offers a digital drop-on-demand approach that is valuable for high-

resolution and low-cost device manufacturing.99 This technique controls the formation 

and ejection of ink droplets through the nozzle of a cartridge (Figure 3.5b), enabling 
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precise deposition with high resolution and minimal ink waste. It is a cost-effective 

alternative to traditional microfabrication techniques such as photolithography, and it is 

compatible with metallic, dielectric, and semiconductor inks. 

Inkjet printing is a non-contact technique that controls digitally the deposition of each 

drop in the absence of masks. A resolution that can be achieved with regularity is typically 

30 µm. Furthermore, since this technique does not require the use of masks, the pattern 

and the architecture of the device can be tailored easily and at no cost by simply modifying 

the layout in a bitmap file. 

Not all inks are suitable for inkjet printing, they must meet some specific physical 

properties e.g. viscosity, surface tension, density, and volatility to be jetted through the 

nozzle. Additionally, the ink must be also chemically compatible with the cartridge, and 

it must be suitable for the substrate in terms of wettability and adhesion, while the 

substrate must withstand any post-treatment required to achieve the desired functional 

material. Furthermore, the ink should be stable, ensuring a long print, since the printing 

should be reliable over time, with no clogging or damage in the printhead.  

We can give general guidelines as to the characteristics an ink should have to be 

considered printable. To begin, the size of the particles ejected from the nozzle should be 

at least 20-100 times smaller than the size of the nozzle,100 depending on how long the 

printing stability is needed. Frequently, the formation of aggregates with higher size than 

single particles causes the printhead clogging. The pre-treatment of the ink with filters 

and disaggregation methods can help to avoid the mentioned clogging. Note that there are 

currently only two nozzle sizes (maximum 2.4 pl) on the market, due to the Fujifilm 

monopoly, this drastically reduces the number of printable inks. In terms of viscosity (η), 

considering most of the inks behave as Newtonian fluids,101 a range (at operating 

temperature) of about 10-12 mPa-s is required for good printability, but they are still 

printable with a η of up to 30 mPa-s.102 Shear-thinning non-Newtonian fluids,101 where 

the viscosity of the fluid decreases at higher shear rates, are also printable (PBFDO 

presented in Chapter 5). In this case, the viscosity at a low shear rate (~1 s-1) for optimal 

printing is usually higher, up to 20-25 mPa s.103 To reduce the viscosity a standard 

approach is to add a lower viscosity co-solvent and/or increase the printing temperature 

of the cartridge. Another important parameter is the surface tension γ, i.e. the force per 

unit length applied along the surface of a liquid, it is important for the formation of the 

droplet. γ must be high enough to prevent dripping from the nozzles, yet low enough to 
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facilitate the formation of droplets. A standard range value of the surface tension for the 

drop formation is 30-50 mN/m.100 Playing with the solvent and the temperature of the 

cartridge is also a standard way of adjusting the surface tension. 

The printability of the drop can be predicted from the value of a general parameter Zprint 

which considers the viscosity, surface tension, and density of the ink, together with the 

nozzle size. This parameter is the inverse of the Ohnesorge Oh parameter and it is 

dependent on the Weber We and Reynold Re numbers. These parameters can be expressed 

as: 

Re =  
𝜌𝜈𝑑

𝜂
  (3.31) 

We =    
𝜌𝜈2𝑑

𝛾
  (3.32) 

𝑍𝑝𝑟𝑖𝑛𝑡 =
1

𝑂ℎ
=

Re

√We
=

√𝜌𝛾𝑑

𝜂
  (3.33) 

Where v is the velocity of the droplets, d is the nozzle diameter, and ρ the density of the 

ink. The ink has a good printability for 1<Zprint<10.104,105 When Zprint<1 the ink is too 

viscous, while for Zprint >10 there are satellite droplets, and the placement and printing of 

high-resolution structures become complicated. Zprint is independent of v, but the drop 

must have enough energy to overcome the surface energy of the ink at the nozzle, so the 

drop cannot be ejected below a certain velocity limit.106 For this even if 1<Zprint<10, we 

must also limit the printability to We > 4. Moreover, if the momentum of the droplet is 

too large when it impacts the substrate the droplets will splash. This limit also depends 

on the roughness of the substrate, for flat or smooth surfaces, the condition for good 

printability can be described as follows:107 

𝑊𝑒1/2𝑅𝑒1/2 <  50  (3.34) 

All the previous conditions can be summarized with the Re vs. We graph shown in Figure 

3.5a. A parameter that is not included in this analysis is the volatility of the ink. The 

solvent of the ink should evaporate after printing a layer on the substrate, but it should 

not dry in the nozzle, as this could cause clogging. 
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Figure 3.5: a) Weber number as a function of Reynold number. The blue area 

represents the area of good printability. b) Pixdro printer machine and a sketch 

of the cartridge showing the drop-on-demand deposition of an ink droplet.  

According to these requirements, the printer parameters should be adjusted to optimize 

droplet generation for optimal printing on the substrate. In this thesis has been used a 

PixDro inkjet printer (Figure 3.5b). The main settings that can be adjusted are: 

• Jetting frequency (depending on the viscosity of the ink) 

• Drop speed (principally changing the signal Waveform) 

• Cartridge temperature (depending on the viscosity of the ink) 

• Dot per inch DPI (depending on the desired resolution) 

• Printing velocity (depending on the desired resolution) 

Finally, it is important to point out that the γ affects also the wettability of the 

substrate,108,109 i.e. how uniformly the liquid spreads and how well it adheres, influencing 

the quality of the printed film. The wettability of the substrate can be modified by 

changing its surface tension with some treatment directly on the surface e.g. chemical 

coating, plasma etching, and temperature treatment (even during the printing). 

 

3.6.2 Screen printing technique 

Screen printing is a versatile and widely used technique that employs a patterned screen 

to transfer ink layer by layer to a substrate through the pressure of a squeegee.110 It is 

effective at producing thick, uniform films and is compatible with a wide range of 

materials, making it ideal for the mass production of electronic devices. 
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Screen printing is an additive printing process and is very cost-effective, especially when 

considering its ability to print large areas up to square meters simultaneously.111,112 This 

technique is the best solution for printing architectures with resolutions above 500 μm, 

ranging from square centimeters to square meters in size. 

In contrast with inkjet printing, screen printing is a contact printing technique and requires 

stencils. Each printing layer requires a different screen, with a stretched mesh. The mesh 

on the substrate side is coated with an emulsion with a negative desired layout, which 

defines the areas where the material is to be deposited (see Figure 3.6). The mesh is 

needed to hold the emulsion and to control the quantity of the ink passing through. The 

Screens can be designed using standard layout tools. The ink is distributed on the screen 

in areas where the emulsion is absent, ensuring it does not leak through.113 During the 

printing phase, a metal flood bar distributes the ink over the mesh, followed by a plastic 

squeegee that presses the mesh at a certain angle, forcing the ink through the screen onto 

the surface (see Figure 3.6). The ink is transferred only where the emulsion is open, with 

the desired layout (ss Figure 3.6). After the printing phase, the screen elastically returns 

to its initial position. 

 

 

Figure 3.6: a) Schematic of the screen printing phase. The ink is spread on the 

screen with a squeegee and it passes through the mesh openings where the 

emulsion is absent. b) Photograph of the Thieme industrial screen printing 

machine used in this thesis. 
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For achieving high-quality printed films with the screen-printing technique, we need to 

carefully adjust the mesh, the print setup, and various printing parameters and select inks 

with appropriate properties.113 

Regarding the mesh, the principal characteristic we can tune is the mesh count of the 

screen, which refers to the number of threads per inch (TPI) and determines the level of 

detail that can be achieved. Lower mesh counts allow more ink to pass through, suitable 

for low-resolution designs, while higher mesh counts are ideal for fine detail. In the 

printer setup process, both the angle and the squeegee pressure are critical, applying the 

right amount of pressure and holding the squeegee at the optimum angle ensures that ink 

is transferred accurately without smearing.111,114 Also the off-contact distance, the gap 

between the screen and the substrate, must be precisely adjusted to prevent smearing or 

incomplete prints (Figure 3.6). Among the printing parameters, the velocity plays a key 

role in the quality and thickness of the printed layer.113,114 Usually, the thickness of the 

layers decreases as the speed of the squeeze increases since the lower ink passes through 

the mesh. The homogeneity of thickness is regulated by the thickness of the emulsion, 

typically in the range of 10-30 µm. 

Apart from the mesh selection and the print setup, tuning the properties of the ink is 

essential for successful printing. In particular, its viscosity and particle size determine 

how it flows through the screen and onto the substrate. The particle size of the ink should 

be less than one-third of the open mesh apertures to avoid clogging and ensure a smooth 

print.115 The distance between two threads of the mesh can be comparable with the 

diameter of the nozzle of the inkjet printing cartridge. Finer particles are used for high-

resolution detail, while larger particles are better for large layouts, without high-resolution 

details. 

The viscosity of the ink is also a crucial parameter that must be carefully adjusted to 

achieve a high-quality printed film.102,113 The ideal inks are the shear-thinning non-

Newtonian inks, as they have higher viscosity without any shear rate applied and do not 

penetrate the mesh. During the print, when the squeegee passes their viscosity decreases, 

allowing them to penetrate the mesh. Commercially available screen-printed inks have η 

< 3 Pa s for a shear rate around 1000 s-1, 116 that is the standard shear rate reached when 

the paste passes through the mesh in the screen-printing process. It is also possible to 

screen print a Newtonian ink, adjusting the parameters of the print, in this case, the η 

should be around 10 Pa s, around four orders of magnitude more than the inkjet printables 
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ones.102,116,117 Inks with higher viscosity can be printed as well, tuning printing 

parameters, and with mesh with larger TPI, decreasing the resolution. Balancing these ink 

properties with the printing settings is the key to achieving optimum printed layers 

depending on the desired architecture. It is often necessary to try different mesh counts to 

achieve the optimal balance between resolution, ink deposition, and printing speed. 

The rheological properties of the screen-printable paste are typically adjusted with 

solvent, binder, and additive. The binder acts as a glue that holds the particles together 

and ensures adhesion to the substrate once the ink has dried. The solvent is mainly 

responsible for adjusting the viscosity of the ink, making it fluid enough to pass through 

the screen mesh during printing. It evaporates after application, allowing the ink to 

solidify on the surface. Sometimes inks also contain additives that have different 

functions, such as adjusting flexibility, preventing screen clogging, and increasing the 

stability of the ink.  

The wettability of the substrate is less critical than for inkjet printing because of the lower 

resolution of the screen printing.108,109 Nonetheless in any case, in some cases, it is 

necessary to modify the surface tension of the substrate with some treatment directly on 

the surface of the substrate, e.g. chemical coating, plasma etching, and temperature 

treatment. 

 

3.7 State of the art of organic printed TEG 

Although many studies focus on the synthesis and optimization of organic TE materials, 

little has been done on device design. Most printed organic TEGs in the literature 

primarily demonstrate the TE properties of materials through simple proof-of-concept 

devices.118,119 These initial demonstrations, while valuable for showcasing the potential 

of organic TE, rely on approaches that lack the scalability required for practical 

applications. The majority of the printed organic TEGs remain confined to small-area 

devices (ATEG << cm2) and a limited number of thermocouples.120–126 As a result, organic 

TEGs tend to exhibit low absolute power outputs in the order of pW.122,125,127 

Making comparisons between printed organic devices is not trivial, as articles often report 

only power densities without specifying the absolute power measured or the challenges 

in scaling up the devices. Alternatively, they may report only the absolute power output 

without specifying the area of the TEG. Neither Pdensity nor Pout takes into account the 
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∆Text applied to the device, a key factor for a fair comparison, as device power increases 

with ∆Text (equation 3.18). One of the most comprehensive methods for comparing 

devices is the normalized power density Pnorm density (TEG power factor) which involves 

calculating the power per unit area at ΔText = 1K: 

𝑃 𝑛𝑜𝑟𝑚 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑃𝑜𝑢𝑡

𝐴𝑇𝐸𝐺 ∆𝑇𝑒𝑥𝑡
2 =

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦

∆𝑇𝑒𝑥𝑡
2   (3.35) 

For a more equitable comparison, only works presenting printed organic TEGs and 

providing all the necessary information to calculate this parameter were selected (Figure 

3.7). As can be seen from Figure 3.7, this parameter varies significantly, ranging from 

1×10-7 to 0.01 µW K-2cm-2, indicating that further research is needed to optimize it. Given 

the wide range of this parameter, we analyzed how much of the variation could be 

attributed to the differences in the thermoelectric properties of the materials or the quality 

of the device structure. We decided to plot the Pnorm density vs. Zopt. Considering the Zopt as 

the equivalent quality factor of the materials (equation 3.14). The higher the Zopt the 

higher the normalized power should be for the same quality of device structure. Figure 

3.7 shows the Pnorm density vs. Zopt of printed TEGs organic (red squares) and hybrid 

organic/inorganic TEGs (blue circles). It is important to note that this section considers 

also devices with non-printed steps, which usually improve performance, but also 

significantly increase production costs.  

As can be observed in the case of organic TEGs, despite the significant improvement in 

the properties of thermoelectric materials, the Pnorm density does not show the same progress, 

highlighting that the devices have not been optimized to maximize the power output. This 

shows significant potential for improving device performance by better exploiting the TE 

properties of materials.  

Progress toward practical applications, TEGs should also be compared based on shelf life, 

production cost, scalability, reproducibility, and portability. The shelf life is not reported 

for any printed organic TEG and rarely for non-printed organic TEG, such as textile TEG. 

This is due to the general instability of n-type TE materials as described in Chapter 2. 

Chapters 4 and 5 present two types of organic TEGs with features consistent with the 

thermoelectric properties of the materials, demonstrating scalability with devices 

containing up to 800 thermocouples, and excellent environmental stability along with a 

record normalized power density among organic TEGs. 
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Figure 3.7: State of the art of organic printed TEG. Power provided by the 

TEG  normalized for 1 cm2 and ∆T =1K  as a function of Zopt. The red squares 

are the organic printed TEG,122,125,126,128,129 while the blue circles are the 

hybrid printed TEG.83,130,131  

 

3.8 State of the art of inorganic printed TEG 

Research on inorganic TEG devices is more developed, as the performance of inorganic 

materials is better and more stable, producing higher power output. In recent 

developments, printable thermoelectric materials have been successfully employed for 

the production of printed TEGs, offering high versatility in processing and adaptability 

across various printing techniques and applications.22,120,132 Due to the ability to create 

thick layers with these materials, screen printing72,75,77,81,83,84,133–137 and dispenser 

printing69–71,73,78,138–140 are the most commonly utilized methods in the literature. 

Additionally, techniques such as 3D printing, inkjet printing, and aerosol-jet printing have 

demonstrated high resolution.74,141–149 

Figure 3.8 shows the Pnorm density of state of the art of printed thermoelectric devices. It 

was not possible to refer solely to fully printed thermoelectric devices due to a lack of 

fully printed devices in the literature. As can be seen at present, printed inorganic devices 

have roughly 2 orders of magnitude higher power than printed organic ones. Given the 



Thermoelectric Device 

 

 

 

64  

presence of significantly different architectures, such as radial, vertical, folded, and 

wrapped structures, we decided to present a comparison between Pnorm density and Pout for 

a ΔText = 1K to understand the role of the areas of the device.  

Figure 3.8 shows that the Pnorm density remains more or less constant, while the Pout for a 

1K temperature difference increases, suggesting that the power increase is often due 

solely to the increase in the number of thermocouples, and not to the optimization of 

materials or architectures, which can still be improved.  

 

Figure 3.8: State of the art of inorganic printed TEG. Power provided by the TEG  

normalized for 1 cm2 and ∆T =1K as a function of the power output for a ∆T= 

1K. Expand the analysis of the state of the art comparison shown in the ref150 

(licence CC BY-NC 4.0). 

 

Regardless, with a Pnorm density of 1 µW K-2 cm-2 is already possible to obtain a Pout of 30 

µm per cm2 at ∆T = 30 K enough to power a low-power start-up circuit. Despite this, not 

many studies show the device powering a start-up circuit and being used in an application, 

probably due to the scaling difficulties, especially of the non-printed manufacturing steps, 

reliability, durability, and integration challenges. In Chapter 6, a fully printed vertical 

structure capable of powering a customized PCB (Printed Circuit Board) will be 

presented, demonstrating a cost-effective energy harvesting system. 
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4.1 Fully Printed Vertical, Scalable Organic TEG 

This chapter presents a scalable method for fabricating TEG using a fully screen-printed 

process, demonstrating both its reliability and adaptability. The architecture is first 

validated using the well-known p-type material PEDOT:PSS and silver ink. Then, a 

recently reported additive-free graphene ink68 is used alongside silver to fabricate a TEG 

with improved performance. The ultra-light graphene-based TEG delivers 15 nW of 

power at a ∆T = 29.5 K. Numerical simulations using COMSOL Multiphysics are used 

to confirm the reliability of the TEGs.b Following the successful free-additive graphene-

silver 1×1 cm² demonstration, the architecture is scaled up to 10×10 cm² devices 

consisting of 800 thermocouples. The fabrication process is carried out at an industrial 

scale in ambient conditions, allowing multiple TEGs to be printed simultaneously. This 

significantly reduces both production time and cost and represents a major step forward 

in the development of organic TEGs. 

The results presented in this chapter have been previously published as a journal article 

in Advanced Materials Technologies.151 

4.2 Introduction 

As described in Chapter 2 organic materials are well suited for flexible TEGs due to their 

ease of solution processing, natural abundance, lightweight, and great mechanical 

properties. However, despite the ongoing improvements in the TE properties of organic 

materials, device architectures have not fully exploited these advances.

Only a few works in the field of organic thermoelectric have presented studies on 

architectures and fabrication methods of truly scalable devices (further discussion in 

section 3.7).120,129,152–154  

The devices presented are generally proof-of-concept demonstrations, aimed at showing 

the feasibility of creating a device. These proof-of-concept TEGs generally provide power 

outputs considerably below the predicted performance based on the FoM (zT) of the 

constituent materials and are often fabricated using methods that are not suitable for 

scaling. In particular, fully printed TEG have a limited area (ATEG << cm2) and a low 

number of thermocouples up to 60 thermocouples (Table 4.1),122,125,127,155 further limiting 

their power output. 
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Table 4.1. Number of thermocouples integrated into a fully printed organic TEG 

and the printing technique used to fabricate it. 

Refs Number of 

thermocouples 

Printing technique 

[31]
 10 3D print 

[32]
 6 Dispenser print 

[33]
 60 Drop cast 

[34]
 4 Inkjet print 

[35]
 20 Inkjet print 

[18]
 1 3D print 

[36] 9 Spray coat 

This work 800 Screen print 

 

4.3 TEG structure design  

A π-shape vertical structure,156 with the legs perpendicular to the heat flow, was chosen 

to increase the number of thermocouples per unit area and enhance the Pdensity, while 

simultaneously improving thermal contact with the heat source and sink. This design is 

also better suited to real-world applications where it is more likely to capture heat flow 

effectively compared to a planar configuration. The monolithic TEG architecture was 

reproduced via a full-screen printing process using metallic, insulating, and 

semiconducting inks. To ensure scalability and reproducibility, all the fabrication steps 

were carried out using an industrial high-throughput screen printing machine (Thieme 

3010S Vision). Given the limited availability of air-stable TE organic n-type materials,157 

as described in section 2.7, we decided to replace the n-type legs with conductive Ag 

interconnections. 

The TEGs presented in this work, are fabricated by simply printing five different layers 

on top of each other, as shown in Figure 4.1b-f (device with n=8). The first screen-printed 

layer is the silver bottom contact (3 µm thick), necessary for interconnecting the 
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thermoelectric legs (Figure 4.1b), followed by an insulating layer with circular holes that 

define the thermoelectric legs (Figure 4.1c). The legs are alternately filled with p-type 

and silver ink to form the p-TE legs (Figure 4.1d) and the metallic legs (Figure 4.1e), 

respectively. Finally, the top contact (3 µm thick) is printed to connect all the 

thermoelements (Figure 4.1d). 

 

Figure 4.1: a) Sketch drawing of the screen-printed technique. b) Printed bottom 

silver contact layer. c) Printed insulator layer. d) Printed p-type material 

(Graphene, PEDOT:PSS) legs layer. e) Printed silver legs layer. f) printed top 

silver contact layer. Figure from 151 Licence CC-BY. 

The top and the bottom contacts (Figure 4.1b,f) are made using the commercially 

available Ag ink LOCTITE® ECI 1010 E&C purchased from Sigma-Aldrich, while the 

insulator is the UV-curable Bectron DP8446 purchased from Elantas (Figure 4.1c). A 

flexible 25 µm Kapton substrate supplied by DuPont Teijin Films was chosen to ensure 

good flexibility and mechanical strength. 

Using this method and the same basic thermocouple cell, TEGs with n = 4, n = 8, and n 

= 800 vertical thermocouples and an area of 0.5 cm2, 1 cm2, and 100 cm2 respectively, 

were fabricated. Figure 4.2 shows the layouts of the five stacked layers of an 8-

thermocouple TEG. The silver top and bottom contacts (red and blue rectangles) have 

dimensions of 4500 µm × 2000 µm and are spaced 500 µm apart. The insulator (depicted 

in purple) measures 1 × 1 cm, and the wells have diameters of 1500 µm, spaced 1000 µm 

apart. The dimensions and the spacing of the elements were chosen to optimize the yield 

of the printing process. All the layers were printed at RT, and the annealings of the printed 

layers were fast and at low temperatures (<100°C), highlighting how these devices can 

be produced under standard conditions and with low-cost treatments. Lastly, to 
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electrically insulate the devices, a thin layer of parylene (1 µm) was deposited using the 

commercially available SCS PDS 2010 Labcoter® 3. The geometry factor FF (equation 

3.17) of the presented architecture is 0.28, which is reduced by half (FF = 0.14) if the n-

type organic TE material is replaced by metal interconnections since the silver does not 

have any contribution to the power output. 

 

 

Figure 4.2: Layout of a TEG with 8 thermocouples. Figure from 151 Licence CC-

BY. 

 

4.4 Validation of the structure: PEDOT:PSS-Ag TEG  

Firstly, the fully printed TEG architecture was validated using PEDOT:PSS, the most 

commonly used p-type material. The CleviousTM SV4 PEDOT:PSS ink, purchased by 

Heraeus, was used to print the p-TE legs, Figure 4.1d. 

 

4.4.1 Thermoelectric characterization of the PEDOT:PSS 

The initial step involved thermally and electrically characterizing the PEDOT ink. As 

described in Chapter 2, for a complete characterization of a TE material, it is necessary 

to measure electrical conductivity (σ), thermal conductivity (k), and the Seebeck 

coefficient (S). The in-plane electrical conductivity was measured using the standard 4-

probe method with a 2612B Keithley SourceMeter, and it was found to be 37 S/cm for a 

screen-printed 4×4 cm square with a thickness of 10 µm, measured with a Dektak 

profilometer. The in-plane Seebeck coefficient was measured using a Quasi-Static 
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method with a system carefully described in ref158 (provided by the Istituto Italiano 

Technologia during the secondment) and it was found to be 12 µV/K. Furthermore, the 

thermal conductivity k = 0.5 W/mK was measured using the Linseis TFA at temperatures 

up to 80°C, as shown in Figure 4.3. Resulting in a zT = 310-4. 

 

Figure 4.3: Thermal conductivity of PEDOT:PSS as a function of the 

temperature. Measured with the Linseis TFA instrument. Figure from 151 Licence 

CC-BY. 

 

4.4.2 Characterization of the PEDOT:PSS-Ag TEG 

Two variants of the PEDOT:PSS-Ag TEG were fabricated following the steps described 

above, with n=4 (P4) and n=8 (P8) thermocouples. Figure 4.4 shows both types of 

devices, P4 (Figure 4.4a) and P8 (Figure 4.4b), respectively. The TEGs had Ag and 

PEDOT:PSS legs with a thickness of 14 µm thick. The RTEG for the P4 measured 10.1 Ω, 

while the RTEG of the P8 measured 19.2 Ω, perfectly scaled to the number of 

thermocouples. 
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Figure 4.4: a) Picture of the P4 (4-thermocouples PEDOT:PSS-Ag device).  

b) Picture of the P8 (8-thermocouples PEDOT:PSS-Ag device). Figure 

adapted from 151 Licence CC-BY. 

 

To characterize the devices, the Voc, (open-circuit voltage described by equation 3.1), was 

measured at different ∆Text, while the Pout was measured at different temperatures as a 

function of the applied load resistance (Rload). The Voc and Pout of the TEGs were evaluated 

with an accurate system described in detail in ref159 (provided by the Istituto Italiano 

Tecnologia during the secondment). In short, the voltage and power provided by the 

device were measured with the device pressed between two copper blocks in a vacuum 

system to reach an equilibrium, with no convection. The temperature of one copper block 

was controlled by a water-cooling system and the other by heaters. After setting the 

desired temperatures, the temperatures of the two copper blocks reached thermal 

equilibrium, depending on the thermal mass of the device, and the device had a certain 

∆Text across its end. The voltage and power measurements using this setup were taken 5 

minutes after reaching this equilibrium. We reported effective ∆Text ranging from 5K to 

25K, to reflect realistic conditions in an IoT scenario. It is important to clarify that here 

the ∆Text is the temperature between the top of the parylene and the bottom of the 

substrate, hence the temperature applied externally to the device. Considering the ∆T 

across the device as a small temperature difference, the linear approximation discussed in 

section 3.4 is guaranteed by the measurement setup used.159 Thus, we were able to 
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consider ∆T between the silver top contact and the silver bottom contact as linearly 

dependent on ∆Text, and Voc as linearly proportional to ∆Text, as demonstrated in Figure 

4.5a-b for both P4 and P8. Furthermore, it was possible to observe that the Voc of P4 and 

P8, were one-half of the other, as expected since Voc is also proportional to n. The Pout 

also follow the ideal behavior (Figure 4.5c-d) described by equation 3.5 with the 

maximum value (Pout max, equation 3.6) obtained when the load resistances were matched 

to the internal resistance. The Pout max provided by the P4 was consistently half of that 

provided by the P8 at every ∆Text, further verifying the correct scaling of the Pout of the 

TEGs. Table 4.2 reports the values of the Pout max for ∆Text = 5K and ∆Text = 25K for better 

comparison.  

 

Table 4.2. Pout max of the P4 and the P8 for varying ∆Text. Note that the Pout max of 

the P4 was measured at 9.3 K and 22.7 K, while the Pout max of the P8 was 

measured at 9 K and 25 K. 

TEG Pout max ∆T ext  

9 K [nW] 

Pout max ∆T ext  

22 – 25 K [nW] 

P4 0.15 0.93 

P8 0.24 1.75 

 

To verify the reproducibility of this architecture, the Voc of two P8 (P81, P82) devices was 

measured over two consecutive days. Figure 4.6 shows that the Voc varies only marginally, 

both for the same device on two consecutive days and when between different devices. 
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Figure 4.5: a) Open circuit voltage of the P4 as a function of the ΔText. b) Open 

circuit voltage of the P8 as a function of the ΔText. c) Power output of the P4 as 

a function of the resistive load for different ΔText. d) Power output of the P8 as a 

function of the resistive load for different ΔText. The fittings in panels a) and b) 

are linear fitting, while in panels c) and d) rational polynomials. Figure from 151 

Licence CC-BY. 

 

Figure 4.6: Open circuit voltage of the P81 as a function of the ΔText measured 

on two consecutive days (black dots and red dots), along with the open circuit 

voltage of P82 as a function of the ΔText (blu dots). Figure from 151 Licence CC-

BY. 
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4.5 Free additive graphene-Ag TEG 

After verifying the fully printed architecture with the commercially available CleviousTM 

SV4 PEDOT:PSS ink, the same architecture was replicated using a new p-type ink 

additive-free graphene (provided by Swiss Federal Laboratories for Materials Science and 

Technology) recently presented in the article.68 In this ink formulation, van der Waals 

interactions replace the additives to overcome processing challenges, while largely 

preserving the electrical properties of the material. For further details refer to.68 The TE 

performance of the ink was for the first time characterized in this work. 

 

4.5.1 Thermoelectric characterization of the graphene ink 

The thermal and electrical properties to evaluate the zT of the screen-printable graphene 

ink were measured to allow a consistent comparison with the PEDOT:PSS. Firstly, The 

in-plane S of a screen-printed film 10 cm×2 cm with a thickness of 5 µm was measured, 

with a custom-built setup. The printed film was placed into electrical contact with the 

junction of a K-type thermocouple. The junction was specifically kept at the same 

temperature using a metal block, while another metal block was used to stabilize the 

temperature at the other ends (see Figure 4.7a). The ∆T at the ends, i.e. the temperature 

difference between the two blocks, was calculated by measuring the voltage across the 

thermocouple and evaluating the ∆T with the NIST (National Institute of Standards and 

Technology) conversion table.160 For each ∆T, the voltage differences between Chromel 

and graphene (red dots) and between Chromel and Alumel (blue dots) were measured. 

The S was then calculated by subtracting the S of Chromel and Alumel from the linear 

fittings of the ∆V vs ∆T (Figure 4.7b). The measurement on each branch was repeated 

three times.  
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Figure 4.7: a) Sketch of the Seebeck coefficient setup. Step 1. Measurement of 

∆V between the Chromel wire (red) and Alumen wire (light blue) to evaluate the 

∆T. Step 2. Measurement of ∆V between the Chromel wire and the sample. Step 

3. Measurement of ∆V between the Alumen wire and the sample. b) 

Measurement of ∆V between the Chromel wire and the screen-printed line of 

graphene (blue line), and ∆V between the Alumen wire and the screen-printed 

line of graphene (red line). The fits in panel b) are linear fits. Figure from151 

Licence CC-BY. 

 

The two S values obtained from the two branches were averaged to determine the final S 

of graphene, obtaining an S = 48 ± 0.42 µV/K. Note that this method was previously 

demonstrated with silver wires and silver screen printed films. 

The in-plane σ was measured using the 4-probe method with a 2612B Keithley 

SourceMeter. The measurement was carried out for printed films (4×4 cm square) with 

different thicknesses (measured with the Dektak profilometer). The resulting average σ 

was 41 S/cm (Figure 4.8a). Finally, the in-plane k was measured using the Linseis TFA 

at temperatures up to 180°C. As shown in Figure 4.8b, k remained stable with a value of 

around approximately 0.3 W/mK.  

In summary, the screen-printable graphene ink demonstrated a S = 48 µV/K, a k = 0.3 

W/mK, and an σ = 41 S/cm, showing an increase of more than one order of magnitude in 

𝑧𝑇 = 810-3, compared to zT = 310-4 for PEDOT:PSS. 
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Figure 4.8: a) Electrical conductivity of printed samples as a function of the film 

thickness. b) Electrical conductivity of the graphene as a function of the 

temperature using the Linseis TFA instrument. Figure from 151 Licence CC-BY. 

 

4.5.2 Characterization of the graphene-Ag TEG 

The graphene ink was used to fabricate a 1×1 cm² TEG consisting of 8 thermocouples 

graphene-Ag (G8), mirroring the architecture of the PEDOT device (Figure 4.4b), but 

with legs 9 µm thick. The G8 had an internal resistance of 14 Ω.  

 

Figure 4.9: a) Open circuit voltage of the G8 as a function of the ΔT (green dots) 

with a linear fit (green line). b) Power output of the G8 as a function of the 

resistive load for different ΔText (dots). The fittings (lines, Fit) in the graph are 

rational polynomials. Figure from 151 Licence CC-BY. 

The Voc and the Pout were measured with the same setup employed for the characterization 

of the PEDOT:PSS TEGs. Figure 4.9 shows that, in both cases, the measured parameters 

followed the ideal behavior observed also for P8 and P4. This optimal performance 
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underscores both the reliability of the additive-free graphene ink and the screen-printing 

fabrication method. The Pout max provided by the G8 is significantly higher than the Pout.max 

provided by the P8, as shown in Figure 4.10, particularly at ∆T = 25 K Pout max of G8 is 

5.5 greater.  

 

Figure 4.10: Maximum power output of the 8G (green, dots) and the P8 TEG 

(blue dots), as a function of the ΔText. The fits (lines, Fit) in the graph are 

exponential. Figure from151 Licence CC-BY. 

The 8G provided a Pmax at ∆T = 29.5 K of 15 nW, resulting in a Pnorm density (equation 3.35) 

of 1.7 × 10-5 µW cm-2 K-2 among the highest for the fully-printed organic TEG. Moreover, 

this device exhibits a lightweight structure, with a power output of 1 µW per g, and 

remarkable flexibility up to a bending radius of 1 cm with a maximum resistance change 

of 2% (Figure 4.11), which are necessary conditions for the use of this device in a real 

application.  

 
Figure 4.11: Resistance ratios of the screen-printed 8G TEG as a function of the 

bending radius. Figure from151 Licence CC-BY. 
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4.6 Finite-element method simulations 

Predicting device performance is one of the fundamental characteristics for the design 

and optimization of devices, however, it is often not implemented in the world of organic 

TEGs. In this work, simulations were performed using COMSOL Multiphysics to verify 

the performance of printed devices. All simulations were carried out using the heat 

transfer in solids and electric currents interfaces from the thermoelectric Multiphysics 

package161 (detailed information can be found in refs162). The simulations were conducted 

by forcing temperatures on two surfaces: the silver top contact (298K) and the bottom of 

the substrate (298K + ΔText), allowing heat to flow freely between the two. Additionally, 

to recreate the open-circuit condition, one terminal of the device was electrically 

grounded, while the current was forced to 0A at the other terminal. Figure 4.12 shows the 

geometries of the simulated devices, which are identical to the printed ones. 

 
Figure 4.12: Geometries of simulated TEG generators with 8 thermocouples (on 

the left) and 4 thermocouples on the right. Note that the z-axis is scaled by a 

factor of 50 to provide a clearer view of the device structure. Figure from151 

Licence CC-BY. 

Table 4.3: Material properties used in the simulations. 

Material σ[S cm-1] k[W m-1 K-1] S [μV K-1] 

Graphene 41 0.3 48 

PEDOT:PSS 37 0.5 12 

Silver 6.0x105 92 400 92 1.592 

Kapton / 0.12163 / 

Insulator / 0.3164 / 

Parylene C / 0.09165 / 
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The simulations were performed with a graphene leg thickness of 8 µm a PEDOT:PSS 

leg thickness of 13.75 µm (based on the average thickness and peak-to-valley height of 

the printed films), and a silver contact thickness of of 3µm (the surface roughness was 

negligible in this case). The dimensions and TE performance parameters used in the 

simulation are described in Figure 4.2, and Table 4.3, respectively. 

The simulation results result were in good agreement with the experimental data, as 

shown in Figure 4.13. The measured open Voc for both the PEDOT:PSS and graphene-

based devices showed an excellent fit with the simulations, with maximum errors of 6.1% 

and 10.2% respectively.  

The strong agreement between the performance of the real devices and the simulated ones 

highlights the potential for accurately predicting TEG performance using the proposed 

fully screen-printed fabrication method. Further finite element simulations were 

performed to identify the current limitations of thermoelectric conversion and to optimize 

the design and material selection.  

 

 

Figure 4.13: a) Measured open circuit voltage of the P8 as a function of ΔText 

(blue dot) and simulated open circuit voltage of a P8 with a leg thickness of 13.75 

µm (grey dot). b) Measured open circuit voltage of the G8 as a function of ΔText 

(green dot) and simulated open circuit voltage of a G8 with a leg thickness of 8 

µm (grey dot). Figure from151 Licence CC-BY. 

 

First, it was observed that the equivalent circuit model proposed by Beretta,92 discussed 

in section 3.4 (Figure 3.2), was not applicable in this case, as the thermal resistance of the 

device contacts proved to be non-negligible and the ΔT across the legs were almost 
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independent. To gain a deeper understanding of the performance of the device, we 

introduced a revised equivalent thermal circuit (section 3.5). This new model was 

developed by calculating the thermal conductance, K, from simulations as the ratio of the 

heat flux imposed at one end of the segment to the temperature difference measured across 

the segment. Starting from a complex model (Figure 3.4a), the K values were calculated 

for horizontal (K//) and vertical (K⊥) heat flows across all segments. Specific thermal 

resistances were determined to be negligible, this enabled the construction of the 

simplified model presented in Figure 3.4b. The proposed model is valid for devices with 

a standard value of k (see Table 4.3), a thickness on the order of micrometers, and an area 

size of mm². Using this new thermal equivalent, the effect of the substrate on device 

performance was investigated by simulating the temperature profile along the frontal 

plane of a G8 at ∆T = 25°C with substrate thicknesses of 25 µm and 5 µm. The results 

shown in Figure 4.14a demonstrated the substrate acts as a thermal barrier, influencing 

the ∆T across the thermoelectric legs. To analyze the influence of the substrate thickness 

on the ∆T across legs, we defined a temperature difference, ∆Tsim, across the leg:  

∆𝑇𝑠𝑖𝑚 = (∆𝑇𝑒𝑥𝑡 − ∆𝑇𝑠𝑢𝑏−𝑠𝑖𝑚) =  
𝑉𝑜𝑐−𝑠𝑖𝑚

𝑛 𝑆𝑝𝑛
  (4.1) 

Where the ∆Tsub-sim is the simulated temperature difference across the substrate and the 

Voc-sim is the simulated open circuit voltage. The different combinations of substrate and 

graphene leg thicknesses were simulated (Figure 4.14b), demonstrating that increasing 

leg thickness reduces the influence of the substrate on the ΔTsim. This effect is particularly 

noticeable with thinner substrate and thicker legs, where ΔTsim closely aligns with ΔText. 

Therefore, decreasing substrate thickness appears to be an effective strategy for 

enhancing TEG performance. 

Furthermore, to assess the influence of the thermal conductivity of the p-type material, 

silver, insulator, and substrate on the device performance, the Voc-sim of a P4 was simulated 

as a function of the thermal conductivity of each material (Figure 4.15). In each 

simulation, the k values of the other materials were held constant, as shown in Table 4.3. 

 The normalized Voc-sim was calculated relative to the Voc-sim of the P4 obtained using the 

nominal k values. 
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Figure 4.14: a) Temperature distribution along the cross-section of 2 graphene-

based devices with a substrate thickness of 25μm (left) and 5μm (right). The 

temperature drops along the silver and graphene legs are independent of each 

other. On top of the leg is reported the ΔT drop across the leg. b) Simulated ΔT 

(ΔTsim) for different combinations of additive-free graphene leg thicknesses and 

substrate thicknesses. The ΔT is normalized to the ΔText. Figure from 151 Licence 

CC-BY. 

 

It was observed that the Voc-sim remains relatively stable when the thermal conductivity of 

silver varies between 0.1 W m⁻¹ K⁻¹ and 1000 W m⁻¹ K⁻¹. This stability occurs because, 

at high k, the silver legs are thermally short-circuited (see Figure 4.14a and Figure 4.15c), 

which limits the formation of a significant temperature gradient across them and thus does 

not affect the Voc-sim. The Voc-sim is mainly influenced by the p-type material legs, whose 

lower thermal conductivity, in contrast to that of silver, allows the development of a 

thermal gradient (see Figure 4.14a and Figure 4.15b). In the hypothetical scenario of low 

k of the silver, which would allow a significant thermal gradient, the Voc-sim would also be 

affected by the k of the silver. However, due to the very low S of the silver, the changes 

would not be as significant as those caused by variations in the thermal conductivity of 

the other materials. The Voc-sim increases more noticeably when the thermal conductivity 

of the p-type material and the insulator decreases, while a higher thermal conductivity of 

the substrate allows for a larger thermal gradient. For example, employing a substrate 

with a thickness of 25 µm and a thermal conductivity of 0.8 W m⁻¹∙K⁻¹166 could produce 
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a power output up to 15 times greater than that of the Kapton substrates used in the current 

devices. 

 

 

 

Figure 4.15: Simulated open circuit voltage (Voc-sim) of a P4 when a ∆Text = 

25 K is applied, as a function of the thermal conductivity of a) the insulator, b) 

the p-leg, c) the silver and d) the substrate. The open circuit voltage on the left y-

axis has been normalized with respect to the open circuit voltage of the P4 device 

obtained with the nominal values of the k. (reported in Table 4.3). Figure from151 

Licence CC-BY. 

 

Finally, also the thickness of the active material has a significant influence on the Voc-sim, 

if the thickness increases the power increases until the leg resistance starts to dominate. 

However, this effect only becomes significant for thicknesses exceeding 50 μm (Figure 

4.16), a range that is difficult to achieve with screen printing. 
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Figure 4.16: a) Simulated maximum power output of a P8 as a function of the leg 

thickness. b) Simulated maximum power output of a G8 as a function of the leg 

thickness. The maximum power output was obtained using the simulated open 

circuit voltage and the value of the internal resistance, which increases 

proportionally to the thickness, following equation 3.6 since the contact 

resistance of the device is negligible. Figure from151 Licence CC-BY. 

 

 

4.7 Scaled-up free additive graphene-Ag TEG 

To demonstrate the scalability of the TEGs produced using the previously described 

fabrication method, a new batch of devices was screen printed. Figure 4.17 shows 

graphene-based TEGs n =800 thermocouples with leg thicknesses of 10 µm and 20 µm, 

each measuring 10 × 10 cm² (G800 10 µm, G800 20 µm). For comparative purposes, new 

TEGs with n = 8, having identical leg thicknesses (G8 10 µm, G8 20 µm), were also 

screen-printed. As expected, the internal resistances of the G800 TEGs increased 

proportionally with the number of thermocouples and leg thicknesses (Figure 4.18a). The 

G8 10 µm had an internal resistance of 3.4 Ω, and the G8 20 µm had an internal resistance 

of 7.5 Ω, while the G800 10 µm and G800 20 µm showed internal resistances of 325 Ω 

and 735 Ω, respectively. This resulted in a percentage error in the Rteg of the G800 10 µm 

and 20 µm of 5% and 2% compared to the Rteg of the G8 10 µm and 20 µm multiplied by 

100, highlighting the high consistency of the scaling process. 
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Figure 4.17: Pictures of the 800G TEG (800-thermocouples graphene-Ag 

device). Figure adapted from151 Licence CC-BY. 

 

To further demonstrate the correct behavior and the scaling of the devices the VOC of 

G800 10 µm, G800 20 µm, G8 10 µm, and G8 20 µm were measured as a function of 

ΔText (see Figure 4.18b). The Voc of the G8 TEGs was found to be 100 times lower than 

that of the G800 TEGs at the same ΔText. In particular, at ΔText = 40 K, the Voc of the G8 

10 µm, multiplied by 100, was 3.7 mV, showing a 5.1% error compared to the Voc of the 

G800 10 µm. While at ΔText = 40 K the Voc of the G8 20 µm, multiplied by 100, was 6.8 

mV, with a 1.5% error compared to the Voc of the G800 10 µm. 

We can conclude that both types of TEGs (10 µm, 20 µm) demonstrated excellent 

scalability, in terms of internal resistance and the Voc provided. As a result, the Pout max of 

the devices was also scalable. The Pout max for the G800 20 µm was 16 nW, which is 106 

times greater than the Pout max of the G8 20 µm (0.15 nW). For the G800 10 µm and G8 

10 µm, the power ratio was 102, with Pout max values of 10.2 nW and 0.1 nW, respectively. 

The two G800 devices were measured every month for three months to evaluate their 

behavior over time. Figure 4.19 shows that the Voc of the devices remained unchanged for 

both thicknesses of the legs. Additionally, the total resistance of the devices after 3 months 

deviated by only 3.3% and 4.6% for the G800 10 µm and G800 20 µm, respectively.  
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Figure 4.18: a) Mesured internal resistance of the G800 10 µm (blue squares) and 

the G800 20 µm (green squares) as a function of number of thermocouples, and 

internal resistance of the G8 10 µm (light blue star) and the G8 20 µm (black 

star). b) Measured open circuit voltage of the G800 10 µm (blue triangle), the 

open circuit voltage of the G8 10 µm (light blue rhombus) multiplied by a factor 

100, the open circuit voltage of the G800 20 µm (green triangle) and the open 

circuit voltage of the G8 20 µm (black rhombus) multiplied by a factor 100 as a 

function of ΔText. The fits in the panels are linear. Figure adapted from151 Licence 

CC-BY. 

 

Figure 4.19: Open circuit voltage of the G800 with a) a thickness of 10 µm and 

b) a thickness of 20 µm as a function of the ΔText (between the plates of the hot 

press) over two months. Figure adapted from151 Licence CC-BY. 

Furthermore, to evaluate the reproducibility of the process, another G800 µm was 

fabricated. Figure 4.20 shows that the two G800 µm devices have nearly identical 

performance, suggesting the reliability and the scalability of the process at least up to tens 
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of cm². Using the same screens employed in the fabrication of these TEGs, it would be 

easily possible to create TEGs with an area of up to m². 

 

Figure 4.20: a) Internal resistance of two G800 with a thickness of 10 µm as a 

function of the number of thermocouples. b) Open circuit voltage of two G800 

with a thickness of 10 µm as a function of the ΔText. Figure adapted from151 

Licence CC-BY. 

 

It is important to note that the Voc and Pout measurements presented in this section were 

carried out in a simple setup in air, consisting of a hot press with two metal plates with 

controllable temperature (provided by the EURECAT Centre Tecnologic during the 

secondment). Additionally, in this case, the parylene insulating layer was not present, 

replaced by a thermal insulating paper, which certainly reduced the ΔT. This was due to 

the incompatibility of the TEG dimensions with the more complex and accurate setup 

used for the characterization of the P8 and G8. In any case, all the devices were perfectly 

scalable when measured with the same setup and under the same conditions. 

 

4.8 Summary 

This work outlines a fabrication technique for producing robust, large-area, fully printed 

vertical organic TEGs. The method is simple, cost-effective, and capable of producing 

flexible, lightweight TEGs scalable to dimensions in the meters square range, a first for 

organic TEG devices. These TEGs show consistent performance that aligns with 

simulations based on the FoM of the materials and remain stable for up to 3 months. 
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The TEG design was initially validated using a common p-type thermoelectric material, 

PEDOT:PSS, combined with a commercially available conductive silver ink fabricating 

TEGs with either 4 or 8 thermocouples, each having an area of 0.5×1cm² or 1×1cm², 

respectively. After confirming the fabrication reliability of the fabrication method, an 8-

thermocouple TEG was developed using an additive-free graphene as a p-type material. 

This lightweight, flexible graphene-based TEG demonstrated a Pnorm density of 1.7 × 

10⁻⁵µW cm⁻² K⁻², one of the highest reported for fully-printed organic TEGs. 

Interestingly, the power density may be further improved, as suggested by the Comsol 

Multiphysics simulation. For instance, using a thinner or more thermally conductive 

substrate, such as metal foil with a passivation layer, the ΔT across the thermoelectric legs 

would increase, increasing the power output. Currently, the TEGs use short-circuited n-

type legs made from silver ink due to the lack of stable organic n-type ink. Introducing 

an organic, screen-printable n-type ink with performance comparable to the graphene-

based p-type material could potentially double the power output. In addition, the 

fabrication process is compatible with any screen-printable ink, including inorganic 

materials with superior thermoelectric properties (see Chapter 6). Using β-Ag2Se81 as the 

n-type and Bi0.5Sb1.5Te3
77 as the p-type material, a 1×1 cm² TEG with legs 14 µm thick 

on 25 µm thick Kapton foil, could theoretically generate 10 µW of power at a ΔText of 30 

K, which would be sufficient to power low-power sensors or electronic devices. 167  

Finally, the ability to fabricate fully printed vertical organic TEGs with up to 800 

thermocouples has been demonstrated, providing a clear path to significantly enhanced 

performance. 

In conclusion, the versatility of this TEG architecture and fabrication process has been 

demonstrated through the use of multiple active inks and configurations, offering the 

ability to tailor the size, materials, and power output to meet specific application needs. 

This approach shows great potential for developing TEGs capable of harvesting 

sustainable energy to power distributed sensors and IoT devices under modest thermal 

gradients. 
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5.1 Folded Fully Printed Organic TEGs Based on a 

Stable n-type Polymer 

As miniaturized electronics and sensors are increasingly widespread, the need for 

affordable and adaptable power sources becomes extremely important. Organic TEGs, 

which can harness waste heat sustainably and cost-effectively, could play an important 

role in powering future sensor networks. Until now, n-type organic thermoelectric 

materials have lagged significantly behind their p-type counterparts in terms of 

performance, especially stability. Recent advances in the development of a stable, highly 

conductive n-type polymer, poly(benzodifurandione) (PBFDO), are beginning to change 

this perspective; however, its validation as a suitable ink for scalable manufacturing 

processes for integration into an organic TEG has yet to be established. 

This study focuses on the development, characterization, and optimization of a PBFDO 

ink adapted to a scalable inkjet printing process. The n-type ink is next incorporated into 

a screen-printed, folded origami-inspired design, creating a 21-leg PEDOT/PBFDO 

organic TEG. This device achieves a normalized power density of 0.718 nW cm⁻² K⁻², the 

highest reported for organic TEGs. Furthermore, the TEG demonstrates ambient stability 

for up to 90 days and proves its suitability for harsh environments, withstanding 

temperatures ranging from -8 ºC to 200 ºC and up to 90% relative humidity, a first for 

organic TEGs. 

The results presented in this chapter have been previously published as a journal article 

in Advanced Materials Technologies.168,c 

5.2 Introduction

TEGs could play a role in future energy solutions as they do not require recharging, can 

operate without light, and contain no moving parts, overcoming the limitations of 

batteries, solar cells, piezoelectric, and triboelectric systems. Organic TEGs, offer 

flexibility and lightweight properties and can be produced using scalable printing 

techniques. Using non-rare and cost-effective materials, organic TEGs are ideal for use in 

wearables,169 agricultural and industrial sensors,170 and compact point-of-care 

devices,171,172 where flexibility, affordability, and compact size are key benefits. 
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Although, not many devices have been demonstrated using high-throughput and large-

area techniques, such as screen printing, roll-to-roll, and inkjet printing,113,173 and the 

proposed devices do not generate enough energy to power even the most efficient low-

power booster circuits, which require tens to hundreds of µW.170,174 This is mainly due to 

the lack of air-stable n-type organic materials after doping, unlike p-type materials, which 

exhibit stability.33,175 This is one of the reasons why the architectures presented are often 

not truly scalable,173,176 the number of thermocouples is limited, and the device 

performance measurements are conducted only in controlled environments, often without 

mentioning any air stability.129,173,177 As discussed, in Chapter 2, n-type materials 

generally have σ that are an order of magnitude lower than p-type materials, with 

maximum values below 100 S/cm.177–181 The causes of instability and low σ a are many, 

but the main ones are poor doping efficiency and unstable radical anions due to 

insufficiently deep energy levels of the lowest unoccupied molecular orbitals 

(LUMOs).182 Achieving maximum conversion efficiency in organic TEGs and advancing 

toward practical power outputs requires the development of both high-performance p-

type and n-type materials. The gap between p-type and n-type has been bridged with the 

discovery of an air-stable, highly conductive n-type polymer, poly(benzodifurandione) 

(PBFDO), obtained by a simple synthesis, reported in refs.32,183 

This air-stable n-type polymer, with an σ > 2000 S cm-1, easy to synthesize, could have 

the potential to revolutionize the field of organic thermoelectric. Whereas the stability of 

the material and its high conductivity have been proven, its adaptability to printing 

techniques and the production of scalable application-focused TEGs remains a challenge.  

This work demonstrates the printability of the material and its integration into an origami-

inspired, fully printed TEG. The device printed on an ultra-thin parylene substrate 

achieves a record Pdensity of 2.69 µW cm-2 at ∆T = 61 K, and the highest reported Pnorm 

density of 0.718 nW cm-2 K-2 among other reported organic TEGs. Furthermore, 

significantly, this work validates, for the first time, the long-term stability in harsh 

environments of an organic TEG with temperatures ranging from -8 to 200 °C and relative 

humidity up to 90%. The demonstrated power output and stability, even in challenging 

conditions, represent a significant advancement toward real-world applications.
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5.3 Optimization of a stable printable n-type ink 

PBFDO was synthesized according to the previously reported procedure,32 aiming for a 

final concentration of 10 mg/mL of PH-BDFO polymer,184,185 typical for inkjet-printable 

ink.d To obtain the polymer, monomer HBFO 3,7-dihydrobenzo[1,2-b:4,5-b′]difuran-2,6-

dione and the radical initiator TMQ (Figure 5.1a,b) were dissolved in DMSO which then 

underwent quinone radical homocoupling reaction resulting in oxidative polymerization 

hence yielding PBDFO. The final solution was filtered using a 45 µm Teflon filter and 

transferred into dialysis sacks with an average molecular weight cutoff of 10 kDa, where 

it was purified for 2 weeks. The DMSO used for dialysis was replaced until it became 

colorless which indicated the end of purification (Figure 5.1c). Nearly 30 ml of PBFDO 

solution in DMSO- were synthesized, as shown in Figure 5.2a,b. 

 

Figure 5.1: a) Photograph of the synthesis of PBFDO in DMSO using TMQ as 

the radical initiator. b) Reaction scheme of PBFDO. c) Photograph of an early 

stage of the dialysis. 

As described in section 3.6.1 the ink must have specific physical characteristics to be 

printable. The printability of the ink depends on several factors, such as surface tension, 

density, and viscosity of the ink, together with the nozzle diameter of the cartridge and 

the droplet velocity during the print. All these factors are taken into account by the 

Reynolds Re and Weber We numbers, described by the equations 3.31 and 3.32. 

Generally, the quality of the droplet can be predicted from the value of the general 

dimensionless parameter Zprint, expressed in equation 3.33. Ideally, it should have a value 

between 1 and 10. 
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Figure 5.2: Photos of the milliliter-scale synthesis solution of the PBDFO ink. 

Figure adapted from168 licence CC BY-NC. 

The ink and the printing parameters of the PixDro LP50 printer were optimized to give a 

print droplet velocity of 5.4 m s-1 (Figure 5.3a), a viscosity of 7.5 mPa·s (Figure 5.3b), a 

surface tension of 47.38 mN m⁻¹ (Figure 5.3c), and an ink density of 1.1 g cm⁻³. It can be 

seen from Figure 5.3b that the ink is shear-thinning non-Newtonian and is therefore 

suitable for printing as described in section 3.6.1. The viscosity was measured with the 

m-VROC microchannel rheometer at T= 30 °C, while the surface tension was measured 

with a Krüss DSA100 drop-shape analyzer. The density of the ink was obtained by 

weighing different volumes of the ink with a Sartorius Analytical Lab balance at RT. 

Figure 5.3: a) Fluid drop velocity during the printing, together with the angle and 

the volume of the drop. The velocity is expressed in m/s, the volume in pl, and 

the angle in °. The colors of the rows correspond to the characteristics of the 

drops with the arrow of the same color. b) Measurement of ink viscosity: shear 

stress [Pa] as a function of the shear rate [1/s]. c) Surface tension of the droplet 

of the PBFDO ink. Figure adapted from168 licence CC BY-NC. 
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The Re and We numbers of the ink are reported in Figure 5.4, which also shows that the 

ink has a Zprint = 4.14, in the desired range for optimum droplet formation, preventing the 

formation of satellite droplets and splashing. Other parameters were adjusted to improve 

the quality of the film on the substrate, such as the temperature of the plate, which was 

set at 80°C. The printability was proven on various surfaces: polyimide, parylene, ethyl 

cellulose, glass and silicon. 

 

Figure 5.4: a) Weber versus the Reynolds number. The area of 1 < Zprint < 10 is 

shown in blue and represents the area of good printability. The Zprint of the 

PBFDO ink is within the printability zone (white star). b) Photograph of PBFDO 

film on different substrates: polyimide, parylene, ethyl-cellulose, glass, and 

silicon. c) Optical micrograph of a printed PBFDO film on a silicon chip (Linseis 

chip). d) Optical micrograph of a printed PBFDO film on a laboratory slide. 

Figure adapted and integrated from168 licence CC BY-NC. 

 

5.4 Thermoelectric characterization of the printed PBFDO  

To analyze the behavior of the printed layers, it was chosen inkjet-printed PBFDO films 

on glass, a substrate that allows for a more accurate profile thickness measurement, with 
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various thicknesses ranging from 31 nm to 293 nm. The sheet resistance (Rs) was 

measured using a 2612B Keithley SourceMeter, and the σ was calculated as follows:186 

𝜎 =  
1

𝑅𝑠 𝑡
 (5.1) 

Figure 5.5 shows that the in-plane σ of the printed films was constant as a function of the 

thickness of the layer, indicating that the behavior of the printed films remained 

unchanged despite the increasing number of printed layers, an important consideration 

for scalable manufacturing. 

 

Figure 5.5: Electrical conductivity (red pentagons) with a constant fitting (red 

line) and sheet resistance (blue triangles) with a hyperbolic fitting of printed 

PBFDO films with respect to the thickness of the printed film. Figure adapted 

from168 licence CC BY-NC. 

 

The σ alone, however, does not allow for a full analysis of the material from a 

thermoelectric perspective. To calculate the zT, it is also necessary to measure the S and 

the k. A complete analysis of the material was conducted using the LINSEIS Thin Film 

Analyzer. 4 µm of PBFDO were printed onto the membrane of the chip provided by the 

manufacturer, and the S, σ, and k were measured as a function of the temperature. At RT 

the σ, S, and k were found to be σ=175 S cm-1, S=–20 µV K-1, and k=2.2 W m-1 K-1. While 

the S and the σ were previously reported in ref (for spin-coated film),32,183 k was measured 
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here for the first time, and consequently, the dimensionless figure zT was also evaluated 

for the first time. All the measured parameters are reported in Figure 5.5 and Figure 5.6. 

 

Figure 5.6: a) Measured electrical conductivity (blue circles, left-axis) and 

Seebeck coefficient (red squares, red-axis) of an inkjet printed PBFDO film as a 

function of the temperature. b) Evaluated zT (blue hexagons, left-axis), and 

measured thermal conductivity (red diamonds, right-axis) of the inkjet printed 

PBFDO film as a function of the temperature. Figure adapted from168 licence CC 

BY-NC. 

 

The relatively high thermal conductivity observed in this PBFDO printed film may be 

tentatively linked to the lack of soft, solubilizing side chains typically found in nearly all 

other organic thermoelectric polymers. Without these side chains, phonon-like waves can 

propagate over greater distances with no scattering, leading to a more significant thermal 

lattice contribution that can be demonstrated to be predominant. Figure 5.6c shows the 

behavior of the k as a function of T. The value of k is the result of two contributions: the 

lattice and electronic components (equation 2.22). The klat should be temperature-

independent within the thermal range analyzed, making it possible to calculate the klat 

value by simply determining the intercept of the linear fit (1.67 W m-1 K-1) and the 

electron contribution from the slope of the fit. According to the Wiedmann-Franz law 

(equation 2.24), if the slope of the linear fit m is known, the L can be calculated as: 

𝐿 =  
𝑚

𝜎
 (5.2) 
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Thus, the value of L was evaluated at RT, L = 1.14 10-8, and it turns out to be close to the 

theoretical value L0= 2.44 10-8, highlighting how the previous assumption of klat being 

independent of temperature was reasonable, and how, based on the obtained values, it is 

plausible to conclude that klat is predominant at room temperature (klat accounts for 70% 

of the total k). 

 

Figure 5.7: Measured thermal conductivity as a function of the temperature (red 

diamonds) for DMSO-based PBFDO printed film. The fit is a linear fit (light red 

dashed line). Figure from168 licence CC BY-NC. 

The S of the printed PBFDO film is very close to the value measured in the previously 

published article.32 On the other hand, the σ of the printed film is lower than the value 

stated for spin-coated films in previous studies.32,183 

The variation in measured σ is likely due to differences introduced by the deposition 

methods. For example, a recent study involving PBFDO-coated silk yarn for 

thermoelectric applications reported an electrical conductivity of only σ = 13 S cm⁻¹, 

attributing that to differences in nanostructure arising from processing 

techniques.187Another important factor that might contribute to the lower conductivity 

could be the introduction of structural defects along the polymer backbone, such as the 

isomerization from isoxindigo to dibenzonaphthyrone, which can occur if synthetic 

conditions are not precisely controlled.183,188 This is likely the case in our work since we 

carried out the synthesis in a laboratory that is more focused on device fabrication rather 

than chemical synthesis. In other words, the imprecise synthesis conditions could lead to 

the incorporation of unwanted units being incorporated into the PBFDO backbone during 

polymerization, affecting the performance of the material. 
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Furthermore, we can observe that S, remains almost constant, Figure 5.6a (right-axis), 

while the σ changes, Figure 5.6a (left-axis), with temperature, albeit in a relatively 

moderate manner. A more detailed analysis of the temperature dependence of the 

conductivity for a better understanding of the transport mechanism shows that σ increases 

with increasing temperature, indicating a weak activation typical of low-doped disordered 

semiconductors, as previously observed.189 

 

 

Figure 5.8: Natural logarithm of the measured electrical conductivity as a 

function of the inverse of temperature [K-1] for DMSO-based PBFDO printed 

film. Figure from168 licence CC BY-NC. 

 

On the other hand, in the log-log plot of the reduced activation energy W = [d(lnσ)/d(lnT)] 

versus temperature (see Figure 5.9), a positive trend emerges, pointing towards a metal-

like behavior common for heavily doped disordered semiconductors. The apparent 

inconsistency in the attitude of the polymers shown in Figures Figure 5.8, and Figure 5.9 

suggests that the material is in a critical regime, where common charge transport models 

cannot be applied, as already suggested by the article.32 
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Figure 5.9: Log-log plot of reduced activation energy versus temperature for 

DMSO-based PBFDO printed film. Figure from168 licence CC BY-NC. 

5.5 Fabrication of the PBFDO-PEDOT:PSS TEG 

After validating the printability of the PBDFO DMSO-based ink, we integrated it into a 

fully printed scalable organic TEG. The commercially available screen-printable 

Clevious™ SV4 PEDOT was chosen for the p-type counterpart, and the commercially 

available screen-printable LOCTITE® ECI 1010 E&C silver for printing the metallic 

interconnections. Both are already used in Chapter 4. 

The folded structure proposed in this work is an advance over previously reported folded 

structures.131,150 Firstly, a parylene C layer, 3.8 µm thick, was deposited by chemical vapor 

deposition on a PEN carrier substrate. This ultra-thin parylene is ideal for minimizing the 

cross-section of the device (Ateg) and thus maximizing the Pdensity. Then the silver and the 

PEDOT:PSS layers were printed on top of the parylene employing a semi-automatic 

screen-printed machine (RokuPrint SD 05) with two different screen 125-35y/22° 

SAATILENE Hi-tex (Figure 5.10a). Specifically, two layers of silver were screen-printed 

with an intermediate annealing at 100°C for 5 minutes, followed by 8 layers of PEDOT 

with an intermediate annealing at 120°C for 15 minutes.  

The n-type legs of PBFDO were patterned with a PixDro Lp50 inkjet printer, following a 

complementary layout to the p-type legs, as shown in Figure 5.10b. The printing was 

repeated 20 times (20 layers) with the printer plate at 80°C. After printing the last layer, 

the device was annealed at 90°C for 20 minutes on a hotplate.  
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 Figure 5.10: a) Layout of the PEDOT:PSS screen and the silver contacts layers, 

blue areas, and grey areas, respectively. b) Layout of the inkjet-printed PBFDO 

ink layer, black areas. c) Image of the PEDOT:PSS (blue legs)/PBFDO (black 

legs) TEG after printing on a thin parylene C layer while on a PEN carrier. d) 

Image of the PEDOT:PSS/PBFDO TEG after delamination from the PEN carrier. 

Figure adapted from168 licence CC BY-NC. 

To encapsulate the device, another layer of parylene (0.7 µm) was deposited on top of all 

the printed layers, as shown in Figure 5.10c. As a final fabrication step, the TEG was 

delaminated from the PEN carrier (Figure 5.10d) and folded into strips. 

The final TEG consisted of 21 thermocouples (14 folded strips), with leg dimensions of 

8.5×14.8 mm, and had an internal resistance of Rteg = 1180Ω. The maximum thickness of 

the printed device was 1.7 µm, measured with a Dektak profilometer at the contact 

between the silver and the PEDOT:PSS. 

 

5.6 Characterization of the PBFDO-PEDOT:PSS TEG  

After the encapsulation, the delamination and the folding of the TEG (Figure 5.11a-b) it 

was characterized (in air) by a custom-built measurement setup, shown in Figure 5.11d. 

More details about this measurement setup are described in Ref. 150 
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Figure 5.11: a) Sketch of the folding process of the 21-thermocouples TEG. b) 

Photograph of the folded PEDOT:PSS/PBFDO TEG. c) TEG device under test. 

d) Custom-built setup used for the measurements. Figure adapted and integrated 

from168 licence CC BY-NC. 

The current-voltage (IV) characteristic of the TEG was measured using the maximum 

power point tracking after establishing a stable ∆Text between the copper blocks. The 

organic TEG was measured with ∆Text from 17.7 K to 61.2 K with an accuracy of 0.1K, 

providing a Pout max = 0.11µW at ∆Text = 61.2 K (Figure 5.12). As expected, a linear 

dependence between V and I was observed, as well as a parabolic dependence between 

Pout and I. The TEG characterization was performed with a cold side temperature (Tc_ext) 

of approximately 20°C and a hot side temperature (Th_ext) varying from 20°C to 80°C for 

an extended duration (over 1 hour). These results demonstrate that the TEG functions 

effectively even at moderate-high average temperatures on the sample (Tm = (Th_ext + 

Tc_ext)/2) truly surprising, especially in the field of organic materials (Chapter 2), for 

prolonged periods, due to the relatively stable zTs of the organic printed materials. Each 

curve in Figure 5.12a represents the average of five cycles, repeated every 35 seconds 

after achieving a stable ΔText. The cycles at Tm = (Th_ext + Tc_ext)/2 = (19.9 + 72.6)/2 °C = 

46.3 °C are shown in Figure 5.13. The congruence of the curves in the Pout of Figure 5.13 
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and the parabolic fitting of the Pout max in Figure 5.12b (equation 3.6) demonstrated that 

the performance of the device remained stable even after nearly an hour of measurement. 

 

Figure 5.12: a) IV characteristics of the PEDOT:PSS/PBFDO TEG at Text = 17.7 

K to Text = 61.2 K, and evaluated power output. The fits are parabolic (power) 

and linear (voltage). b) Evaluated maximum power density of the 

PEDOT:PSS/PBFDO TEG as a function of the temperature gradient. The fit is 

parabolic. Figure adapted from168 licence CC BY-NC. 

 

The Pdensity was evaluated with the cross-sectional area of the TEG, since is the area 

parallel to the heat flow. The theoretical Ateg = 4.9×10-6 m2 was evaluated considering the 

width of the device (4.7 cm), the maximum thickness of the printed device (1.7 µm), and 

the parylene thicknesses (3.8+0.7 µm). The theoretical area was found to be in good 

agreement with the real area, which was measured using a µm-screw gauge, yielding Ateg 

= 4.9×10-6 m2. Consequently, the maximum power density (equation 3.26), was calculated 

to be Pdensitity max = 2.69 µW cm-2 at ∆Text = 61.2 K, and the Pnorm densitity = 0.718 nW cm-2 

K-2 (equation 3.35). This value is significantly higher than those reported for other organic 

TEGs as shown in Table 5.2. 
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Figure 5.13: Details of Figure 5.12a. IV characteristics of the 

PEDOT:PSS/PBFDO TEG, which has been under test for more than an hour. The 

metal blocks in this case had a Tc_ext = 19.9 °C and a Th_ext 72.6 °C. Figure adapted 

from168 licence CC BY-NC. 

 

5.7 Finite element simulations 

Finite element analysis simulations were performed with a device consisting of three 

thermoelements (two folded strips) to verify that the experimental performance of the 

PEDOT/PBFDO module was consistent with the expected values based on the material 

properties listed in Table 5.1. A module with three thermoelements was simulated 

considering the symmetry and repetition of the device (Figure 5.14b). The copper blocks 

were imposed as heat transfer boundary conditions, with the cold sink block at a 

temperature of Tc_ext = 293K and the hot source block at three different Th_ext = 354.19, 

Th_ext = 345.72K, and Th_ext = 336.93K. The electrical boundary conditions were set at the 

silver bottom and top contacts, with one assigned as the ground and the other as the active 

terminal. Also in this case, the simulations were carried out using the heat transfer in 

solids and electric currents interfaces from the thermoelectric Multiphysics package, 

more detail can be found in the reference.150 
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Table 5.1: Material properties used for the simulations. 

 S [µV/K] σ [S/cm] k [W/m K] t [µm] 

     

PBFDO 20 300 2.2 0.4 

     

PEDOT:PSS  12 37 0.5 1 

 

Figure 5.14a shows the simulated power output of the module, scaled by a factor of seven 

(2 folded strips, 3 thermocouples, ×7), compared to the experimental power output (14 

folded strips, 21 thermocouples), while Figure 5.14b shows the temperature distribution 

throughout the simulated device geometry. The maximum power outputs from the 

simulations and experiments are in close agreement, differing by only 9.75% at a ΔText of 

61.2 K. This small difference is likely due to slight variations in the printed film 

thicknesses, which are difficult to measure accurately for thin films on flexible substrates, 

resulting in an overestimation of the simulated resistance. Consequently, the peak power 

point shifts to lower current values, as Pout max, and Rteg are related by equation 3.6. 

The close agreement between the experimental and simulated results reinforces both the 

scalability of the materials and the reproducibility of the device architecture.  
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Figure 5.14: a) Simulated power output provided by the PEDOT:PSS/PBFDO 

module consisting of 2 folded stripes (3 thermocouples) multiplied by a factor 7 

obtained using finite element analysis. b) Temperature distribution across the 

simulated PEDOT:PSS/PBFDO module with a ΔText = 61.2 K. Note that the z-

axis is magnified by a factor of 50 to give a better understanding of the structure. 

Figure from168 licence CC BY-NC. 

5.8 Stability in harsh environments 

Validating the stability of organic TEGs over time and in environments that replicate 

potential real-world applications is essential for any device that is intended for practical 

use. Currently, the stability of p-type, and especially n-type, organic thermoelectric 

materials remains a challenge, with long-term stability tests rarely reported due to 
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typically poor results.190–192 The PEDOT/PBFDO TEG presented in this work not only 

exhibited ambient stability at room temperature for over three months, with less than a 

5% change in Rteg (Figure 5.16a) but also showed good stability in harsh environments. 

To validate the stability in harsh environments, a TEG with 6-thermoelements was 

fabricated (Figure 5.15), on a Kapton substrate, 25 µm thick, following the same process 

used to print the 21-thermocouple device on parylene, including the parylene passivation 

layer. The Kapton substrate was selected for its ease of handling, and its flexibility. 

 

Figure 5.15: Picture of the PEDOT:PSS/PBFDO TEG (6 thermoelements) 

printed on top of a Kapton substrate after the encapsulation with a 0.7 µm of 

parylene. Figure from168 licence CC BY-NC. 

The resistance of the TEG was measured at Rteg = 281 Ω. The device was subjected to a 

series of environmental stress tests: it was stored in a Liebherr Comfort freezer at -8°C 

for 55 hours (Figure 5.16b), placed in a Memmert VO500 PMP500 oven at 200°C for 2.5 

hours (Figure 5.16c), and kept in a Binder GmbH MKF 115 climate chamber at 90% 

relative humidity (and RT in a dark environment) for 60 hours (Figure 5.16d). The relative 

change in internal resistance ((R-R0)/R0) was minimal, showing variations of 0.2%, 0.2%, 

and 1.5%, respectively. This demonstrates that the TEG maintained its internal resistance 

across a wide range of extreme conditions, from freezing temperatures to high heat and 

humidity, without significant degradation. 

To assess the operational stability of the TEG, IV characteristics of the 6-thermocouples 

device were measured after the environmental stress tests. The device endured 55 hours 

at -8°C, 2.5 hours at 200°C, 60 hours in 90% relative humidity, and more than four months 

in ambient RT conditions before showing a Pout max of 0.028 µW and a Voc of 5.8 mV at a 

ΔT of 55.7 K (Figure 5.17). The resulting Pnorm density was 0.771 nW cm⁻² K⁻², which 
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represents a 6.9% increase compared to the 21 thermocouples TEG measured without 

environmental stress testing. This result highlights the remarkable stability of the TEG 

under extreme conditions. 

 

 

Figure 5.16: a) Internal resistance of the folded 21-thermocouples TEG stored at 

room temperature, over time. b) Change of internal resistance of the folded 6-

thermocouples TEG stored at -8 °C. c) Change of internal resistance of the folded 

6-thermocouples TEG stored at 200°C. d) Change of internal resistance of the 

folded 6-thermocouples TEG stored at 90% relative humidity at RT in a dark 

environment. Figure from168 licence CC BY-NC. 
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This exceptional environmental durability makes this organic TEG particularly promising 

for use as a power supply in applications, such as wireless sensors used in industrial 

environments exposed to extreme heat, and remote monitoring devices operating in 

outdoor environments subject to wide temperature fluctuations and high humidity. 

 

Figure 5.17: IV characteristics of the PEDOT:PSS/PBFDO TEG at Text = 1.33 

K to Text = 55.7 K, and evaluated power output. The fits are parabolic (power) 

and linear (voltage). Figure from168 licence CC BY-NC. 

 

5.9 Comparison with the state of the art of organic TEG 

A complete comparison with organic TEGs, as described in Chapter 3 requires the 

analysis of more parameters. Table 5.2 provides an adequate point of comparison between 

the best organic devices, fabricated by different methods (including non-large area), 

listing the number of thermocouples, device area, applied ΔText, measured power, 

maximum power density (equation 3.6), maximum normalized power density for ΔText = 

1K (equation 3.26), operating temperatures, and air stability days. 
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Table 5.2: State of the art of organic TEG. 

Ref 
p-type 

material 

n-type 

material 

Fabrication 

Method(s) 
n 

ATEG 

[cm2] 

ΔText 

[K] 

Pout max 

[W] 

Pdensity max 

[W cm-2] 

Pnorm density max 

[pW cm-2 K-2] 

T 

[°C] 

t 

[d] 

193 PEDOT:PSS - Screen-printing 162 196 85.5 3.20·10-7 0.002 0.22 - - 

226 PEDOT:Tos - Dispenser printing 30 9 80 0.4·10-7 0.004 0.69 - - 

227 PEDOT:PSS - 
Submersion-

coating of fibers 
8 28.1 65 1.22·10-6 0.04 10.28 - - 

228 PEDOT:PSS - 

Thermal 

evaporation/ 

spray-coating 

24 7.2 17.5 1.00·10-6 0.14 453.5 - - 

229 PEDOT:PSS 
FBDPPV:T

AM 

Thermal 

evaporation/ 

photolithography/

drop-casting 

3 13.2 46.5 7.70·10-8 0.01 2.70 - - 

209 
TBDOPV-T-

518:FeCl3 

TBDOPV-

T-

518:DMBI 

Thermal 

evaporation/ drop-

casting 

3 21.6 45.1 4.03·10-7 0.02 9.17 - - 

32 PEDOT:PSS PBFDO Drop-casting 6 29.7 135 1.95·10-6 0.07 3.60 - - 

208 PEDOT:PSS PTEG-1 
Laser ablation/ 

inkjet printing 
48 1 25.0 3.05·10-8 0.03 48.80 - - 

204 PEDOT:PSS BBL:PEI 
Inkjet printing/ 

spray-coating 
4 0.001 50.0 3.30·10-10 0.15 60.83 - - 

This 

work 
PEDOT:PSS PBFDO 

Screen printing/ 

inkjet printing 
21 0.041 61.2 1.1·10-7 2.69 718 

-8 to 

200  
>90 

 

The organic folded TEG presented in this work not only provides the best normalized 

generated power, but also features a high number of thermocouples fabricated with a 

large-area technique, suggesting potential scalability of the device, exceptional air 

stability, and durability at extreme temperatures, which has never observed before. While 

comparisons based on a single parameter can be ambiguous, this multi-parameter analysis 

emphasizes the remarkable qualities of the reported TEG, especially its impressive 
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performance, scalability, and strong environmental durability, all critical for real-world 

applications. 

5.10 Summary 

This work firstly demonstrated the processability of a DMSO-based PBFDO n-type 

polymer ink, which exhibits excellent performance, through a scalable printing technique. 

The ink is then incorporated into a 21-leg origami-inspired design, utilizing inkjet and 

screen-printing methods on an ultrathin, flexible parylene substrate to enhance the power 

density. The resulting TEG module achieves a record-breaking normalized power density 

of 0.718 nW cm⁻² K⁻², the highest reported among polymer-based devices. 

The importance of this study lies not only in the high performance of the device but also 

in its exceptional scalability and environmental durability. Impressively, the organic TEG 

shows no visible degradation over 90 days of shelf life and maintains unprecedented 

stability across temperatures ranging from -8°C to 200°C, withstanding up to 90% relative 

humidity. This paves the way for new applications of organic TEGs as power sources in 

environments with extreme temperatures and humidity. Potential uses include wearable 

electronics that must endure sweat and temperature variations, wireless sensors in 

industrial settings, and remote monitoring devices exposed to outdoor temperature 

fluctuations and high humidity.  

Another aspect worth highlighting is the low cost of the device, given the affordability of 

the inks used and the entirely print-based manufacturing techniques. The cost could be 

further reduced in the future as the most expensive material, silver, can easily be replaced 

by either PBFDO or PEDOT:PSS, which would also increase the flexibility of the device.  

In conclusion, the integration of high performance, scalable printability, and robust 

environmental stability marks a significant advancement, demonstrating the potential of 

organic TEGs to power next-generation sensor networks and IoT devices in challenging 

real-world conditions that were previously beyond reach for this evolving technology. 
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6.1 Energy Harvesting-system Based on Vertical 

Inorganic TEGs 

This work presents a low-cost EH system incorporating a new flexible inorganic TEG, 

fabricated entirely by screen printing, together with an innovative self-powered 

oscillator.e The TEG is fabricated by stacking seven layers through a simple printing 

process, without the need for complex additional steps. The fabricated TEG achieved a 

normalized power output of 6 nWcm-²K-². With this performance, a 5cm x 5cm screen-

printed TEG was able to activate the custom step-up circuit of the EH system with a 

temperature difference of only 7.5K. The custom step-up circuit, based on a Hartley 

oscillator design, required an input power of only 7.7 µW to begin operation and can 

amplify an input voltage above 20 mV by a factor of 60. The oscillator was built using 

low-cost commercial off-the-shelf (COTS) components, making it scalable for widespread 

use.  

Some of the results of this work are included in a pre-print article194e and in the doctoral 

thesis of Dr. Matias Joglar.195 

Preliminary studies on these devices have been published in the doctoral thesis of Dr. 

Andres Georg Rösch.196 

 

6.2 Introduction 

In recent years, advancements in low-power electronics have significantly reduced the 

energy consumption of components, bringing their requirements down to the μW range.28 

In the previous two Chapters, we explained how organic TEGs are gradually improving, 

with the development of new structures and materials, moving towards a more 

application-oriented approach. Despite this, the power provided by these devices is still 

too low to power a commercially available DC-DC converter, which requires a higher 

and more stable supply voltage. For this reason, it is also important to develop custom 

circuits that minimize input power and voltage. At this stage of the research, we can 

develop electronic interfaces capable of being powered by printed inorganic TEGs.  
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Inorganic TEGs, as introduced in previous Chapters, offer higher performance and 

represent a more mature technology with greater reliability. However, traditional 

inorganic TEGs are hindered by high production costs, complex manufacturing 

techniques, and difficulties with integration and customization.197 

This work presents a cost-effective, small-area application-oriented energy-harvesting 

system, powered by waste heat. A fully printed inorganic TEG with a similar architecture 

to the TEG described in Chapter 4 is fabricated, characterized, and validated, showing a 

great Pnorm density of 6 nWcm-²K-². This TEG is capable of adapting to non-uniform 

surfaces, maximizing the harnessing of waste heat, and powering a novel ultra-low-

voltage self-powered oscillator made entirely with COTS components. Thanks to the 

normalized power density of the device and the low Vin and Pin required to initiate 

oscillation of the custom circuit proposed, this low-cost EH system can start with a very 

small ΔText of 7.5 K, suitable for the IoT network scenario.92 

 

6.3 TEG layout 

It was decided to replicate the entirely screen-printed structure presented in Chapter 4 151 

with the addition of two layers of carbon paste (Dycotec DM-CAP-4701S) with the same 

layout as the bottom contact and top contact silver layers to reduce the contact resistance 

between the silver and the thermoelectric legs.151 This layer acts as a diffusion barrier, 

preventing corrosive chemical reactions between the silver and the thermoelectric 

materials during sintering. The structure has been enlarged, and the exact dimensions are 

shown in Figure 6.1. Each TEG fabricated measured 5 cm x 5 cm and consisted of 32 

thermocouples made from n-type and p-type inorganic materials. Anodized aluminum foil 

(65 µm thick) supplied by Steinert GmbH, was used as the substrate to enhance the 

effective temperature gradient along the thermoelectric legs and maximize the power 

output, as the aluminum has a very high thermal conductivity (further information in 

section 3.5). The metallic substrate is compatible with all sintering processes, and thanks 

to the anodized passivation layer, which is 4.4-5.8 µm thick, prevents device short 

circuits. 

The TEGs were fabricated by stacking seven screen-printed layers. Figure 6.1f  illustrates 

the deposition of the final two layers. First, a commercially available silver bottom 
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contact (LOCTITE ECI 1010 E&C) was screen-printed (2 layers), followed by a carbon 

paste layer using the same screen and layout (Figure 6.1a). Next, the insulator layer with 

square cavities to hold the thermoelectric legs was printed (Figure 6.1b). Then, the p-type 

and n-type thermoelectric legs were screen-printed with different layouts to alternately 

fill the cavities (Figure 6.1c-d). The print of the n-type and the p-type layout was repeated 

8 times. Lastly, a layer of carbon paste and a silver top contact (2 layers) were printed 

sequentially, using the same screen and layout, to reduce the contact resistance (Figure 

6.1e). 

The devices were annealed for 5 minutes at 400 °C in a nitrogen-filled glovebox to sinter 

the inorganic materials. No additional fabrication steps were necessary. 

 

Figure 6.1: Layouts of the screen to make the TEG: a) Layout of the bottom 

contact silver and carbon layers. b) Layout of the insulator layer. c) Layout of the 

p-type legs layer. d) Layout of the n-type legs layer. e) Layout of the top contact 

silver and carbon layers. f) Sketch of the printing step of the silver top contact. 

g) Picture of the inorganic fully screen-printed TEG. 

The geometric fill factor FF of the TEG design described by equation 3.17 can be adjusted 

for different application scenarios, and it depends on the resolution of the printing 

technique and the printer used. We aimed to keep the FF constant, even though a different 

printer was used compared to the one that fabricated the TEG presented in Chapter 4, 

without an automatic alignment. In this case, a semi-automatic screen-printing machine 
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(RokuPrint SD 05) was employed, and an FF of 0.3 was achieved. Figure 6.1f shows a 

photograph of a fully screen-printed TEG produced using this method.  

To get an estimate of the total thickness of the device, a digital micrometer was used. 

Although it is a rough measurement, the thickness (without the substrate) was found to 

be 175 μm. 

The n-type (Bi2Te2.7Se0.3-based) and p-type (Bi0.5Sb1.5Te3-based) inorganic pastes were 

prepared using the same one-pot in-house methods described in the article (Figure 6.2).198 

 

Figure 6.2: Bismuth telluride ink, produced with a ball milling during the 

production. © 2022 Leonard Franke, reproduced with permission. 

 

6.4 Characterization of the TEGs 

Two different TEGs dev A and dev B were printed using the previously described process 

and characterized. The internal device resistances were measured as RTEG = 5.5 Ω for dev 

A and RTEG = 5.3 Ω for dev B, indicating a good reproducibility of the manufacturing 

process. 

Both devices, each containing 32 thermocouples, were measured using the custom-built 

presented in Chapter 5. During the characterization, the devices were clamped between 

the two copper blocks with thermal paste applied to enhance thermal contact. The current-

voltage IV curves were measured using a Keithley 2601B (SMU) after a steady 

temperature difference ΔText was established. The Pout was calculated as the product of I 

and V. Small temperature differences of under 20 K were chosen to simulate realistic 

conditions for an IoT application.  
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Figure 6.3a-b illustrate the ideal behavior of the TEG. The V shows a linear relationship 

with I, and the Pout of the fully printed TEGs exhibits ideal performance, achieving a 

maximum value when the load resistance is matched to the internal resistance, as 

described by equation 3.6. 

 

Figure 6.3: IV characteristic (left axis) and calculated power output (right axis) 

of a) dev A at Text = -3.92 K to Text = 18.36 K and b) dev B at Text = -3.8 K to 

Text = 14.82 K. 

 

The Pout max for dev A and dev B as a function of the absolute ∆Text followed the same ideal 

parabolic trend, further highlighting the excellent reproducibility of the fully printed 

TEGs produced by the fabrication method proposed in this thesis, even for inorganic 

materials (Figure 6.4a). 

In IoT applications the area occupied by the devices and the ∆Text are key factors. 199 In 

addition, conformability and durability are also required but are often not demonstrated 

in articles using inorganic materials, as they are typically brittle. The TEG presented in 

this work demonstrates remarkable flexibility, with resistance remaining unchanged even 

when the TEG was rolled into a cylinder with a bending radius of 2.75 cm (Figure 6.5). 

Furthermore, the IV characteristics of dev B were repeated 1 month after the printing 

process, and the Pout max followed the same parabola with an R-square (COD) of 0.99297, 

showing encouraging stability over time (Figure 6.4b). 
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Figure 6.4: a) Maximum power output as a function of the absolute value of the 

ΔText of dev A (green dots) and dev B (blue dots). b) Maximum power output as 

a function of the absolute value of the ΔText of dev B (blue dots) and dev B one 

month later (light blue dots). The fits are parabolic. 

 

Figure 6.5: Resistance change ratio of the inorganic fully printed TEG as a 

function of the bending radius. 
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6.5 Finite element simulations 

The behavior of the device was simulated using COMSOL Multiphysics to predict its 

performance and give an idea of the device dimension and the applied temperature 

difference required to power the startup circuit, as well as the behavioral differences from 

the organic device described in Chapter 4, particularly due to the use of a thermally 

conductive substrate and materials with higher TE properties.f The performance of the 

devices, in this case, was only estimated, as it was not possible to measure the thickness 

of the individual printed layers, and the thermoelectric properties were measured on 

another batch of inks (made from the same recipe). Furthermore, the carbon paste layers 

were not included in the model. The values used for these qualitative simulations are 

summarized in Table 6.1 and Table 6.2. All simulations were carried out using the heat 

transfer in solids and electric currents interfaces from the thermoelectric Multiphysics 

package, as described in Chapter 4. 

 

Table 6.1: Thicknesses of the screen-printed layers used in the simulation. 

Thicknesses [µm] 

tsub 65 

tleg 70 

tsilver 50 

tpar 1 
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Table 6.2: Material properties of the materials used in the simulation. 

Materials Properties  

Sp 128 µV/K 

Sn -160 µV/K 

Ssilver 1.5 µV/K92 

σp 660 S/cm 

σn 250 S/cm 

σsilver 6×105 S/cm 92 

kp 0.6 W/mK198 

kn 0.45 W/mK198 

ksilver 400 W/mK 92 

kins 0.3 W/mK 164 

ksub 400 W/mK 

kpar  0.09 W/mK165 

 

All simulations were performed with a ΔText of 10 degrees, and focused on simulating the 

Voc, to estimate the condition to provide the minimum Vin at the startup stage. The 

simulated device has the same dimensions as the printed devices (Figure 6.1a). The 

simulations also included a layer of parylene, which was present during the 

measurements, to electrically insulate the device (tpar).  

The parameters were varied one by one to try to match the measured Voc for a ΔText = 10 

of the 5×5 cm TEG, i.e. Voc = 17.5 µV/K. The results are shown in Figure 6.6, Figure 6.7, 

and Figure 6.8. 
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Figure 6.6: Simulated open circuit voltage as a function of the thermal 

conductivities of the TE materials. All the values of the other parameters used in 

these simulations are described in Tables 6.1 and 6.2. The red star is the measured 

Voc with the assumed value of kp listed in the table. 

 

One of the most critical measurements is certainly the k of the materials, so the first step 

was to run a simulation varying the values of kp and kn. As can be seen from Figure 6.6, 

the Voc shows limited change with the variation of the k of the materials. This is because, 

unlike the substrate used in Chapter 4, the aluminum substrate has a high k, making ∆T 

and ∆Text similar, as the thermal resistance of the device is the dominant factor. In the 

second simulation, the S of the p-type and n-type TE materials were varied. As can be 

observed from Figure 6.7a, these variations resulted in a more significant change in Voc. 

Therefore, an error in measuring the Seebeck coefficient can significantly affect the 

estimation of the Voc provided by the device. Figure 6.7b shows that the measurement of 

the leg thickness is also sensitive; even a small error in measuring lteg can cause a large 

error in Voc, at least up to l = 250 μm. Beyond this point, the thermal resistance of the 

device becomes dominant, and Voc becomes almost independent of lteg. Remember that in 

any case, as lteg increases, so does Rteg, which is inversely proportional to maximum 

power. 
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Figure 6.7: a) Simulated open circuit voltage as a function of the Seebeck 

coefficients of the TE materials. b) Simulated open circuit voltage as a function 

of the leg thickness. All the values of the other parameters used in these 

simulations are described in Table 6.1 and Table 6.2. The red star is the measured 

Voc with the assumed kp and the kins listed in the table. 

 

A simulation was also conducted considering the geometric parameters of the device to 

observe how the FF influences the Voc. The dimensions of the rectangular p-leg and n-leg 

were varied simultaneously changing the value of the FF. As can be seen in Figure 6.8, 

the Voc does not change significantly. However, it is important to note that, when FF 

increases the Rteg decreases, as the legs become wider, leading to an increase in power 

since the Voc remains almost constant. 

Finally, a simulation was performed varying the thickness of the parylene layer tpar 

required for electrical insulation and at the same time the thickness of the legs. Note that 

in this case the parylene is only placed on top and not deposited on the device. As 

expected, the smaller the leg thickness, the greater the influence of the parylene thickness. 

In our hypothesis, with a leg thickness of 70 µm, if the thickness of the parylene layer 

varies from 1 µm to 5 µm, Voc changes by 14%, but it is still far from the measured value 

(17.5 mV). It should also be noted that these simulations did not take into account the 

anodized aluminum layer, which acts as an insulating layer and has a non-negligible 

thickness of 5 µm, certainly lowering the simulated open circuit voltage. 
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Figure 6.8: a) Simulated open circuit voltage as a function of the Fill factor of 

the device. The red star is the measured Voc with the assumed dimensions 

described in Figure 6.1a. b) Simulated open circuit voltage as a function of the 

leg thickness from 5µm to 300µm and the parylene thickness from 1µm to 5 µm. 

All the values of the other parameters used in these simulations are described in 

Table 6.1 and Table 6.2. 

 

These qualitative simulations give higher values than the measured performance of the 

devices. This discrepancy is likely due to variations in the thermoelectric properties of 

homemade inks produced in different batches, a challenge faced by both organic and 

inorganic materials. Significant progress has been made in the field of organic materials, 

particularly with the introduction of PBFDO, which, when synthesized correctly, appears 

to maintain consistent performance across batches, and the improvement of PEDOT inks, 

which have long been commercially available. However, the thermoelectric properties of 

inorganic materials remain superior, with devices offering higher normalized power 

densities in the µW range compared to the nW range of organic devices. Nevertheless, 

the use of PBFDO and the development of the device presented in Chapter 5 is a step 

forward in bridging the gap between organic and inorganic devices. 

Given the discrepancy between the simulations and the measurements, it was not possible 

to use these simulations to estimate the Voc and, consequently, to estimate the condition 

to provide the minimum Vin necessary to initiate the startup stage. Therefore, it was 

decided to experimentally measure the ΔText required to activate the start-up circuit, using 

the 5 x 5 cm device with a FF of 0.3 presented in the previous sections, and varying the 

ΔText until the Voc was sufficient to trigger the start-up stage (Figure 6.9). 
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Figure 6.9: Measured open circuit voltage of the dev B as a function of ∆Text (blue 

dots) and the linear fitting (red dashed line). The black start shows the Voc 

necessary to start the start-up stage. Also reproduced in the thesis (licence CC BY 

NC SA).195 

6.6 Customized step-up stage 

The successful integration of the printed and scalable TEG presented in this work into a 

real-world application requires the implementation of an electronic booster circuit. DC-

DC converters are the most commonly used booster circuit. They can be classified into 

two groups. The first group works with low voltage (around 20 mV),200 low resistance 

(<10 Ω), and has a low efficiency. The second group operates with higher voltages 

(>100mV), a wider range of input resistances, and generally has higher efficiencies due 

to the application of the maximum power point tracking (MPPT) method.201,202 

 

Figure 6.10: Diagram showing the impossibility of powering a DC-DC converter 

directly with the TEG without the use of a start-up circuit. 
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If we consider the use of printed TEGs, especially in the case of organic, the first group 

cannot be used due to the high internal resistance of the devices, which could provide 

sufficient values of Vin. Moreover, the use of the second group is also not possible because 

the generators cannot provide the necessary power at low or moderate temperatures 

(Figure 6.10). In this work, we concentrated on developing a start-up circuit designed to 

operate at very low voltages and to provide high voltage amplification to reach a voltage 

level suitable for starting the main DC-DC converter. 

 

 

Figure 6.11: Start-up circuit schematic (within the dashed grey box). This circuit 

is a combination of the Armstrong oscillator and Hartley oscillator topologies. 

Also reproduced in the thesis (licence CC BY NC SA).195 

 

Typically, the start-up circuits are self-power oscillators, that enhance the Vin thanks to 

positive feedback. These start-up circuits amplify the input signal by generating 

oscillations, usually using resonant circuits. By employing active components naturally 

on, as the JFET, is possible to start the oscillator with very low Vin.
203 

Most of the oscillator start-up stages presented in the literature use Hartley203 and 

Armstrong oscillators.203–207 In this work, we introduced a novel typology, which is a mix 

between these two types. Figure 6.11 shows the proposed circuit. The circuit consists of 

two inductors in series, which amplify the voltage by a factor of L1/L2, and at the same 

time are part of the resonance tank (Hartley topology). Additionally, the design 

incorporates coupled inductors within the feedback loop, characteristic of an Armstrong 

oscillator. This combination results in two stages of amplification. Thanks to the mutually 

coupled inductors, the start-up voltage of the primary is reduced because the voltage is 

amplified in the secondary by a factor of N (the turn ratio of inductors L3 and L2). The 

second amplification, which is necessary to achieve a better conversion ratio (CR) i.e., 

the difference between the DC output voltage and the DC input voltage comes from the 
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presence of L1. When L2 discharges (during resonance), the voltage on L1 will be equal to 

VL1 = VL2 (L1/L2). 

The start-up method of the circuit proposed is the same as that of the classical Armstrong 

oscillator,206,208 and can be summarized as follows: 

1. The JFET J1 is naturally on with VGS=0, when the TEG is connected the VL3 

from the maximum value starts to decrease, and the current start I1 starts to increase. At 

the same time, the positive voltage is transferred to the secondary and the VGS becomes 

positive. This activates the gate-source diode, which causes a current I2 to flow, charging 

the capacitor C1 negatively. 

2. After a time t1, I1 reaches its maximum value, remaining stable. At this point, V1 

will be close to zero, and the voltage on the secondary will also approach zero. The VGS 

will then be negative, and the JFET channel approaches pinch-off, which causes a 

reduction in I1 and accelerates the complete shutdown of the JFET. 

3. When the JFET is off, the secondary sees an LC circuit, with the series of L1 + 

L2= Leq and Cosc (C1 is specifically chosen to be much larger than Cosc and acts as a short 

circuit at the resonance frequency). The LC circuit starts oscillating until the VGS is high 

enough to turn the JFET back on and restart phase 1. 

For this to occur, the VDS of the JFET must be much lower than the Vp, and the JFET must 

be operating in the linear ohmic region. Figure 6.12 shows the small-signal circuit of 

architecture proposed (assuming ideal components) necessary to derive the minimum 

value of Vin required to start the oscillation. 

As is possible to see, since the JFET is operating in the ohmic region it can be represented 

by a current source gmVgs and a resistance RDSon between drain and source.  
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Figure 6.12: Small-signal circuit at the start-up. Also reproduced in the thesis 

(licence CC BY NC SA).195 

For the complete circuit solution, please refer to the reference.194 For the Barkhausen 

criterion the possible oscillating steady-state frequency is obtained by equalizing the real 

part of the poles of the system to zero (pure imaginary poles):209 

𝑤0 =
1

√𝐿𝑒𝑞𝐶𝑜𝑠𝑐
 (6.1) 

However, to trigger the oscillation the poles should have a real part greater than zero 

(oscillation with increasing amplitude in frequency) this condition allows the calculation 

of the minimum input voltage Vin required to initiate oscillation. Considering VDS ≅ Vin: 

𝑉𝑖𝑛 >  
𝐶 √𝐿3𝐿2

(𝐿1+𝐿2)
|𝑉𝑝| (6.2) 

Where C is the coupling factor C = M/(L2L3)
1/2, and Vp is the pinch-off voltage of the 

JFET. 

Unfortunately, when considering non-ideal components, we have to consider the 

resistances to the inductors and the source, and the equation that describes the start-up 

becomes more complex. Considering that when the system starts to oscillate L3 can be 

simplified with its small r3, and r3 << Rs, RDson the non-ideal component circuit can be 

slightly simplified, and the VDS can be described as a function of Vin as follows: 

𝑉𝐷𝑆 =  𝑉𝑖𝑛
𝑅𝐷𝑆𝑜𝑛

𝑅𝐷𝑆𝑜𝑛+𝑅𝑆
 (6.3) 

By simplifying C = 1, and defining r1 as the resistance series of L1 and L2, the minimum 

Vin can be expressed: 

𝑉𝑖𝑛 >
𝑅𝐷𝑆𝑜𝑛+𝑅𝑆

𝑅𝐷𝑆𝑜𝑛
 
𝑅𝐷𝑆𝑜𝑛+𝑟1(

1

𝑁2+ 𝐶𝑜𝑠𝑐𝑟1(𝑅𝐷𝑆𝑜𝑛+𝑅𝑆)𝐿2+
𝐶𝑜𝑠𝑐𝐿𝑒𝑞(𝑅𝐷𝑆𝑜𝑛+𝑅𝑆)

2
𝑁2

𝐿2
2 )

𝑟1
𝑁

+𝑅𝐷𝑆𝑜𝑛𝐿𝑒𝑞𝑁/𝐿2
 |𝑉𝑝| (6.4) 
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Note that also the oscillation frequency is no longer exactly the same as that described by 

equation 6.1: 

𝑤0
2 =

𝐿3(𝑅𝑆+𝑅𝐷𝑆𝑜𝑛)−𝑀𝑔𝑚𝑅𝐷𝑆𝑜𝑛𝑅𝑆

𝐶𝑜𝑠𝑐(𝐿3
2𝑟1+𝐿𝑒𝑞𝐿3(𝑅𝑆+𝑅𝐷𝑆𝑜𝑛)−𝑀2𝑅𝑆

 (6.5) 

The components of the circuit have been selected to minimize the start-up voltage, 

maintain a not-too-high oscillation frequency, and achieve a good conversion ratio.  

First of all, since the TEG used in this project has a low resistance, a JFET (6 JFETs in 

parallel) with a high Idss (saturation current at zero gate-source volgate) was chosen to 

electrically match the source, knowing that the RDSon = |Vp|/(2Idss).  

The choice of Vp is very delicate, as to reduce the minimum voltage needed to start the 

circuit, it should be as low as possible (see equations 6.4 and 6.2). However, at the same 

time, this reduces the time during which the JFET is on, decreasing the output voltage 

and consequently lowering the CR. The capacitance Cosc in the real circuit is the Ciss 

capacitance (Cgd + Cgs, the input capacitance) of the JFET. According to equation 6.4, it 

should be chosen as low as possible. However, if we choose a Cosc that is too small, the 

oscillation frequency (equation 6.5) would become too high, increasing the parasitic 

resistances of the inductors. Looking at equation 6.3, we can see that the ratio of L2/Leq 

should be as small as possible, and a high value of N improves both the minimum start-

up voltage and the CR. Therefore, a small L3 was chosen with the maximum available N, 

to maintain L2 small. Finally, the inductor L1 was selected using equation 6.4 (two 

inductors were used in series to increase the value of L while maintaining a high self-

resonance frequency). The value of C1 has been chosen high enough to not influence the 

resonance frequency of the circuit. Table 6.3 summarizes the components used in the 

circuit.  

Table 6.3 List of components used in the start-up circuit. 

Component Reference name 

JFET 2SK3320-BL (Toshiba) ×6 

L1  17335C (Murata) ×2  

L2 LPR4012-202LMR_ (Coilcraft) 

L3 LPR4012-202LMR_ (Coilcraft) 

C1 UKL1A221MPD (Nichicon) 
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6.6.1 Step-up circuit characterization 

The start-up circuit was initially tested using the 2604B Keithley Sourcemeter as a source 

(negligible Rs) to calculate the minimum start-up voltage and the CR. The Vout was 

measured with a 34410A Agilent multimeter (RL=10 MΩ). The input voltage Vin was 

increased in small steps to find the minimum Vin. The circuit started oscillating at Vin = 

9.92 mV. In this case, the CR was found to be 30. By increasing Vin up to 100 mV in steps 

of 10 mV, the maximum CR was then calculated. For input voltages higher than 20 mV, 

the circuit can amplify by a factor of 60.  

 

6.7 System integration 

After validation with the ideal source voltage, the flexible TEG presented was used as a 

voltage source to verify the performance of the two elements in the cascade as shown in 

Figure 6.13. The TEG was placed in the custom-built setup and connected to the start-up 

circuit. The ∆Text was then increased until the circuit began to oscillate, generating a Vout. 

The oscillation started when the ∆Text reached the value of 7.5 K (highlighted in Figure 

6.9). 

 

Figure 6.13: Start-up stage powered by the flexible TEG. Also reproduced in the 

thesis (licence CC BY NC SA).195 
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Because of the inefficiency of the oscillator circuit, the oscillator is not able to directly 

power an electronic board, but it should be used as a start-up circuit to initiate a DC-DC 

converter. The potential of the system could be demonstrated by designing a custom DC-

DC that can be powered by the oscillator. 

 

6.8 Summary 

In this work, a very low-cost and versatile EH system has been presented. The system 

consists of a scalable fully-printed flexible TEG and an ultra-low-voltage self-oscillator 

start-up circuit, showing a good CR, made entirely with COTS discrete components.  

The TEG was fabricated using the same manufacturing method presented in Chapter 4, 

but with inorganic materials to provide higher power output. Both long-term stability and 

reproducibility were tested and validated. Additionally, since the design is versatile it can 

be adapted based on the required power needs. 

Afterward, the start-up circuit was designed and analyzed. It was initially tested with an 

ideal voltage generator, and then directly with the device. A minimum Vin = 9.92 mV was 

necessary to start the oscillation, and the start-up stage exhibited a maximum CR of 60. 

The TEG was capable of starting the start-up circuit with a ΔT of only 7.5 K, 

demonstrating how this system can be suitable for low-power applications.  

At this stage of the research, we could not use organic TEG to power the electronic 

interfaces, but since the start-up circuit was designed with COTS discrete components, it 

can be adapted at low cost in the near future for use with organic TEGs. 

As discussed in Chapter 5 the organic TEGs have significantly increased power density, 

achieving high Voc values, but still exhibit excessively high resistances, to be used with 

the start-up circuit proposed. One possibility would be to replace the JFET in the oscillator 

to increase the input resistance and electrically match the TEG (inevitably increasing the 

Vin ). 
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7. Conclusion and Outlook 

Although conventional TEGs based on rigid bulk materials dominate the energy 

harvesting market due to their high performance, they are limited by inherent rigidity, 

complex fabrication processes, and high production costs. Therefore, their application is 

often limited to rigid and stationary surfaces. Printed TEGs are a complementary 

technology to traditional bulk materials-based TEG, and are designed to be flexible, 

lightweight, and cost-effective, enabling their use in portable and wearable devices. These 

unique advantages make printed TEGs a promising solution for energy harvesting in 

applications such as wearable electronics, remote sensors, and IoT devices. Among the 

various materials used in printed TEGs, inorganic materials achieve a high thermoelectric 

FoM zT of up to 1.2,77 approaching the values of bulk materials and enabling high-

performance devices. However, their flexibility remains limited due to brittleness, and the 

inorganic materials themselves are rare. In contrast, organic materials provide greater 

flexibility and are more eco-friendly because of their abundance, although they generally 

exhibit thermoelectric performance showing zT nearly an order of magnitude lower than 

inorganics (Chapter 2). Nevertheless, significant progress has been made in the scalability 

and stability of organic solutions, such as graphene68 and PBFDO,32 as well as the widely 

used and commercially available PEDOT:PSS, materials employed in this thesis. This 

opens the door to the optimization and large-scale fabrication of devices beyond small 

proof-of-concept prototypes (Chapter 3). 

In this work, as a significant contribution to the field, high-throughput additive fabrication 

techniques are employed to demonstrate the feasible large-scale production of organic 

devices taking a step toward practical applications. By streamlining the process to the 

essential steps of printing and annealing, the transition from lab-scale validation to a 

manufacturing prototype was achieved. This pilot process, conducted at mid-volume 

using semi-automated methods, represents a critical step toward scalable production, 

demonstrating for the first time in a large-area TE device the use of two promising inks, 

free-additive graphene (Chapter 4) and a stable, highly conductive n-type material, 

PBFDO (Chapter 5). Two different device architectures were successfully developed with 

performance in line with finite element simulations, with devices up to 800 thermocouples 

(Chapter 4) and record performance for organic TEGs, along with unprecedented stability 

in harsh environments (Chapter 5). 



Conclusion and Outlook 

 

 

 

128 

Chapter 4 presents a fabrication technique for robust, large-area, fully-printed vertical 

organic TEGs, in which the layers are simply stacked on top of each other. The method is 

simple, cost-effective, and scalable to meter-square dimensions, marking a first for 

organic TEGs. These devices show consistent performance aligned with material 

simulations. The TEG design was validated using a common p-type material, 

PEDOT:PSS, and conductive silver ink, creating TEGs with either 4 or 8 thermocouples 

(0.5×1 cm² or 1×1 cm²). Afterward, a TEG was developed using additive-free graphene 

as the p-type material, achieving a power normalized density of 1.7 × 10⁻⁵ µW cm⁻² K⁻². 

Power density could be further enhanced with design modifications, such as using a 

thinner, thermally conductive substrate (as shown in Chapter 6). These TEGs feature 

short-circuited n-type legs made from silver ink due to the absence of stable organic n-

type inks. Introducing a comparable organic n-type ink (as introduced in Chapter 5) could 

potentially double the power output. The fabrication process is compatible with any 

screen-printable ink, including inorganic materials with superior thermoelectric 

properties (Chapter 6). Additionally, the ability to fabricate TEGs with up to 800 

thermocouples has been demonstrated, paving the way to a m2 scaling. 

Chapter 5 demonstrates the processability of a DMSO-based PBFDO n-type polymer ink 

with excellent performance through a scalable printing technique. The ink is used in a 21-

leg origami-inspired TEG design, utilizing inkjet and screen printing on an ultrathin, 

flexible parylene substrate to enhance power density. This TEG module achieves a 

record-breaking normalized power density of 0.718 nW cm⁻² K⁻², the highest reported for 

organic devices. Notably, the organic TEG shows no visible degradation over 90 days 

and maintains stability across temperatures from -8°C to 200°C, withstanding up to 90% 

relative humidity. This opens up new applications for organic TEGs in real-environment 

conditions, such as wearable electronics, wireless sensors in industrial settings, and 

remote monitoring devices exposed to outdoor temperature fluctuations. 

Unfortunately, despite the progress made, printed organic TEGs cannot yet be used in 

real applications. This is because, although progress has been made, these devices are still 

unable to power a COST low-power electronic interface, which is the only sensible option 

for the niche market of TEGs, capable of boosting voltage and functioning as a battery. 

For this reason, we still need to make progress in material development and work on 

increasing the zT of organic materials. At the same time, it is crucial to develop a COST 
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low-power electronic interface capable of minimizing the required input voltage, which 

can currently only be achieved with inorganic materials. 

Chapter 6 presents a low-cost and versatile EH system, consisting of a scalable fully-

printed flexible TEG and an ultra-low-voltage self-oscillator start-up circuit, both made 

entirely with COST components. The TEGs were fabricated using the method described 

in Chapter 4, using inorganic materials for higher performance. Long-term stability and 

reproducibility were tested and validated. At the same time, the start-up circuit was 

designed and analyzed. It was tested first with an ideal voltage generator and later with 

the TEG, a minimum input voltage of 9.92 mV was required to initiate oscillation, with a 

maximum conversion ratio of 60. Remarkably, the TEG could start the circuit with a 

temperature difference of just 7.5 K, demonstrating the suitability of the system for low-

power applications. 

In conclusion, this thesis represents a first step toward the lab-to-fab transition for organic 

TEGs, setting the stage for the potential evolution of printed electronics toward large-

scale application. 

In an ideal scenario, a fully organic device could offer 100% recyclability, a low thermal 

budget, and a reduced environmental footprint in line with modern sustainability 

standards. A possible evolution of the architectures presented in Chapters 4 and 5 could 

include the use of all organic materials, such as PBFDO and PEDOT (or free-additive 

graphene). However, current performance remains limited. Nonetheless, the reliability of 

the fabrication process and the performance predictions from finite element simulations 

offer promising insights into what could be possible with advanced materials and 

optimized substrates. To facilitate the practical adoption of these materials, it is crucial to 

demonstrate their large-scale processability and minimize batch-to-batch variability an 

ongoing challenge in printable electronics.210 

As a next step, developing a screen-printable PBFDO ink could enable thicker printed 

films, which would reduce the total resistance of the organic folded TEG presented in 

Chapter 5 and expand the design possibilities for new architectures. 

Furthermore, a comprehensive characterization of thin printed films, including 

standardized measurements of in-plane and out-of-plane TE properties, is needed to refine 

performance predictions and improve the device design, together with a better 
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understanding of the TE transport mechanism of solution-processable (in)organic 

materials. 

Finally, to take a further step toward potential commercialization, it would be necessary 

to incorporate more rigorous device testing, such as Highly Accelerated Life Testing, 

which would extend the basic testing performed in this thesis. 
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