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Abstract 

This thesis describes the approaches of fabricating and testing thermoelectric 

generators (TEG) using screen printing. It includes the formation of the pastes, 

optimizing of the manufacture processes and the measurement of the thermoelectric 

properties. 

A nickel/copper based high temperature TEG was made to demonstrating the screen 

printing can be applied to fabricate thermoelectric materials. A bismuth/antimony 

based low temperature TEG was fabricated to identify the proper polymer binder for 

low temperature TEG application. A flexible bismuth tellurium/antimony tellurium 

low temperature TEG with 4 thermocouples was presented with a generated voltage 

of 23 mV and an output power of 194 nW when ∆T=20°C. Moreover, a dispenser 

printed structured TEG was also demonstrated for its ability to achieve 3D structured 

thermocouples with a thickness of 500 μm. 

The objective of this work involves developing screen printable thermoelectric 

material pastes and suitable processes; a proper approach to transfer the printed TEGs 

from rigid substrate onto flexible substrate (Kapton). The flexibility allows the printed 

TEGs to be applied on heat sources with curved surface, such as, human body. An 

additional research on the interface material of textile is also presented. 
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Chapter 1. Introduction 

1.1 Overview of research 

A thermoelectric module generates electrical power when a temperature difference is 

maintained across its thermocouples. Typically, each thermocouple is comprised of 

two different thermoelectric materials as two elements. A thermoelectric module 

which is capable of delivering power to an external load is called a thermoelectric 

generator (TEG). The working principles of TEGs will be introduced in chapter 2.  

A thermocouple is the basic unit in TEG devices. It is comprised of two bars or strips 

of different thermoelectric materials which are electrically connected at one end. In 

the typical thermoelectric module structure, several thermocouples are connected 

electrically in series and thermally in parallel. The detailed discussion about the 

structure of TEGs are presented in section 2.2.5. TEGs are able to harvest energy from 

waste heat and as such could be used to power autonomous systems as an alternative 

to batteries. They provide a reliable method for energy conversion and exhibit no noise 

or vibration because there are no mechanical moving parts. However, the energy 

conversion efficiency, defined as the ratio of output electrical power to transferred 

thermal energy, is relatively low for current TEGs. Most examples in the literature 

have an energy conversion efficiency under 5% [1, 2]. For now, they have been used 

in specialised medical, military and space applications, such as radioisotope power for 

deep space probes [3], and for supplying remote powered applications, such as oil 

pipelines and sea buoys, where cost is not a main consideration [4]. In recent years, 

because of pressure from energy crises and concerns about global warming, TEGs 

have attracted increasing attention as a renewable and flexible source of electricity 

able to meet a wide range of power requirements [1]. 

The human body constantly generates heat as a by-product of metabolism. Heat from 

the human body can be considered as a potential power source for on-body electronic 

devices. The available thermal energy on the skin surface is about 3−5 mW/cm2 when 

the ambient temperature is around 20−25°C [5]. The surface area of an adult human 

body is around 2 m2, which equates to a total dissipated heat power of 60 – 100 W. 

This value is corroborated by Sarpeshkar who calculated an average available thermal 

power of 81 W from an adult human [6]. Obviously it is not practical to cover the 
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entire body with TEGs but for the amount of available energy suggests that useful 

amounts of power can be harvested from the human body. As such, body heat could 

be used as a power source for some low-power autonomous sensors and 

MicroElectroMechanical Systems (MEMS). 

Electronic textiles (e-textiles) are a combination of information and communications 

technology (ICT) and textiles. This technology incorporates sensing, actuating, 

communication and computing functionalities on textiles as required for different 

applications. For example, e-textile wearable biomedical systems (WBSs) involve the 

integration of sensors into wearable devices to allow physiological signals to be 

continuously monitored during normal daily activities [7]. This provides more data 

than infrequent clinical visits which only provides a brief window into the 

physiological status of the patient. These systems can be used for medical applications 

but also to monitor the vital signs of people in dangerous jobs, such as soldiers or 

firemen. 

Textiles can also be used for energy harvesting by integrating suitable transduction 

elements into textiles. From previous discussions it can be seen that the potential 

electric energy from the human heat is considerable. Thermocouples integrated 

directly on to textile substrate is a suitable method to provide power for e-textile 

applications because of the large area that could potentially be covered by such a 

device. 

In order to integrate TEGs on textiles a suitable fabrication method should be selected. 

Printing technologies such as screen, inkjet and dispenser printing are appropriate 

fabrication processes because they are well suited to mass-production and low-cost 

fabrication, and are compatible with textiles. They are also suited to the manufacture 

of thermocouples with large area, which can increase the output electrical voltage and 

power of such a generator.  

1.2 Objective and scope of the research 

The objective of this project is the development of materials and processes that enable 

the fabrication of thermocouples on flexible substrate using printing technology. 

Screen printing and dispenser printing were both investigated for thermoelectric 

devices fabrication. 
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In this thesis, the first step involves screen printing thermocouples on alumina 

substrates, which have good temperature stability and enable the use of high 

temperature curing printable pastes. The second phase in this project is screen printing 

low temperature curing thermocouples onto flexible polymer substrates, such as 

Kapton. The third phase involves the attempt of migrating this technology on to textiles. 

Each step involved the formulation of materials into a paste, which can be deposited 

using standard screen printing technology. The thermoelectric properties of the 

fabricated thermocouple-devices were measured and optimised at every phase. 

The flexibility enable the TEGs devices have the potential to integrate with textile. 

However, the rough surfaces of woven textiles makes them unsuitable for printing 

intricate structures. In this work, polyurethane or silicone rubber interface layers are 

printed to create a smooth surface on woven textiles. Silicone rubber is more flexible 

and stretchable than polyurethane, but its low surface energy makes it difficult for 

subsequent printed layers to adhere to it. A short study on improving the surface energy 

of silicone interface layers is also included in this thesis. 

1.3 Document structure 

Chapter 1 provides a brief introduction to the research presented in this thesis. The 

objectives of the research, structure of this thesis and the specific novelty claims 

arising from this research are also presented. 

Chapter 2 introduces the theory behind thermoelectric generator devices. The 

performance evaluation methods for thermoelectric generator device are also 

presented. 

Chapter 3 presents a literature review of micro-fabricated and printed TEGs devices. 

In particular, the application of TEGs on body heat energy harvesting is described in 

this chapter.  

Chapter 4 describes high temperature curing Cu-Ni thermocouples on alumina 

substrates. 

Chapter 5 discusses the development of low temperature Cu-Ni thermocouples and the 

silicone rubber interface layer. 

Chapters 6 and 7 describe the fabrication and performance of low temperature Bi-Sb 

and BiTe/SbTe thermocouples respectively. 
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Chapter 8 presents dispenser printed TEG devises and chapter 9 describes the 

conclusions from this thesis. 

1.4 Novelty statement 

The specific novelty points of this thesis are: 

 Novel inks for printing technology including high temperature curing copper 

(Cu) and nickel (Ni) inks and lower temperature cured bismuth (Bi) and 

antimony (Sb) inks. 

 The demonstration of Ni/Cu thermocouples with improved adhesion of nickel 

thick films to an alumina substrate. 

 A screen printed low temperature Bi/Sb TEG on alumina substrate. 

 Planar SbTe/BiTe TEGs on flexible substrates fabricated by screen printing 

technology. 

 Dispenser printed 3D structured BiTe/SbTe TEGs on flexible substrate. 
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Chapter 2.  Theoretical background 

2.1 Introduction 

An understanding of solid state thermoelectric theory is essential to this project. This 

study will allow the performance of the developed TEG devices to be understood and 

improved. The basic working principles, the evaluation methods and the typical 

structure of TEGs will be described.  

2.2 Principles of thermoelectric devices 

The thermoelectric theories describe the energy transfer and conversion between heat 

and electricity in solid state devices, including three thermoelectric effects: Seebeck 

effect, Peltier effect and Thomson effect. Different applications are based on different 

effects. For example, TEGs are based on Seebeck effect while thermoelectric heaters 

and coolers are based on the Peltier effect. The basic concepts such as the Seebeck 

effect and figure of merit will be introduced in this chapter.  

2.2.1 The Seebeck effect 

The Seebeck effect describes the generation of electrical power when a temperature 

difference exists between two ends of a thermocouple [8]. The Seebeck voltage is 

defined as the open circuit voltage occurred when a temperature difference exists on 

the junctions formed by two different conductors or semiconductor materials a and b. 

These two materials must be in contact or electrically connected with one another 

because charge carriers must be able to flow between the materials. This is shown in 

figure 2.1.   

Material a

Material b

Th Tc v

 
Figure 2.1 Schematic of the Seebeck effect in a thermocouple 

2.2.1.1 Seebeck coefficient for semiconductors 

Three factors may affect the Seebeck voltage in semiconductors: carriers diffusion due 

to the carrier concentration difference, velocity difference of the carriers and phonon 

drag [9]. 
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When a temperature gradient exists across a semiconductor bar, the carrier 

concentration and carrier velocity at the hot end will be higher than that at the cold end, 

which leads to a net diffusion of carriers from hot to cold end. Figure 2.2 illustrates 

the movement of charge carriers, in this case electrons, when a temperature gradient 

exists across a semiconductor bar. Firstly, the carrier density in hot end will increase 

and be higher than the cold end because more electrons are excited from the valence 

band (Ev) to the conduction band (Ec). The Fermi level (EF) is closer to intrinsic band 

(Ei) when the temperature is higher. Hence, Electrons diffuse from the hot end to the 

cold end. Secondly, the kinetic energy of electrons at the hot end will be higher than 

the cold end, as a result they will have greater velocities than those at the cold end. 

Hence, there is a net diffusion of electrons from the hot end towards the cold end which 

leaves behind holes in the hot region and accumulated electrons in the cold region. 

Thirdly, the interaction between lattice vibrations and charge carriers, which is so 

called phonon drag, will increase the accumulation of carriers in the cold end [10, 11]. 

The quantity of phonons is higher at the hot end and they also diffuse from the hot end 

towards the cold end. The phonons-carriers collision will transfer the momentum from 

phonons to carriers, increasing the velocity of the carriers and enhance the diffusion 

of the carriers. 

 
Figure 2.2 An illustration of the voltage generated by carriers moving under a temperature gradient 

and the energy band 
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The accumulation of charge carriers at both ends will then build up an electrical field. 

A DC voltage is therefore developed with the hot end at positive potential.  

Equation 2.1 describes the Seebeck coefficient of the semiconductor bar shown in 

figure 2.2 when a temperature difference ∆T is applied across it. The Seebeck 

coefficient α is defined as the potential developed, in Volts (V), per unit temperature 

difference, in Kelvins (K): 

α =
dV

dT
≅

Vc − Vh

Th − Tc
                                                    (2.1) 

In this equation, Vh is the voltage at the hot end while Vc is that of the cold end. The 

polarity of Vc with respect to the Vh determines the polarity of α. For n-type 

semiconductors, where the majority charge carriers are electrons, the accumulated 

electrons in the cold end will give a negative potential, while the holes left in the hot 

end will generate a positive potential. This gives a negative Seebeck coefficient. 

For p-type semiconductors, holes will diffuse from the hot end to the cold, giving the 

cold end a positive potential and therefore a positive Seebeck coefficient [9]. 

2.2.1.2 Seebeck coefficient for metals 

The Seebeck Effect mechanism in metals is different from semiconductors, which is 

affected by two aspects: diffusion of velocity difference and scattering. Firstly, the 

carriers at the hot end have higher velocity and mean free path (MFP), which is the 

main reason makes the diffusion of carriers. The carrier concentration could be 

considered as constant in metals, thus, no diffusion caused by the carrier concentration 

difference. Secondly, the conduction electrons are scattered by the interactions with 

the metal ions and the lattice vibrations. For normal metals, such as nickel (Ni), the 

scattering is weak and the MFP increases with temperature. Thus, the sign of Seebeck 

coefficient is negative. For other metals, such as copper (Cu), the scattering is 

dominating and the MFP decreases with temperature increasing. The sign of Seebeck 

coefficient will then be positive [12].  

2.2.1.3 Seebeck coefficient for thermocouples 

In order to gain a higher Seebeck voltage, a thermocouple normally consists two types 

of materials. In figure 2.1, material a is n-type semiconductor which has a negative 

Seebeck coefficient while material b is p-type semiconductor which has a positive 



8 

  

Seebeck coefficient. If the thermocouples are connected electrically in series and 

thermally in parallel, the stable open circuit potential difference, which is the Seebeck 

voltage of the circuit, is given by:  

V = n · αab ∙ ∆T = n · αab ∙ (Th − Tc)                             (2.2) 

Here, αab is the Seebeck coefficient of the junction between the materials a and b, ΔT 

is the temperature difference and n is the number of the thermocouples. The value of 

αab is calculated as [13], 

αab ≅
V

n · ∆T
( at ∆T → 0)                                        (2.3) 

It means that, for small temperature variations, the thermoelectric voltage V  and 

Seebeck coefficient αab are approximately directly proportional. The Seebeck 

coefficient is a physical property which can only be measured from the junction 

between different materials. Consequently it is sometimes referred to as the relative 

Seebeck coefficient. The unit of the Seebeck coefficient is V/K or more often in μV/K, 

and the value can be either positive or negative. If the current flow is from b to a in hot 

junction, the value of αab is positive.  

2.2.2 The Peltier effect 

Another application of thermoelectric devices, refrigeration, is based on the Peltier 

effect. Instead of applying a temperature difference across a thermocouple, a voltage 

is applied across the thermocouple junctions. Depending on the direction of the current 

flow through the junction, it can absorb or dissipate heat. The transferred heat QṖ is 

given by [13]: 

QṖ = πab ∙ I                                                         (2.4) 

Where I is the applied current and πab is the Peltier coefficient of the thermocouple, 

which is also a parameter determined by the physical properties of material a and b in 

the thermocouple. The unit of the Peltier coefficient is Watts (W)/Amp (A)=V. In 

figure 2.3, the value of Peltier coefficient πab is positive when the current flow is 

clockwise, which causes the left junction to absorb heat from its surroundings. When 

∆T is approaching 0, the definition of the Peltier coefficient is given by: 

πab =
QṖ

I
 (at ∆T → 0)                                            (2.5) 
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Figure 2.3 Schematic of Peltier effect 

The transferred heat QṖ  must be measured in thermally isolated conditions, the 

temperature at both sides of the junction should be the same. Unlike the Joule heat 

equation, Q=R·I2, which provides an invariably positive Q value, the transferred heat 

QṖ can be either positive or negative depends on the sign of electric current I. When 

the transferred heat QṖ of a junction is positive, it is releasing heat and is the hot side 

of a Peltier Device. When QṖ is negative, this junction is absorbing heat and is the cold 

side of a Peltier Device. This is the mode used in a thermoelectric refrigerator.  

Another thermoelectric effect is called Thomson Effect. According to Beeby [13], 

when a current I and a temperature gradient ΔT exist in a single material 

simultaneously, it will cause heat absorption or dissipation. Thomson Effect usually 

has a minimal impact on thermoelectric devices [14]. When the Thomson coefficients 

of the two conductors/semiconductors in a thermocouple are well matched, there is no 

net heat exchange [14]. 

2.2.3 The Kelvin relationship 

These two thermoelectric effects are related by the Kelvin Relationship, which is given 

in the following equation [15]: 

αab =
πab

T
                                                         (2.6) 

Equation 2.6 shows the relationship between the Seebeck effect and the Peltier effect. 

The Seebeck coefficient is proportional to the Peltier coefficient, which indicates that 

a material which has appropriate thermoelectric properties for use in a power generator 
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will also be a good material for thermoelectric refrigeration and vice versa, because 

these effects are reversible.  

The Seebeck and Peltier effects occur at the junction between two materials in ohm 

contact, while the Thomson coefficient occurs in a single conductor or semiconductor. 

Hence, there are the Seebeck coefficient (αab) and the Peltier coefficient (πab) for the 

junction between material a and b. 

The Seebeck coefficient of the junction between materials a and b is equal to the 

difference between their individual Seebeck coefficients. If the Seebeck, Peltier and 

Thomson coefficients of materials a and b are represented by αa/αb and πa/πb, this gives 

equation 2.7. 

αab = −αba = αa − αb   and   πab = −πba = πa − πb                  (2.7) 

So, if the Seebeck coefficient of material a in thermocouple a/b is already known, such 

as 1.51 μV/K of silver [16], the α value for another material b can be derived from the 

measured Seebeck coefficient for the a/b junction based on equation 2.7. This is 

equally true for the Peltier coefficient. 

In addition, the Kelvin relationship shows that all three thermoelectric effects exist 

simultaneously when a device is operated in either a thermoelectric generating or 

refrigerating mode.  

2.3  Evaluation of thermoelectric properties 

In order to evaluate the thermoelectric properties of different materials, the figure of 

merit Z can be used. Typically, a higher value of Z indicates a better thermoelectric 

performance. The definition of figure of merit for a single thermocouple Ztc is given 

by [13]: 

Ztc =
αab

2

ρtc ∙ λtc
                                                         (2.8) 

Here, αab is the Seebeck coefficient of the thermoelectric junction between n-type 

thermoelectric material a and p-type thermoelectric material b, which is also defined 

in section 2.2.1.3; ρtc is the equivalent electric resistance of the thermoelectric junction; 

λtc is the thermal conductivity of this junction. Calculating this requires independent 
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measurements of the Seebeck coefficient, thermal conductivity and electrical 

resistivity of the material. 

In order to gain a high figure of merit, the thermoelectric junction should have a high 

Seebeck coefficient, low electric resistance and low thermal conductivity. In practice, 

any material is a compromise between these three parameters. This will be discussed 

further later in the thesis. 

In this section, the methods and parameters used to evaluate the performance of a TEG 

will be explained. The parameters discussed below are electrical resistivity, thermal 

conductivity, the Seebeck coefficient, the figure of merit, the power output and the 

conversion efficiency. 

2.3.1 Electrical resistivity and Hall coefficient measurement 

The measurement of electrical resistivity for individual material, ρ, can be obtained 

simultaneously with a Hall effect measurement from a Hall effect test setup. The setup 

of a Hall effect measurement is illustrated in figure 2.5. 

In such a measurement the resistivity of the tested material can be obtained by 

measuring the voltage across two points, a and b, based on the following equation: 

ρ = R
A

l
=

Vab

I
∙

w ∙ d

l
                                               (2.9) 

Here, d is the thickness, w is the width, and l is the length. A is the cross section area 

through which the current I passes. R is the resistance from end to end of the whole 

bar of conductive material. Vab is the voltage between a and b.  

When there is a current I flowing through a solid in a magnet field B, the charge 

carriers will flow to one or other end of the material depending on their charge type. 

When an electric current passes through a conductor or semiconductor in which there 

is a perpendicular magnet field, the Lorentz Force will lead the positive charge carriers 

to accumulate at the front and the negative carriers to accumulate to the back based on 

the right-hand rule. This is shown in figure 2.4. The accumulated charges will cause a 

voltage across the sample which slows down the movement of charge carriers. When 

this potential is sufficiently high the generated electric field will produce a force on 

the charge carriers equal and opposite to the Lorentz force, giving a balanced Hall 

voltage VH. 
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Figure 2.4 Principle of Hall effect measurement 

According to Chien [17], the Hall coefficient RH is defined as 

RH =
EX

jYB
=

d ∙ VH

I ∙ B
=

1

ne
                                             (2.10) 

Where EX is the electric field formed by the accumulated charges, jY is the current 

density along Y direction, n is the carrier concentration and e is the charge of a single 

electron. From the Hall Effect measurement, we can learn the carrier type (n or p-type) 

and carrier concentration.  

a. Sample type: The sign of the Hall coefficient determines the type of the sample 

(n-or p-type with mobile electrons or holes respectively). If VH is positive the 

charge carrier is positive (p-type) for the tested sample. If it is negative, the 

charge carrier is negative (n-type).  

b. Carrier concentration n: The carrier concentration can be calculated as n = 

1/(|RH | ∙ e) as described in equation 2.10. 

c. Carrier mobility: The relationship between carrier mobility and conductivity is 

given in equation 2.11:  

μ =
1

ne
∙

1

ρ
= |RH| ∙

1

ρ
                                              (2.11) 

Here, μ is the carrier mobility. When resistivity has been measured, the mobility can 

then be calculated. 

2.3.2 Thermal conductivity measurement 

The thermal conductivity of a material is defined by the following equation [15]: 

λ =
Q/A

∆T/∆l 
                                                    (2.12) 
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Where Q is the heat transferred through the cross section A when there is a temperature 

gradient ∆T across a distance of ∆l. So, thermal conductivity λ can be calculated if Q 

and ∆T have been measured. The two main types of methods used to measure thermal 

conductivity are steady methods and non-steady methods [18]. 

When the ambient temperature is low, for example room temperature, λ can be 

measured directly by the longitudinal steady method because the heat loss by radiation 

is relatively low. When doing a measurement with a high temperature difference 

between the specimen and environment, the heat loss due to radiation cannot be 

ignored. In this case, non-steady methods, such as the laser flash method which 

indirectly obtains thermal conductivity by measuring the thermal diffusivity [19]. 

For most conductors and semiconductors, the thermal conductivity is determined by 

two parameters: λe from charge carriers and λl from lattices. In insulators, the main 

contribution is from lattices, while in metals the higher concentration of charge carriers 

will contribute more to the heat transfer in solid. This can be seen in figure 2.6. 

2.3.3 Seebeck coefficient measurement 

 

S

1

2

3

4

a

b

a

b

 
Figure 2.5 Principles of the Seebeck coefficient measurement 

The measurement of the Seebeck coefficient for a particular material is based on 

equation 2.3. In figure 2.5, thermocouple a and b are connected to joint ends which are 

then attached with the thermoelectric material S. A voltage V is applied between 1 and 

3 and ∆T is the temperature difference maintained between these two thermocouple 

junctions. The Seebeck coefficient of thermocouple a and b are already known to a 

high degree of accuracy. 

The main difficulty with this measurement is that the Seebeck coefficient varies with 

temperature, giving a nonlinear variation of potential ∆V with ∆T. Hence, a dense 

sequence of measurements of ∆V and ∆T as the temperature is slowly increased is 

required to get an accurate value for the Seebeck coefficient. Shubha and co-workers 
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developed an operational amplifier based system which achieves an accuracy greater 

than 99% in measuring the Seebeck coefficient. The specific equation used in this work 

to calculate the Seebeck coefficient of the junction between materials S and a is given 

in equation 2.13 [20]: 

αSa = lim
V13→V24

(
V13

V13 − V24
)                                             (2.13) 

Where V13 is the voltage measured across the sample connections 1 and 3 and V24 is 

the voltage across connections 2 and 4 (in figure 2.6).  

By coupling an unknown material with a Seebeck coefficient value close to 0, αS can 

be considered approximately equal to αSa. 

2.3.4 Summary of the properties of some commonly used materials for TEGs 

Generally, metals have high electrical conductivity and low Seebeck coefficient, while 

semiconductors have higher Seebeck coefficient and lower electrical conductivity. An 

increase in electrical conductivity through material selection will be accompanied by 

a decrease in the Seebeck coefficient and an increase in thermal conductivity. 

 
Figure 2.6 The schematic variation of Seebeck coefficient, electrical conductivity and thermal 

conductivity depending on the increase of carrier concentration from insulator to metal, after Shakouri 

[21] 
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Figure 2.7 shows the variation in the Seebeck coefficient, thermal conductivity and 

electrical conductivity for insulators, semiconductors and metals, which are 

differentiated by their carrier concentration. The position of the broad maximum in the 

α2σ curve is found in the carrier concentration range on the orders from 1018 – 1020 cm-

3 (1024 – 1026 m-3) based on the literature [8, 22]. 

Materials ρ (Ω·cm) λ (W/(m·K)) α (μV/K) 

copper 1.712×10-6 401 1.83 

nickel 7.12×10-6 90.7 -19.5 

Bismuth 1.07×10-4 7.87 -70 

Antimony 3.9×10-5 18.4 40 

p-Bi2Te3 1.4-3.8×10-3 

(intrinsic value) 

1.5−2.5 

(intrinsic value) 

224 

n-Bi2Te3 -227 

Sb2Te3 2.5−6×10-4 2.8−7.3 110 

Table 2.1 Transport properties of commonly used thermoelectric materials [16, 19, 23] 

Typically, the optimal values for the Seebeck coefficient, electrical resistivity, and 

thermal conductivity are in the ranges of 150 – 230 μV/K, 1 – 3×10-3 Ω·cm, and 1.5 – 

3 W/(m·K) respectively [13]. 

In table 2.1, the typical transport properties around room temperature (298 K−300 K) 

of several thermoelectric materials (also used in the experiments in this thesis) are 

listed. Copper and nickel are metals; Bismuth and antimony are semi-metals; the alloys 

are semiconductors. 

2.3.5 Power output, conversion efficiency and figure of merit 

When the thermocouple is connected with a load resistance RL as shown in figure 2.8, 

the generated current will deliver electric power to the load resistor. 

RL

Material a

Material b

Th Tc

 
Figure 2.7 Single thermocouple with load resistance 

The thermocouple can be thought of as a battery with equivalent resistance R, as shown 

in figure 2.8. In practice, for a TEG, one of the two materials in the thermocouple is 

an n-type material and the other is a p-type material. The Seebeck coefficient for this 

thermocouple is denoted αab. Hence, from equation 2.3, the Seebeck voltage of such a 
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thermocouple is Vtc = αab·∆T. The equivalent electric resistance R represents the total 

series resistance of both thermoelectric materials and the junctions. 

Vtc

R
RL

Thermoelectric 

battery mode

 
Figure 2.8 An equivalent circuit of thermoelectric generator with load resistor 

The electric power dissipated in the load resistor is given by: 

P = V ∙ I =

RL

R

(1 +
RL

R )
2

Vtc
2

R
=

s

(1 + s)2

(αab ∙ ∆T)2

R
                     (2.14) 

Where s=RL/R is the ratio of the load resistance to thermal resistance. V and I are the 

voltage and current applied to the load resistor respectively. Vtc is the Seebeck voltage 

generated by the thermocouple. 

 
Figure 2.9 s/(1+s)2 vs. s curve when s in the range from 0.5 to 1.5 

According to Goldsmid [24], around the temperature range from 0 °C to 100 °C , the 

value of Seebeck coefficient is stable. Thus, under a fixed temperature gradient, the 

term (αab·∆T)2/R can be considered as a fixed value. Hence the power output P only 
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varies when s varies. Figure 2.9 shows a typical P-s curve. It shows that when RL=R 

and s=1, the power reaches its maximum value: 

Pmax =
(αab∆T)2

4R
                                            (2.15) 

The conversion efficiency ϕ of such system is: 

ϕ =
power comsumed by the load (P)

heat energy absorbed in the thermocouple(Q̇)
                     (2.16) 

The heat absorbed in system, Q̇, is comprised of Peltier heat Qp = αabTHI, conducted 

heat Qc = λ′(TH − TC) and Joule heat QJ = −
1

2
I2R′, where λ′ is the parallel thermal 

conductance of n-type and p-type thermal materials and R′ is their series electric 

resistance, equals to R+RL. The conversion efficiency can then be written as [15] : 

ϕ =
I2RL

αabTHI + λ′(TH − TC) −
1
2 I2R′

                                  (2.17) 

This equation can be simplified to: 

ϕ = (
TH − TC

TH
) [

RL R′⁄

3
2

− TC 2TH + 1 ZTH⁄⁄
]                              (2.18)  

Here, Z = (αab)
2/λ'R' is the figure of merit of a thermocouple, which is the most 

important characteristic to evaluate the thermoelectric material. Furthermore, we have 

RL R′⁄  < 1 and TH > TC results TC/2TH < 1/2. The term in the square brackets has a 

maximum value less than 1 because the numerator is less than 1 while the denominator 

is greater than 1. Hence, the conversion efficiency of a TEG is the Carnot efficiency 

(TH-TC)/TH, reduced by a factor which is dependent on the value of Z.  

According to Rowe [15], with an acceptable degree of approximation, the figure of 

merit Z of the thermocouple can be expressed as follows: 

Ztc =
(αb − αa)2

[(ρa ∙ λb)1/2 + (ρa ∙ λb)1/2]2
                         (2.19) 

Based on equations 2.8 and 2.19, figure of merit of single thermoelectric material can 

be obtained from equation 2.20: 
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Z =
α2

ρ · λ
                                                      (2.20) 

Given the physical properties of semiconductors, when the carrier concentration n is 

increasing both the Seebeck coefficient α and the reciprocal of thermal conductivity 

1/λ will decrease. This relationship was shown previously in figure 2.6.  

Generally, semiconductor materials have the highest values of Z. The unit of figure of 

merit Z is K-1. 

 

Figure 2.10 Thermoelectric figure of merit for a number of thermoelectric materials varying with 

temperature (a) n-type materials, (b) p-type materials, after Snyder [25] 

In order to get a dimensionless figure of merit, ZT is used instead of Z. The highest 

ZT value in the literature for Bi-Sb-Te based solid thermoelectric generators is around 

1 [8].  

In figure 2.10, it can be seen that the figure of merit varies with temperature. At room 

temperature, Bi2Te3 and Sb2Te3 alloys provide the highest ZT values, which 

demonstrates that they are suitable for room temperature thermoelectric energy 

harvesting applications. 

2.4 Structure of thermoelectric devices 

As shown in figure 2.11, a typical thermoelectric device consists of several n and p-

type thermocouples connected electrically in series and thermally in parallel. The two 

different thermal materials are fabricated into bar or leg structures depending on the 

fabrication technology used. The adjacent elements either need to be electrically 

connected by a metal with a high electric conductivity, or the two thermocouples need 

to be in physical contact at the ends of the legs to form an Ohmic contact junction.  

Depending on the fabrication technology used, the structures of TEGs may have slight 

variations. However, they all need to connect the thermoelectric elements in series to 
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gain a high output voltage and power. For example, planar thermoelectric elements 

can be coiled up to form a cylindrical structure. This will be discussed further in 

chapter 3 of this thesis.  

 
Figure 2.11 Schematic of common thermoelectric generator devices, after Snyder [26] 

The geometry of an individual thermocouple is based on of the specific requirements 

of different applications. For example, when the device dimensions are too small to 

neglect the thermal and electrical contact effects there is a trade-off between the power 

output and the conversion efficiency [13]. According to Gao’s research (shown in 

figure 2.12), a thermocouple with length in the range from 0.5 to 1 mm is required to 

obtain a larger power output than those with length below 500 μm. 
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Figure 2.12 Power output per area and conversion efficiency vs. the thermocouple length at different 

temperature gradients, after Gao [13] 

2.5 Summary 

Thermoelectric converter designed for electrical power generation is based on Seebeck 

effect. Although the Peltier effect and Thomson effect exist simultaneously when 

thermoelectric generator devices operating, according to Lossec et al. [27], they can 

be ignored because their effects are negligible in comparison to the Seebeck effect 

when focusing on human body heat energy harvesting application.  

The conversion efficiency from thermal energy into electrical energy is limited by 

Carnot efficiency. For human heat energy harvesting applications, the body 

temperature is around 37 °C (310 K) while the ambient temperature is around 22 °C 

(295 K). Then the Carnot efficiency is (310 K−295 K)/310 K = 4.8%. The 

thermoelectric power comes from human body skin based on this calculation is then 

in the range of 2.88−4.8 W. The efficiency level is further reduced based on the figure 

of merit, Z. In conclusion, the conversion efficiency of a TEG used for body 

temperature energy harvesting is lower than 5% and will be affected by Z. A higher Z 

value will give higher conversion efficiency. 

So, figure of merit is used to evaluate the performance of thermoelectric materials. The 

expression of figure of merit is shown in equation 2.20. To calculate ZT value, 3 
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material properties must be measured. These are Seebeck coefficient, electric 

resistivity and thermal conductivity of the individual material. The power output of the 

TEGs and the open circuit voltage are used to evaluate their performance of the 

thermocouples at a device level. 

In the room temperature range, defined here as 290K to 300K, the alloys of Bi, Sb and 

Te have the highest ZT value. This was shown in figure 2.10. Consequently they have 

attracted the most attention among the various thermoelectric materials that have been 

examined for room temperature thermoelectric energy harvesting devices. 
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Chapter 3.  Literatures of TEGs, printed TEGs and its application 

3.1 Introduction 

This research is concerned with producing a printable thermoelectric material ink 

suitable for use on a flexible substrate. This review will focus on the types of materials, 

thermoelectric structure design and the printing technologies used in the fabrication of 

thermoelectric devices. 

Various materials have been applied in the published literature to implement 

thermocouples in TEGs using micro-machining technologies in research. The different 

thermoelectric properties of the materials are described along with the methods to 

evaluate the performance of the thermocouples. 

Screen and dispenser printing technologies are introduced. These processes are low-

cost and suitable for use with flexible substrates such as Kapton and textiles. 

Finally, the state of the art in printed TEGs and the application of TEGs in wearable 

electronics is reviewed. 

3.2 Micro-fabricated thermoelectric generators 

Conventional TEGs fabrication processes are based on bulk solid materials, e.g., 

cutting and dicing a solid thermoelectric material bar formed by hot isotactic pressing 

[19]. The conventional TEGs have limitations in size, flexibility and cost. The 

fabrication technologies used in Micro Electromechanical Systems (MEMS) have the 

potential to manufacture TEGs with smaller size and lighter weight. Hence, 12 

research papers (see Table 3.1) on micro thermoelectric generators in the field of 

power MEMS published during last decade have been reviewed. 
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Thermocouple material 

Substrate Fabrication methods 

Deposition 

thickness 

(μm) 

Highest 

processing 

temperature 

(°C) 

Seebeck 

coefficient 

(μV·K-1) 

Resistivity 

(Ω·cm) 

TE-

efficiency 

factor  

(μW·K-

2cm-2) 

ZT Reference 
p-leg n-leg 

p-Si n-Si 
Si on 

sapphire 
Ion implanting, RIE 0.4 925 530 > 100 0.0011 N/A [28] 

p poly-Si n poly-Si Si CVD, ion implanting 0.4 670 160 1.514 0.0426 0.0043 [29, 30] 

Poly-Si with 

SiGe quantum 

well 

Poly-Si Si 

Ultra-high vacuum 

CVD (UHV-CVD), 

doping 

0.3 (0.05 

for SiGe) 
N/A 160 

p: 0.22×10-3 

n: 0.08×10-3 
0.251 0.566 [31] 

Cr Ni Si PECVD 0.15 N/A 35.6 
p: 1.29×10-5 

n: 0.72×10-5 
0.0312 N/A [32] 

(Bi, Sb)2Te3 Bi2Te3 Si 
Co-sputtering, dry 

etching 
20 300 340 N/A 2.4 0.9 [33] 

Bi-Te-Sb Bi-Te Si 
Hot pressing, 

electroplating, dicing 
600 250 200 N/A 5 0.75 [34] 

Bi0.3Sb1.7Te3 Bi2Te3 Glass Aerosol deposition 350 400 260 1.3-1.7×10-3 9.3 N/A [35] 

Cu Ni Kapton Evaporating 0.2/0.1 N/A 16 N/A 7.4×10-5 0.003 [36] 

(Bi0.25Sb0.75)2Te3 Bi2(Se0.1Te0.9)3 Kapton Sputtering 1 300 370 
p: 2.2×10-3 

n: 1.7×10-3 
0.089 N/A [37] 

Bi1.61Te3.39 Bi2.68Te2.32 
SU-8 

mould 

Electrochemical 

deposition 
350 200 340 1.5×10-3 12.5 0.02 [38, 39] 

Sb2Te3 Bi2Te3 Kapton 
RF magnetron co-

sputtering 
0.5 225 108 

p: 1.9×10-3 

n: 1.0×10-2 
9.52×10-7 N/A [40] 

Table 3.1 Characteristics and performance of μTEGs in literatures 
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3.2.1 Micro-fabricated TEGs in literature 

The TEGs fabricated by micro-machining technologies are normally called micro-

TEGs (μTEGs). The review of μTEGs in this part is summarized in table 3.1. All the 

reported values were obtained around room temperature, which is consistent with the 

objectives of this work. Some typical μTEGs are explained in detail in this section. 

3.2.1.1 Si, SiGe compounds and metals based TEGs 

Silicon (Si) and poly-Si based μTEGs can be fabricated using existing Integrated 

Circuits (IC) manufacturing processes (e.g., photo-lithography, etching, vapour 

deposition, etc.). Also, Si is a low cost material compared to Bi, Sb and Te. A typical 

example is a silicon based μTEG with high-voltage and low-power output on a 

sapphire substrate developed by Rowe and co-workers [28]. In each thermocouple, the 

n-type thermoelectric material was doped with phosphorous (P) while boron was used 

as a p-type dopant. The unimplanted silicon between the active parts was removed by 

reactive ion etching (RIE) to achieve electrical isolation. The interconnections were 

realized with a thin aluminium layer. The thermocouples were designed in two 

different dimensions of strips, 4.5 mm by 100 μm with a separation of 100 μm. The 

doping depths (thickness of the thermoleg) was 0.4 μm. The implanted carrier 

concentration for both the p- and n-type were 5×1019 cm-3, which yielded a Seebeck 

coefficient of 530 μV/K. At a temperature difference of 10K, the open circuit voltage 

for one thermocouple with doping depth of 0.4 μm was 5 mV; and the output power 

per area is 0.11 μW/cm2. 

M. Strasser et al [29] also developed micro TEGs using CMOS (Complementary 

Metal-on-Oxide Semiconductor) based process. The structure of a single generator cell 

is shown in figure 3.1, with an area of 49 μm × 10.9 μm. Poly-Si and poly-SiGe based 

thermocouples were both fabricated to test the thermoelectric performance. The figure 

of merit for poly-Si thermocouples with a carrier concentration of 2.5×1020 cm3 was 

0.0043, which is lower compared to 0.0064 for the poly-SiGe version. The Seebeck 

coefficient and electrical conductivity of Poly-Si thermocouples are higher than that 

of poly-SiGe, but it has a larger value of thermal conductivity which is not a desirable 

characteristic for thermoelectric generator material. 
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The fabrication process enable 15872 thermocouples in an area of 3.2 mm × 2.2 mm 

to be realised. A poly-Si μTEG with a temperature gradient of 10 °C generates an open 

circuit voltage per area of 27 V/cm2 and an output power per area of 6 μW/cm2 [30]. 

 
Figure 3.1 Schematic of BiCMOS thermocouples realization, after Strasser [29] 

With the state-of-the-art CMOS fabrication process, Yang and co-workers [31] 

presented a poly-Si based μTEG with SiGe quantum well under P-type poly-Si film to 

increase the asymmetry between the hot/cold electrons transport, which could reach a 

ZT value of 0.566 at room temperature. 

The use of metals as thermoelectric materials also attracted some attentions because 

of their low cost. Topal and co-workers [32] developed 48 Cr-Ni (Chromium-Nickel) 

thermocouples which generated a voltage of 17.1 mV and a peak power of 10.32 nW 

within a temperature difference of 10 °C using MEMS technology. However, 6 masks 

had been used to pattern the thermocouples and electrodes in that fabrication process 

which increased the fabrication cost. Because each mask involved a photolithography, 

an etching and a deposition process. 

Although micro-fabricated silicon and some metals based μTEGs have advantages 

such as compatibility with IC technologies, and the benefit of scaling the size down to 

μm range, the cost of the fabrication process is still high. Moreover, for Si-Ge based 

μTEGs, the figure of merit is relatively low in the room temperature range (seen from 

figure 2.11). It increases with the temperature and reaches its maximum value around 
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900 °C. Micro fabricated Si-Ge and metal based TEG devices are unlikely to be 

applied on room temperature energy harvesting applications.  

3.2.1.2 Bi-Sb-Te based TEGs 

Similar thin-film fabrication technologies have also been applied in the fabrication of 

Bi-Sb-Te based μTEGs. Bӧttner and co-workers [33] obtained 20 μm thick p-

(Bi,Sb)2Te3/n-Bi2Te3 thermocouples using co-sputtering and dry etching followed by 

a wafer bonding process. The key process for device fabrication is the precise thickness 

deposition of the p- and n- material between the upper and lower substrate. Like other 

Bi-Te based thermoelectric devices, it has a high Seebeck coefficient, giving a power 

factor of 15.7 μWcm-1K-2 for n-material and 25.3 μWcm-1K-2 for p-material. Hence, 

the combined power factor is nearly 40 μWcm-1K-2. Here, power factor (α2/ρ) is 

applied to describe the power generating ability of the thermoelectric material. 

In contrast to laterally fabricated devices with lateral heat flow [37], vertically 

fabricated devices have a higher thermoelectric efficiency factor because of their 

higher thermal active material density with the same size of area [33, 39]. 

Technologies such as sputtering and vapour deposition are unlikely to achieve 

thermocouples with thickness higher than 50 μm. The growth rates of sputtered BiTe 

is in the range of 5 μm/h [33]. Based on this limitation, researcher developed other 

micro-machining processes in order to obtain better performance thermocouples. 

 
Figure 3.2 Thermocouples fabrication process of the SEIKO wristwatch, after Kishi [34] 

A research group in SEIKO Corporation [34] developed a Bi-Te based μTEG device 

to act as the energy source for a wristwatch. The process was also based on micro-
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machining technology (in figure 3.2). The figure of merit of this thermocouple is 0.75, 

and a 2 mm × 2 mm × 1.3 mm sized module with 104 thermocouples (80 μm × 80 μm 

× 600 μm for each element) will generate a voltage of 5 V at a temperature gradient of 

60K. Inside the wristwatch, 10 of these modules were connected together by gold (Au), 

contributing a constant conversion voltage of 300 mV and a power of 22.5 μW when 

it is worn on the wrist (the ambient temperature is 295 K). The calculated conversion 

efficiency is 0.047% at 300K when the temperature difference is 1K. 

Kouma et al [35] presented a vertical fabricated high-aspect-ratio TEG using aerosol 

deposition (ASD) method to deposit high density nano-sized thermoelectric material 

particles into photosensitive glass mold followed by a Hot Isotactic Pressing (HIP). 

With the glass mold, the thermocouple achieved a very high aspect ratio of 7 and a 

pitch size of 150 μm. The author claimed that the high aspect ratio and high integration 

density of thermocouples could help to increase the open-circuit voltage efficiency and 

output power efficiency, which are quite important for harvesting energy from low 

temperature gradient heat source such as the human body. The thermoelectric 

performance is conclude in table 3.1. 

3.2.1.3 Micro-machined Flexible TEGs 

In the last few years, there has been a trend to the design of TEGs on flexible substrates 

in order to meet the bending requirements on portable devices. Itoigawa et al [36] 

reported a thermoelectric generator on polyimide substrate. As shown in figure 3.4-a, 

the main part of this TEG is the corrugated sheet located between a heat absorber sheet 

and heat sink sheet. The corrugated sheet consisted Cu and Ni acting as p-type and n-

type thermoelectric material respectively. Polyimide can be used as the flexible 

substrate because of its high elastic coefficient and electrical insulation property. 

Cu/Ni thermocouples and interconnections are formed by photolithography, 

evaporation and lift-off. The finished corrugated structure is glued on to the heat sink 

and absorber sheets. Several changes were implemented to increase the flexibility of 

the device: 

1. Forming a thicker Cu pattern (200 nm) and thinner Ni pattern (100 nm) to strength 

the Cu-Ni junction. 

2. Design a corrugated and narrow Ni junction pattern, which can increase the contact 

length between Cu and Ni junction 

3. Slits on thermocouples substrate, the heat sink and absorber sheets. 
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With these adjustments, the author claimed the μTEG has a bending radius of curvature 

of 9 mm. For single thermocouple, the Seebeck coefficient is 20.6 μV/K. 

 
Figure 3.3 Schematics of the Cu-Ni thermocouples on Kapton, fabricated by photolithography and 

evaporation [36] 

Bi-Sb-Te based thermoelectric materials could also be fabricated on polyimide 

substrate by thin film technologies. Stark et al. presented flexible planer p-

(Bi0.25Sb0.75)2Te3/n-Bi2(Se0.1Te0.9)3 thermocouples on polyimide substrate using dc-

magnetron sputtering [37]. The finished TEG is a stack of thin foils electrically 

connected in series. 

Glatz and co-workers used structured SU-8 to form a Bi-Te based flexible 

thermocouples by electrochemical deposition (ECD) [38]. The deposited 

thermocouple legs are shown in figure 4-a, where the p-leg is Bi2.68Te2.32 with 46% Te 

content and the n-leg is Bi1.61Te3.93 with 69.4% Te content. Au is used as both the seed 

layer electrodes and interconnects. The image of this device is shown in figure 4-b. 

The power per unit area of the Bi-Te thermocouples is nearly 100 μW/cm2 at a 

temperature gradient of 20 °C, which is 20 times higher than the Cu-Ni device 

fabricated with the same structure size and technology by the same research group [39]. 

The higher Seebeck coefficient and lower thermal conductivity values of Bi-Te 

thermocouples resulted a higher figure of merit value than that of Cu-Ni counterpart. 
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Figure 3.4 A flexible Bi-Te based μTEG. (a): SEM image of the vertically grew thermocouples. (b):  

up view of the completed TEGs and Au interconnections, after Glatz [38] 

Francioso et. al. [40] reported a co-sputtered Sb2Te3/Bi2Te3 thin film μTEG on Kapton 

substrate. As seen in figure 3.5-b, the area of BiTe pattern was bigger than that of SbTe 

pattern. The area ratio of BiTe pattern to SbTe pattern was optimized to achieve the 

highest conversion efficiency. Au was deposited as the electrodes and the comb-like 

cold junction radiators. 

 

Figure 3.5 A co-sputtered thin film SbTe/BiTe μTEG. (a): μTEG on Kapton. (b): schematic of the thin 

film μTEG, after Francioso [40] 

3.2.2 Discussion 

From table 3.1, in room temperature, the Si based thermocouples had the highest 

values of Seebeck coefficient, but they had a low power output. This is possibly due 

to the extremely high electric resistivity of the thermoelectric materials which limits 

(a) (b) 

(a) (b) 
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the electric current generated in thermocouples (ρ > 100 Ω·cm). However, their 

benefits include an easily industrialized fabrication process, and the high figure of 

merit of Si & SiGe compound at a temperature around 900°C. Hence, they are more 

suited to high temperature energy harvesting devices.  

On the contrary, power output of metals (Cr/Ni, Cu/Ni) based thermocouples were also 

low despite their high electrical conductivity. The low Seebeck coefficient limited their 

thermoelectric performance. 

In between, Bismuth-Antimony-Tellurium based alloys have balanced α and ρ. They 

have the potential to be applied in room temperature thermoelectric energy harvesting. 

For the fabrication technologies, the conventional micro-fabrication processes were 

always difficult to form thermocouples with high thickness. For example, the highest 

growth rate of the conventional micro-machining deposition processes listed in section 

3.2 is only around 50 μm/h [39]. From table 3.1, improved thermoelectric performance 

is feasible at higher thicknesses. In this case, thick film technologies might give a 

potential solution for the μTEGs fabrication because of its quick thickness building up 

and high production rate. 

3.3 Thick film technologies 

In this thesis, screen printing and dispenser printing were both investigated for 

thermoelectric devices fabrication in order to get a high yield. Hence, a brief 

introduction to screen printing and dispenser printing is given in this section. 

In the electronics industry, the thick film technologies were firstly introduced to 

deposit resistors on a circuit board. The typical thick film process is screen printing, 

which was used originally in traditional graphic art reproduction [41]. Screen printing 

is based on the formation of pattern through the use of meshed screen masks and 

viscous pastes/inks [41]. Direct write thick film technologies such as dispenser printing 

do not need a specific mask. The software can transfer the input digital patterns into 

the movements of the stage and the nozzle. 

3.3.1 Screen printing technology 

Originally, screen printing was developed to print resistors, inductors and capacitors 

on circuit board in electronics industry. With different loading powders and paste 

formation, various functional thick films were developed. White et al. [42] reviewed 
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screen printed sensors such as piezoresistive sensors, thermistors and magnetic sensors, 

which demonstrated screen printing technology had its potential for fabricating various 

electronic devices. 

The basic difference between electronics screen printing and conventional printing is 

that the former has a higher requirement on the degree of printing sophistication and 

the nature of screen material [42]. The typical thick film screen is made from stainless 

steel or polyester woven mesh with a patterned emulsion layer formed by 

photographical technology, which offers a higher resolution of printed patterns.  

Generally, screen printing contains 4 processes: paste formation, pattern deposition, 

drying and curing (firing). These processes for screen printing thermal curable paste 

are shown in figure 3.6. In this thesis, the pastes with ceramic binder always require a 

curing temperature around or higher than 800°C. These pastes are classified into high 

temperature cured ones. In order to deposit the thick films on flexible substrate, pastes 

need to be developed with polymer binder to decrease the curing temperature lower 

than 300 °C, which are low temperature pastes.  

 

Figure 3.6 Diagram of screen printing process 

Firstly, a suitable screen with suitable mesh size and emulsion thickness should be 

specified depending upon the ink being used and to meet the geometric and resolution 

Thickness 

building 

up 

Paste Formation 

For High temperature cured 

paste: Active powders + ceramic 

binders + vehicles 

For Low Temperature paste: 

Active powders + polymer 

binders 

 

 

 

Screen Printing: 

Firstly, force the ink or paste on the open area of a mesh. Then 

move the squeegee to deposit on desired substrate. 

 

Drying: 

Make the solvent evaporate from the pattern 

 

Curing or Firing: 

For High temperature curing paste: 

Firing in high temperature to melt the 

ceramic binder 

For Low Temperature paste: 

Curing in low temperature to cross-

link the polymer binder 
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requirements of the design. The rheological properties of the paste, such as the 

liquidity, thixotropy and viscosity, will affect the paste quality [43]. Typical screen 

printable inks have viscosities in the range of 3000 to 25000 cP [44]. 

The printing process can be simply divided into 3 steps. Firstly, the pastes are added 

to the screen and smeared across the surface by the blade. Then, the pressured squeegee 

will force the pastes through the openings onto the substrate. Finally, the screen lifts 

off from the substrate leaving the designed patterns on substrate. These simple steps 

are shown in figure 3.8. The off contact printing mode, having an air gap between the 

substrate and the screen [45], is usually applied in this work to print electronic 

materials.  

substrate

screen 
frame

substrate

substrate

squeegee

blade

paste

mesh

designed patterns

emulsion

 

Figure 3.7 Illustration of pattern deposition by screen printing 

Film thickness can be built up by printing several layers of the same pattern, drying 

each patterned layer in turn. After the printing of the first layer, a drying process was 

necessary to evaporate the liquid component of the ink before printing the second layer. 

This is preventing the ink from dispensing around due to pressure from subsequent 

prints. The drying condition is determined by the physical and chemical properties of 

the organic solvents used in the paste. For one layer of thick-film, usually, two 



33 

  

depositions are applied. The typical thickness for a single layer can be 10 μm – 100 

μm depending on the printing setting and the size of filler in the paste. 

Finally, a curing or firing process is performed to make the printed pattern adhere 

properly to the substrate and achieve the desired mechanical functional properties of 

the film. The curing conditions depend on the properties of the active materials and 

binders used in the paste. For example, the firing of ceramic binder based pastes is 

performed in a belt furnace at a peak temperature of around 850 °C [42]. Pastes that 

use some specific polymer binders only require a curing temperature of 80°C [44]. 

Moreover, the paste with UV sensitive polymer binder only needs to be cured under 

UV light in room temperature. 

The attributes of printing technology compared with other micro machining 

technologies summarized by Gilleo et al. [46] are low cost of entry, fast time to market, 

environmentally benign, materials are easily adjusted and modified and simple 

manufacturing with few variables. For instance, Yang and co-workers [44] screen 

printed a 5-layers capacitive motion sensor on standard polyester cotton fabric with a 

sacrificial layer. Garnier et al [47] reported a fabrication process for organic thin-film 

transistors (TFTs) that included two screen printing steps with smallest feature of 200 

μm. A graphite-based polymer gate, drain and source electrodes were screen printed 

on each side of a 1.5 μm-thick polyester film which acted as both the dielectric layer 

and insulating film simultaneously. The field-effect mobility 𝜇𝐹𝐸𝑇 is 6 × 10-2 cm2V-1s-

1, which is close to that of conventional amorphous hydrogenated silicon TETs 

(between 10-1 and 1 cm2V-1s-1) [48]. The authors both pointed out that the products 

fabricated by printing technology are easy to be industrialized. 

Although screen printing is widely used in industry, it has limitations. It cannot achieve 

the high resolutions typically achieved in micro-fabrication and MEMS processes. The 

resolution of screen printing is limited by the mesh opening and filament diameter. 

The minimum line with that screen printing can reach is around 25 μm [41], while the 

typical dimensions are around 1 μm in the plane of wafer in IC industry [49].  

In addition, it cannot print nicely on uneven surface. Other printing technologies such 

as ink jet and dispenser printing can overcome this disadvantage by adjust the distance 

between the printing heads and the substrate [50]. 
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3.3.2 Dispenser printing technology 

For screen printing, a suitable screen with suitable mesh size and emulsion thickness 

should be specified depending upon the ink being used and to meet the geometric and 

resolution requirements of the design. The rheological properties of the paste, such as 

the liquidity, thixotropy and viscosity, will affect the paste quality [43]. Typical screen 

printable inks have viscosities in the range of 3000 to 25000 cP [44]. Film thickness 

can be built up by printing several layers of the same pattern, drying each patterned 

layer in turn. The typical thickness for a single layer can be 10 μm – 100 μm depending 

on the printing setting and the size of filler in the paste. After printing, a curing or 

firing process is performed to make the printed pattern adhere properly to the substrate 

and achieve the desired mechanical functional properties of the film.  

Dispenser printing is a direct-write technology developed to additively deposit 

materials in paste/ink form. Figure 3.8 shows a basic structure of a dispenser printer. 

The inks are extruded out from the syringe by the air pressure onto the substrate 

attached on a 3-axes moving stage. After deposition, the patterns are also dried and 

cured similar to screen printing. It is also called pneumatic dispenser printer. 

 
Figure 3.8 Schematic of a dispenser printer, after Wright [51] 

The dispenser printer allows inks with a typical viscosity range of 100 − 10000 cP [52], 

which is thinner than that of the screen printable inks. A variety of low-cost needles 

and their inner diameter sizes are illustrated in figure 3.9. For different inks, in order 
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to achieve required pattern size and resolutions, different needles and printing 

parameters (pressure, time of each shot, printing gap) should be applied. 

 
Figure 3.9 Examples of needles and corresponding inner diameters used in dispenser printing 

In order to obtain the required pattern, a line for example, single dots should be 

dispenser printed drop by drop with an adjust step distance. The size of each printed 

dot is controlled by the pressure, pressing time, ink viscosity, needle shape, needle 

ends size, gap between the needle head and the substrate and the surface energy of the 

substrate. Other patterns like rectangular and square can be achieved by numbers of 

adjacent printed lines. The pattern printing process is illustrated in figure 3.10. 

Printed 

dot
Printed 

line

Printed 

rectangular/pattern
 

Figure 3.10 Illustration of pattern realization by dispenser printing 

Ho and co-workers [53] developed a multilayer zinc micro-battery with an ionic liquid 

gel electrolyte on Ni substrate using dispenser printing technology. The thickness of 

the manganese dioxide electrode/gel electrolyte/zinc electrode sandwiched structure 
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was between 80 and 120 μm. This demonstrated dispenser printing can be applied as 

a low cost technology which is capable of fabricating electronic devices with relatively 

larger thickness (> 50 μm). 

To conclusion, for pattern transferring, two different thick film technologies have been 

highlighted in this section. Both have lower fabrication cost than micro-machining 

technologies, which need photolithography and etching to develop the required 

patterns.  

Printing technologies Screen printing Dispenser printing 

Paste viscosity ~3000 cP – ~25000 cP [44] ~100 cP – ~10000 cP [52] 

Pattern transfer With mesh screen as mask 
By bitmap drops or 

continues line 

Deposition thickness 

range 
~10 μm to ~ 500 μm ~1 μm to ~5 mm 

Pressure source Squeegee Air pressure 

Table 3.2 Comparison of technology features between screen printing and dispenser printing 

Screen printing and dispenser printing have their own advantages and drawbacks. For 

screen printing, some paste will be wasted during alignment. Conversely, the dispenser 

printer only prints dots on required places. Moreover, it is harder for screen printing to 

build up higher thickness compared with dispenser printing because of the pressure 

generated by the squeegee. A comparison between screen printing and dispenser 

printing is given in table 3.2. Screen printing is more suitable to produce electronics 

devices with repeatable patterns while dispenser printing is quicker for evaluating 

different designs. 

3.4 Printed thermoelectric generator devices 

Printing thermoelectric materials process requires the material to be in the form of a 

printable paste. This section reviews the literature for printed TEGs and the materials 

used. 

3.4.1 Printed TEGs in literature 

The review of TEGs fabricated by printing is summarized in table 3.3. All the reported 

values including Seebeck coefficient, resistivity, power factor and figure of merit are 

obtained at around room temperature.  
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Thermocouple 

materials 

Binder and vehicle 

system 
Substrate 

Fabrication 

methods 

Size of single 

element (L*W*H) 

(mm) 

Curing 

condition 

Seebeck 

coefficient 

(μV·K-1) 

Resistivity 

(Ω·cm) 

Power factor 

(μW·K-2cm-1) 
ZT Reference 

p-type NiCr Polyester, cellulose 

and conductive 

polyaniline 

polyester 
Screen 

printing 
40*N/A*N/A N/A 

9.37 
N/A N/A N/A [54, 55] 

n-type Ni-Panipol -12.5 

p-type ZnSb Glass frit, α-

Terpineol 
Alumina 

Screen 

printing 
5*5*0.05 500 °C 

~230 ~3.35×10-2 1.6 
N/A [56, 57] 

n-type CoSb3 -49 4.75×10-3 0.5 

p-type Sb 
ethylene glycol, Kapton 

Screen 

printing 
10*0.5*0.003 N/A 97 

Order of 10-2 

N/A N/A [58] 
n-type Bi0.85Sb0.15 Order of 10-1 

p-type Bi0.5Sb1.5Te3 
Polystyrene, toluene Al2O3 

Screen 

printing 
8*12*0.08 

250°C, 

10 hrs 
123 

1.28×10-1 
N/A N/A [59] 

n-type Bi2Sb0.3Te2.7 3.17×10-2 

p-type Sb2Te3 epoxy resin, butyl 

glycidyl ether 
Kapton 

Dispenser 

printing 
5*0.64*0.09 

250°C, 3 

hrs 

160 1.6×10-2 1.5 0.19 
[60, 61] 

n-type Bi2Te3 -157 2×10-2 1.4 0.18 

p-type Bi0.5Sb1.5Te3 
epoxy resin, butyl 

glycidyl ether 
Kapton 

Dispenser 

printing 
5*0.6*0.12 

250°C, 

12 hrs 
278 4.2×10-2 1.8 0.2 [62] 

p-type Sb1.5Bi0.5Te3 3-mercaptopropanoic 

acid (MPA), water 

Glass, 

Kapton 

Ink-jet 

printing 
N/A 

400°C, 

30 mins 

177 1.6×10-2 1.83 
N/A [63] 

n-type Bi2Te2.7Se0.3 -139 4.8×10-2 0.77 

PEDOT:PSS 
N/A Textile 

Screen 

printing 
140*10*0.02 

120°C, 

10 mins 
10 

0.74 4×10-4 
N/A [64] 

PANI 136 2×10-6 

Table 3.3 Printed thermocouples and their features from literature 
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Duby et al. fabricated three thermocouples on top of polyester substrate (shown in 

figure 3.11) using screen printing [55]. 6 thick films were printed and tested in the 

work: nickel chromium (NiCr), Iron (Fe), Silver (Ag), Ni, Ni-Panipol and NiCr-Ag. 

For the ink formulation, Panipol M (a conductive poly-aniline) resin, polyester and 

cellulose formed the binder system in which metal particles were suspended. Other 

additives were included to improve the electrical properties of the thermocouples. For 

example, heptanoic acid was introduced into the paste to separate the individual 

particles from one another and to ensure that the minimum amount of binder is needed 

to coat each individual particle completely. 

 
Figure 3.11 Thermocouples printed on polyester substrate, after Duby [55] 

The thermoelectrical performance of the printed flexible thermocouples was 

investigated by measuring the Seebeck coefficient of a single leg. The thermocouple 

pattern is shown in the above figure. The temperature gradient goes along the 

thermoelectric legs and three mineral-insulated k-type thermocouples probes were 

used to monitor the ambient cold-junction and hot-junction temperatures. NiCr and 

Ni-Panipol were chosen to be the n-type and p-type thermoelectric materials 

respectively because they demonstrated the highest absolute value of Seebeck 

coefficients from the samples presented. When ∆T = 80 °C, the voltage generated by 

a single thermocouple is 1 mV. 

Lee et al. also demonstrated screen printed μTEGs [56, 57] using ZnSb and CoSb3 as 

the p-type and n-type thermoelectric materials respectively and copper as the 

electrodes. They demonstrated that ZnSb screen printed film annealed in a furnace 

tube at 580 °C has a maximum power factor of 1.06 mW/mK2 compared to a power 
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factor of 0.258 mW/mK2 obtained when annealed in a rapid thermal processing (RTP) 

chamber at 500 °C. The fabrication process is shown in figure 3.12. Different from 

other printed planar thermocouple structures mentioned in this section, the ZnSb and 

CoSb3 thermocouples were vertically printed to build up the thickness. The size of an 

individual thermoleg was 5 mm × 5 mm × 50 μm. The output voltage was 13 mV from 

a temperature difference of 20°C, while the output power is around 10 μW/cm2. 

 
Figure 3.12 Process flow of a thermoelectric module fabricated using screen-printing, after Lee [27] 

The RTP cured film was found to have a more porous structure than the sample cured 

in the furnace [56]. The porous structure exhibited a lower carrier concentration which 

resulted in the decrease of the power factor. The Cu paste is used on the bonding of 

these thermocouples onto the Cu electrodes. However, the author claimed the high 

contact resistance reduced the thermoelectric performance of the TEG device [56]. 

 
Figure 3.13 Schematic of the coiled-up TEG, after Weber [58] 

Because the binders used in the paste for screen printing are typically dielectrics, this 

decreases the electric conductivity of the printed films, and the figure of merit of 
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thermocouples will also decrease as a result. Hence, active powders with high Seebeck 

coefficient are required to offset this disadvantage. The high Seebeck coefficient of 

Bi-Sb-Te based thermoelectric materials have attracted more interest than other metal 

based material. Weber et al. [58] demonstrated the possibility of thermocouples can 

be screen printed on top of polyimide (Kapton) substrate to form a coiled-up TEG. The 

schematic is shown in figure 3.13. For the paste preparation, Sb (particle size 4μm) 

and Bi0.85Sb0.15-alloy (particle size 37μm) were used as the thermoelectric materials, 

ethylene glycol was used as the binder and sodium borohydride was applied to 

chemically reduce the surface oxidation of Sb and its alloy in order to improve the 

electrical conductivity of printed track. Bi0.85Sb0.15−alloy was chosen as n-type 

thermoleg because of a higher thermopower than pure bismuth [65]. The electrical 

resistivity of the Bi0.85Sb0.15 film was around 10-1 Ω·cm, which the author claimed was 

much higher than the bulk material due to the native surface oxidation and the particles 

were not melted. For a single screen printed thermocouple, the Seebeck coefficient is 

about 97 μV/K. This work demonstrated the coil is a potential generator structure for 

planar thermocouples fabricated by printing. 

More recently, Navone et al. [59] optimized the screen printing process parameters to 

improve the thermoelectric performance of the planar device. The expected thickness 

was 100 μm which is ideal for screen printing technology. The n-type thermoelectric 

material was Bi2Se0.3Te2.7 while the p-type was Bi0.5Se1.5Te3. The fabrication process 

is illustrated below: 

1. Thermoelectric powder milling. The first step is forming the active part of the 

thermoelectric pastes. Bi, Te, Se, and Sb powders were mechanically alloyed (MA) 

in the specific ratio for each thermoleg in a ball mill under purified argon 

atmosphere using a stainless-steel vessels and balls. 

2. Thermoelectric paste formation: 22 wt.% toluene was used as the vehicle to 

provide a suitable viscosity for the paste to ensure printability and structural 

integrity of the film. 2 wt.% polystyrene was used as the binder that can cross-link 

between itself and toluene to adhere the printed film on the substrate. 

3. Printing process: The planar sample was printed on Al2O3 rigid substrate using 

screen printing, then cured at 250°C in an inert gas for 10 h. The size of each 

thermoelectric material element was 0.8 cm × 1.2 cm × 80 μm (shown in figure 

3.14-a). A second sample was printed on polyethylene naphthalate (PEN) flexible 
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substrate using stencil printing (figure 3.14-b), laser-annealed using a 473 mJ/cm2 

excimer laser with various number of pulse [59]. 

 
Figure 3.14 Printed thermoelectric devices (a) on alumina substrate, and (b) on polymer substrate, 

after Navone [59] 

For the thermally (250°C) annealed sample with 5 thermocouples on alumina substrate, 

the generated voltage was 30 mV at a temperature differential of 50°C. The Seebeck 

coefficient was 123 μV/K and the resistivity of p-type and n-type screen-printed films 

were 0.13 Ω·cm and 3.2×10-2 Ω·cm respectively. The laser annealed p-type Bi2Te3 

sample was printed on PEN. The optimized resistivity and Seebeck coefficient were 

0.125 Ω·cm and 90 μV/K respectively. The highest power factor reported by Navone 

was 0.06 μWK-2cm-1 for a single thermoleg [59]. The high resistivity limited the 

thermoelectric performance. 

Chen et al. [60] used dispenser printing technology to fabricate a planar thermoelectric 

device with 50 thermocouples on a polyimide substrate with evaporated metal contacts, 

shown in figure 3.15-a. This printed planar thermoelectric lines can be rolled to form 

a high-density array coil (shown in figure 3.15-b) with the temperature gradient along 

the planar thermocouples. The fabrication process is illustrated in figure 3.16. 
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Figure 3.15 Images of (a) dispenser printed 50-couple planar thermoelectric device on a flexible 

polyimide substrate and (b) coiled prototype with electrical connections, after Chen [60] 

 
Figure 3.16 Fabrication process for a planer dispenser-printed thermoelectric device, after Chen [60] 

Firstly, the gold metal interconnects were deposited onto the substrate. Then, the 

Bi2Te3 and Sb2Te3 inks were dispenser printed across the top and bottom contacts 

individually. The average particle size was 10 μm for both types of materials. Finally, 

all printed thermocouples were cured at 250°C in an argon atmosphere. The dimension 

of individual thermolegs was 5 mm × 640 μm × 90 μm and the space between two 

adjacent p- and n-type semiconductors was 360 μm. The thermoelectric properties of 

these two printed thermocouples are given in table 3.3. When the load resistance was 

matched, the 50 thermocouples device generated a voltage of 171.6 mV at a current of 

61.3 μA from ∆T=20°C, which gave a power of 10.5 μW. The thermoelectric 

properties were optimized under different curing conditions in the same group [61]. 

The resistivity of Sb2Te3 thick film was reduced to 3.2×10-3 Ω·cm while that of Bi2Te3 

thick film was still high at 5.9×10-2 Ω·cm when cured at 350°C for 12 hours. 

In order to reduce the resistivity of Bi2Te3 thick films, Madan et al. [62] developed a 

TEG with p-type Bi0.5Sb1.5Te3 only. The structure is shown in figure 3.17. With extra 
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8 wt.% Te added into the composite, the printed 50 thermocouples generated 130 mV 

and 20.5 μW from a temperature gradient of 20°C. 

 
Figure 3.17 Illustration and image of dispenser printed p-type Bi0.5Sb1.5Te3 planar TEG, after Madan 

[62] 

Ink-jet printing was also able to be used on fabricating flexible TEGs. Lu et al. [63] 

reported a flexible TEG device with 3 thermocouples on polyimide substrate, which 

had a similar size and structure with that in figure 3.11. The solution based inks had a 

viscosity range of 5 – 20 cP, which was around 100 times lower than the viscosity of 

dispenser printed pastes.  

Some polymer based thermoelectric materials can also provide reasonable ZT value 

compared with the inorganic materials mentioned above. For example, optimized 

poly(3,4-ethylenedioxythiophene) exhibits a high ZT value of 0.25 at room 

temperature [66]. Organic based thermoelectric materials have advantages such as 

mechanical flexibility, low-cost synthesis compared with the inorganic materials, and 

feasibility for large areas production. Moreover, most organic thermoelectric materials 

were easily formed into a paste compared with solid state materials, which is another 

advantage for printing technology. 

Seeberg et al. [64] presented printed thermocouples using commercial available 

organic polymers directly on textile, in which the thermoelectric materials were 

Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) and 

polyaniline (PANI). The PANI and PEDOT:PSS pastes were all screen printed onto 

acrylic treated textile substrate (shown in figure 3.18 right), which reduced the wicking 

of the fabrics. The dimensions of the thermocouples were 1 cm × 14 cm and according 

to the SEM figure, the thickness of printed PANI and PEDOT:PSS are 25−50 μm and 

15−20 μm respectively. One sample thermocouple can generate a voltage of about 1.5 

mV at a temperature difference of 40°C. The Seebeck coefficients of individual printed 
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polymer were estimated by adding another copper strip then measuring the output 

voltage of Cu/polymer thermocouples in a temperature gradient. For printed PANI 

sample, the Seebeck coefficient was +15 μV/K and that of PEDOT:PSS sample was 

+18 μV/K. The expected Seebeck coefficient of PEDOT:PSS/PANI thermocouple was 

+3 μV/K. However, the observed value was +10 μV/K, which the author claimed was 

due to the high noise level in their measurements [64]. 

 
Figure 3.18 Cross-section of cotton textile coated with PANI (left) and PEDOT:PSS (right), after 

Seeberg [64] 

3.4.2 Discussion 

Unlike the bulk material fabrication and micro machining technologies, printed TEGs 

started with functional pastes/inks/slurries loaded with thermoelectric materials with a 

specific viscosity. The preparation of a printable paste is the first and essential step 

when printing TEGs. 

For solid state thermoelectric materials, including metals and alloys, they must be 

milled into particles with suitable size. The average size is determined by the printing 

technology used. Powders with an average size of 10 μm can be applied in dispenser 

printable paste [60] while inkjet-printed TEGs requires an average particles size below 

10 nm [63]. The particles for dispenser and screen printing were normally milled from 

bulk materials, while the particles for ink-jet printing came from several steps of 

chemical reactions [63]. This project will focus on screen printing and dispenser 

printing. 

In order to make a printable paste, the thermoelectric materials are typically mixed 

with suitable vehicle and binders. The principal function of the vehicle is to provide 

suitable viscosity for the ink, such that it can be screen printed onto the substrate. 

Binders can be divided into two categories: inorganic binders (e.g. glass frit in 



45 

  

reference [57]) and organic binders (e.g. polyester resin in reference [55]). Generally, 

inorganic binders are melted under high temperature, which means these pastes can be 

only deposited on to substrates such as aluminium oxide and silicon wafer. Organic 

binders can be used for low temperature applications because the polymers cross-link 

at temperature lower than the melting point of a ceramic binder. The appropriate 

viscosity can be achieved by adding suitable solvents and most organic binders can be 

adjusted to enable screen printing. 

From the literature in this section, it can be concluded that in printed thermoelectric 

material thick films, the binders can hold the particles onto the substrate and bind the 

particles together. Once the particles are physically attached, the Ohmic contact is 

established. This is the basic operation principle of electrical and thermal conductivity 

in printed thick film thermoelectric generators [54]. Hence, it can be concluded that 

thermoelectric device can be fabricated using printing technology. 

Low temperature cured printed flexible TEGs had lower Seebeck coefficients and 

higher electric resistivity than the theoretical bulk materials. This is due to the voids 

in the present printed thick films and the dielectric binders used in the pastes which 

increased the electric resistivity [54, 60].  

Instant pulse curing can be applied instead of thermal curing because of it is suitable 

to be used on flexible substrate. A pulse light with specific wavelength can melt and 

active the fillers in a short time without getting the substrate too hot [67]. This 

simplifies and shortens the time of the whole printing process, in addition, it improves 

the performance of the printed thick films somehow. 

In contract, pulse curing requires an extremely expensive machine and high energy 

consumption. From the production cost point of view, thermal curing has its own 

advantage. 

Organic material pastes also have the potential to be applied in fabricating 

thermoelectric generators based on printing technology. Compared with the powder 

filled paste, pure polymer pastes have the advantages of ease of processing, lower 

temperature curing and no need for the expensive powders. However, the 

thermoelectric performance of organic thermoelectric active materials is not currently 

as good as the powder filled pastes. 
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3.5 Applications of thermoelectric generators on the human body 

The current wearable low-power wireless sensors have a power consumption range of 

0.01 – 10 mW, depending mainly on the data transmission rate [68]. From the 

discussion in chapter 1, this amount of power can be generated by TEGs using the 

temperature gradient between the human body and the environment. Hence, wearable 

low-power electronics, including wireless sensors for health monitoring, are the main 

target applications for wearable TEGs. Some previous work related to powering 

wearable sensors with TEGs and wearable TEGs will be introduced in this section. 

3.5.1 Human body TEGs in literature 

Torfs et al. developed a method to power a device to measure oxygen content in arterial 

blood, known as a pulse oximeter, entirely with a wearable TEG [69]. The three 

components in this system are illustrated in figure 3.19. 

 
Figure 3.19 Body heat powered pulse oximeter, after Torfs [69] 

In this system, a capacitor was used as a storage element for short-term energy 

buffering to ensure the full energy autonomy. The required power for the sensor system 

is 89 μW, while the capacitor connected with the TEG provided an average power of 

100 μW when the ambient temperature is 22°C or below. A 38 mm × 34 mm-sized 

radiator was placed on top of the standard rigid TEG is 38 mm × 34 mm to improve 
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the efficiency. It contained 5000 BiTe thermocouples with an individual element size 

of 0.21 mm × 0.21 mm × 1.27 mm [70, 71].  

Leonov et al. integrated a wireless electrocardiography (ECG) system in an office-

style shirt (as shown in figure 3.20-a) [5, 72]. In this system, 14 6.5-mm-high TEG 

modules, with outer metal plates measuring 3 mm × 4 mm acting as radiators, have 

been integrated into the front side of the shirt (as shown in figure 3.20-b). The TEGs 

were fabricated by micro machining technologies. These modules occupy less than 1.5% 

of the total area of the shirt and have a lifetime of about 1.5 − 2 years depending on 

how often the shirt is worn. In an office environment, 14 TEGs typically provided 0.8-

1 mW at about 1V across a matched load. The TEGs were the main power generation 

elements, while 3 photovoltaic (PV) cells placed on the shoulders were ancillary power 

generation elements that provided power to initialise for the system when the shirt has 

not been worn for months. 

 
Figure 3.20 (a): Electrocardiography system integrated in a shirt. (b): (1) TE modules and (2) PV cells 

after Leonov [72] 

In order to make use of more waste heat from the human body and thereby increase 

the output power and voltage, Kim and co-workers [73] developed a large area TEG 

on fabric. The TEG was based on p- and n-type Bi2Te3 by adjusting different 

stoichiometric ratios of Te. Large area TEGs on the human body require flexibility for 

comfortable wearing. The flexibility of this TEG was realized by the voids and fabric 

threads shown in figure 3.21-a.  
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Figure 3.21 (a) Image of 20 dispenser printed single material thermocouples. (b) Demonstration of 

bending ability. (c) Close view of the electrodes applied. (d) TEG being worn on the human body, 

after Kim [73]. 

A Polyethylene terephthalate (PET) film was bonded at the bottom of the fabrics to 

form the substrate for the Bi2Te3 based pastes. The composition was then dispenser 

printed into the selected voids. Pre-woven silver fibres (figure 3.21-c) were used to 

form the electrodes to electrically connect the adjacent thermocouples. The curing 

condition was 100°C for 2 hours to avoid damage the fabric. For a single thermocouple, 

the Seebeck coefficient was measured as 45 μV/K. 

 Torfs Leonov Kim 

Integration 

methods 
‘Watch’-style 

Hiding under 

textile 

Use textile as 

structure layer 

Fabrication 

methods 

N/A (Classic commercial 

BiTe thermopiles) 

Micro 

machining 

Dispenser 

printing 

Size of one 

modular (mm) 
38 * 34 * 12 40 * 30 * 6.5 80 * 45 * 0.5 

Hot source Body heat (32°C) 

Cool source Room temperature (around 23°C) 

Flexibility Inflexible Inflexible flexible 

Voltage 1.2 – 2 V 71 mV 2.1 mV 

Power output 100 μW 57 – 71 μW 0.015 μW 

Reference [69] [72] [73] 

Table 3.4 Comparison of literatures between different methods of integrating TEGs in textile 
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Table 3.4 shows a summary and comparison of these three examples mentioned above. 

With the same temperature difference, the TEG using fabric as a structural layer had a 

worse thermoelectric performance than the rigid one. The possible reasons could be 

the poor electrical conductivity of the non-fully-cured thermoelectric material particles 

and the electrical contact between the woven fibres and BiTe composite from Kim 

[73]. 

Leonov et al. [74] also compared the thermoelectric performance of different methods 

of integration of TEGs in textiles for human body heat energy harvesting. Figure 3.22 

shows two integration methods identified.  

In figure 3.22-(a), if the textile is placed on a hot plate, the only heat radiator material 

is the outer Al plate. In figure 3.22-(b), the cotton textile is also radiating heat. The 

output power was improved by 7.7% using structure (b) instead of structure (a) with 

the same tested TEGs and ambient temperature [74]. This result indicates that cotton 

textiles can help to increase the temperature difference by covering TEGs in body heat 

energy harvesting applications because of the larger radiation area. 

 

Figure 3.22 Methods of integrating TEGs in cloths. Numbers denote: 1, Al plates. 2, textile, after 

Leonov [74] 

3.5.2 Discussion 

The application requirements of TEGs in a piece of clothing are: thin, lightweight, and 

ideally should sustain repeated laundry and pressing. Therefore, it must be waterproof 

and either flexible under load or rigid enough to be unbreakable. The accelerations in 

modern washing machines cause mechanical stresses during the washing of these 

(a) (b) 
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devices which necessitate high levels of mechanical strength and shock protection in 

the device. 

The listed examples are wearable applications of TEGs for human body heat energy 

harvesting. Two different methods of integrating the TEGs with fabrics have been 

introduced. One method was fabricating thermal materials with metal plates and then 

integrating these into fabrics [74]. The metal plates increase the mass of the device and 

will cause discomfort to people who wear it. The other method is pouring 

thermoelectric materials into openings in the fabric [75]. But the thermoelectric 

performance is relatively poor. Directly depositing thermoelectric materials on fabrics 

can potentially overcome this disadvantage. 

3.6 Summary and discussion 

Most of the TEGs devices reported were fabricated by evaporation and 

photolithography, which are typically high cost and low productivity processes. Screen 

printing has cost advantage on large area production when the device quantity is at 

industrial level, because it does not need complex photolithography technology to 

develop the pattern. 

Moreover, in order to achieve high output voltages and power from the small 

temperature difference that exists between human body (~ 34°C) and ambient (~ 21°C), 

thermocouples with high aspect ratio [35] and a thickness of around 100 μm are 

required [30, 39]. This can be achieved by screen printing the planar thermocouples 

structure [55] with few layers of depositions to reach the required thickness more 

efficiently compared to micro-machining technologies.  

The thermoelectric materials currently used in screen printed thermocouples can be 

classified into 3 categories: metals, polymers and semiconductor alloys. Metal 

powders offered the printed thick film high electrical conductivity but their low 

Seebeck coefficient limited their overall figure of merit. Polymer thermal materials 

had advantage on flexibility and direct printing on textile, but the Seebeck coefficients 

are low which also results in a low figure of merit. Bi, Sb and Te based semiconductor 

alloy powders have a high Seebeck coefficient and ZT value in the room temperature 

range. Once the resistivity and the flexibility of the printed thick films containing these 

active materials can be improved, they will be ideal for use in a textile-based 

thermoelectric energy harvester. 
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The resolution of screen printing technology is not comparable with other technologies 

such as CVD or PVD. The presented screen printing single thermoelectric leg is on the 

scale of mm [59], while those fabricated by micro-fabrication deposition can reach the 

scale of μm [38]. The reasons for this are that the screen printing resolution is defined 

by the mesh size and also that the alignment between screen and substrate is not as 

precise as deposition from IC technology. In some applications with strict spatial 

requirements, such as outer space equipment, TEGs made by screen printing may have 

a lower thermoelectric efficiency than devices made by evaporation, which have a 

larger value of output power per area. 

In conclusion, the feasibility of fabricating TEGs by printing was studied through the 

reviewing the literature. Because the printing is a low cost technology when the 

quantity of devices fabricated is in industrial level and compatible with flexible 

substrates. With a certain flexibility, it is possible to integrating printed TEGs on 

textile as next step. 

The challenge points concluded from the literature are the printable paste formulation 

and low down the curing temperature to compatible with textile and other flexible 

substrate. The maximum working temperature of textile from industry varies from 

150°C to 550°C depends on the material. There is also a trade-off between the 

flexibility and the maximum working temperature. Thus, developing a low 

temperature TEG is essential to make it compatible with textile. 

Although some wearable TEGs have been reported in literature, few are successfully 

fabricated on a large area of clothing. The aim of this project is to screen print large 

areas of flexible thermocouples on flexible substrates, ideally textile, which can 

increase the output power and voltage by increasing the active area without increasing 

discomfort. In order to realise this, a learning of high temperature cured screen printed 

TEGs was processed as a start. High temperature curing screen printed thermoelectric 

materials are not textile compatible as the textile will be destroyed during the process. 

However, these were examined as a starting point in this project. 
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Chapter 4. High temperature curing copper and nickel based 

thermocouples 

4.1 Introduction 

Based on the literature review in chapter 3, copper (Cu) and nickel (Ni) were chosen 

as the p-type and n-type thermocouple materials respectively in various TEG designs 

[36, 38]. However, the micro machining technologies used in these reported works 

required several photolithography and electrochemical deposition/evaporation steps, 

which increases the cost for large area production. Screen printing is a low-cost process 

with a high production rate, which makes it more appropriate for practical fabrication 

of wearable TEGs. 

Copper and nickel are low cost materials and have been used in the work described in 

this chapter to explore the methodology of formulating various screen printable pastes 

which will be described in other chapters, as well as evaluation methods for the printed 

thick films and thermocouples. In addition, a lot of research based on high temperature 

sintered thick films for various applications has been performed by our group [76, 77]. 

Therefore, high temperature copper/nickel thick-films thermocouples were chosen as 

initial prototypes to explore screen printed thermocouples. 

The first part in this chapter describes the formulation and characterization of the 

screen printable high temperature Ni paste. The second part in this chapter is the 

formulation and characterization of the screen printable high temperature Cu paste. 

The final part describes the evaluation of printed thermocouples, specifying the output 

voltage, maximum power and presenting a comparison between the measured results 

and those from published literature. 

4.2 Experimental analysis of screen printed nickel thick films 

4.2.1 Experiment procedure 

The first step to realise thermoelectric generator using screen printing technology is 

manufacturing the individual conductive thermoelectric material pastes. In section 

3.3.1, the whole fabrication processes of screen printing were introduced briefly, 

including the pastes making, printing and curing. The process with the mixing machine 
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(triple roll mill), the printer (DEK printer) and the curing machine (BTU furnace) is 

illustrated in figure 4.1. 

 
Figure 4.1 Process of the screen printing and machines used in fabrication 

The binder system and the powders are all measured by weight. In the first step, the 

binder system was made and simply mixed with spatula. Then powers with specific 

ratios were added into the binder system. The mixture were evenly mixed by the triple 

roll mill. After the pastes made, the patterns were deposited through screen masks. The 

thickness could be added up by drying the deposited patterns to get tack-free surface. 

The final stage of the process was the curing using the belt furnace. All the detailed 

fabrication conditions, including the stoichiometric ratio, deposition times, curing 

temperature and duration will be given in each section where different patterns are 

introduced, because the fabrication conditions for different thick films are different. 

4.2.2 Nickel thick film paste formation and adhesion improvements 

In this experiment, nickel was chosen to be the n-type thermoelectric material of the 

TEG. Hence, a printable nickel paste is required to form an electrically conductive 

thick film by screen printing. 
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High temperature sintering nickel paste systems are composed of nickel particles, a 

glass binder and a vehicle. The details of these components are listed in the following 

table. 

Component Details 
Percentage by 

weight 

Nickel flakes 
Alfa Aesar, -325 mesh, 0.37 micron 

thick, typically 99.8% 
80% 

Glass binder Ferro Corporation, CF07575 VSD 20% 

Vehicle ESL, 400 vehicle  

Table 4.1 Formulation of high temperature nickel ink 

The quantity of the vehicle is not included into the mass percentage of the paste 

because it will be totally removed during drying and firing the printed film at high 

temperature. For printable nickel paste formulation, 1 gram of nickel powder requires 

about 1 ml of vehicle to form a paste with the required printable viscosity. The 

viscosity range of the paste formed ranges from 9000 cP to 15000 cP, as measured by 

Brookfield High Shear CAP-1000+ cone and plate viscometer.  

Two layers of the nickel pattern were screen printed by hand printing. Each layer was 

composed of 4 depositions. This process was applied on all nickel patterns printed in 

this chapter. The screen frame has dimensions of 6 × 8 inches (15.24 × 20.32 cm) with 

a mesh opening of 54 μm and an emulsion thickness of 28 μm. In this experiment, the 

drying conditions for each layer of nickel pattern were 125°C in a box oven for 4 min. 

Ink formulation 

(Nickel : Glass 

binder) 

Firing condition Sample name 

Quality of 

adhesion on 

substrate* 

80% : 20% 

370°C, 10 min, Nitrogen Sample01 1 

370°C, 20 min, Nitrogen Sample02 1 

450°C, 10 min, Nitrogen Sample03 1 

750°C, 10 min, Nitrogen Sample04 1 

850°C, 10 min, Nitrogen Sample05 1 

950°C, 10 min, Nitrogen Sample06 2 

1000°C, 10 min, Nitrogen Sample07 3 

85% : 15% 750°C, 10 min, Nitrogen Sample08 1 

90% : 10% 750°C, 10 min, Nitrogen Sample09 1 
*Scale: 1-poor; 10-excellent. 

Table 4.2 Formulations and firing conditions of high temperature curing nickel inks 

Various different formulations of nickel paste and firing temperatures were trialled, as 

listed in table 4.2. The purpose of the firing process is to melt the glass binder, which 

binds the metal powders and adheres them to the substrate and forming a homogenous 
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film. From the data sheet (seen in Appendix 1), the softening point of the CF7575 

binder is 370°C and the melting point is higher than 450°C. All the high temperature 

processes this chapter were performed in a BTU Fastfire belt furnace with a nitrogen 

flow supplied to avoid any metal oxidization in air. A tape test was used to test the 

quality of adhesion to the substrate. This test used a single side low tack transparent 

adhesive tape (Intertronics) to cover on top of the pattern which is then peeled off to 

visually inspect the residues on the sticky side. 

All the samples listed in table 4.2 had poor adhesion between the nickel paste patterns 

and alumina substrates. Sample08 and sample09 were very easily removed from the 

substrate. Samples 01 – 06, with increased glass binder ratio and curing temperatures 

from 370°C to 950°C were also easily removed from the substrate by tape. This poor 

adhesion is illustrated in figure 4.2. When the firing temperature is increased to 1000°C, 

the adhesion is slightly improved (sample07) but was still poor as shown in figure 4.3. 

 
Figure 4.2 Illustration of poor adhesion of nickel thick-films to alumina substrate when fired below 

from 370 − 950°C 
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Figure 4.3 Poor adhesion of nickel thick-films (Ni : binder = 80% : 20%) to alumina substrate when 

fired at 1000°C 

The adhesion problems of the Ni layers on alumina substrate is a commonly reported 

problem in research [78]. To solve this problem, several methods have been 

investigated. 

The first method is increasing the roughness of the substrate by mechanical abrasion 

and thereby increasing the strength of mechanical interlocking between the two 

materials. However, the substrate treatment process will greatly increase the cost of 

the fabrication process. This is contrary to the original goal of this project, which is to 

use a low-cost process to fabricate a thermoelectric device. 

The second one is to increase the percentage by weight of the binder in the paste. By 

increasing the binder percentage to 30% by weight, the adhesion of the cured sample 

was improved compared with that of 20% binder in the system. In figure 4.4, the 

quantity of Ni film stuck to the tape was much less than in figure 4.3. Although this 

method improved the adhesion, more binder will decrease the electric conductivity of 

the printed nickel electrode layer.  
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Figure 4.4 Nickel thick film with 30% glass binder fired at 950°C survived after tape test 

Samples with 20% and 30% glass binder by weight were fired at 950°C for 10 minutes 

in a Nitrogen atmosphere. Table 4.3 gives a comparison between the sheet resistance 

nickel thick films with different amounts of glass binder on alumina substrate. The 

sheet resistance testing is done by a JANDEL multi height probe sheet resistance 

measurement machine. 

 Ni thick film with 20% binder Ni thick film with 30% binder 

Sheet resistance 54.5 mΩ/ 595.57 mΩ/ 

Table 4.3 Sheet resistivity of Ni thick films with different binder ratio on alumina substrate 

The sheet resistance of Ni thick films with a 30% binder ratio is 10 times higher than 

that with 20% binder contained. The increased resistance will decrease the figure of 

merit and the power output of the thermocouples. Consequently, increasing the 

proportion of glass binder is not a suitable option to solve this problem. 

The third method is adding an adhesion layer as an interface between the Ni thick film 

and alumina substrate. Chromium (Cr), Aluminium (Al) and Titanium (Ti) were 

evaporated individually on to aluminium nitride substrate before screen printing the 

nickel electrode layer. A Leybold BAK 600 evaporation machine was used for this 

process. Ni paste with 80% Ni powder by weight was used in this experiment as 

deposition material. Experimentation with each interface layer material is described 

separately below. 
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Figure 4.5 Ni electrode layer on evaporated Cr interface layer 

A Cr layer with 100 nm thickness was evaporated onto the substrate. Then, a Ni 

electrode pattern was screen printed on to the Cr interface layer and fired at 950°C in 

a nitrogen atmosphere for 10 minutes. In figure 4.5 it can be observed that the colour 

of Ni electrodes was dissimilar, which demonstrated that the distribution of Ni 

powders in the patterns was non-uniform on the substrate. This is because the nickel 

powders are removed from the substrate after sintering, leaving some dark areas in the 

nickel electrode pattern. The nickel powders with poor adhesion might be removed by 

the nitrogen flow in the belt furnace.   

Figure 4.6 shows the adhesion of the Ni thick film on Al interface layer. The thickness 

of an evaporated Al layer was 300 nm. The firing condition was 950°C for 10 min in 

a nitrogen atmosphere. After firing, Ni powders were not removed away from the 

substrate, but most of them still came off during the tape test. 

 
Figure 4.6 Tape test of screen printed Ni layer on evaporated Al film 



59 

  

In figure 4.7-a, a 100 nm thick Ti layer was evaporated as an interface layer. After 

firing, shown in figure 4.7-b, the Ti interface layer was hard to observe with the naked 

eye, and the adhesion of Ni thick film remained poor. Ni powders were stuck on the 

tape after the tape test and the pattern was easily scratched off from the substrate. The 

firing conditions were: 950°C for 10 min in a nitrogen atmosphere. 

 
Figure 4.7 Screen printed Ni layer on evaporated Ti interface layer. (a) Sample before firing, (b) 

Sample after firing 

The adhesion issue was eventually solved by adding a dielectric interface layer before 

printing the nickel layers. ESL 4924 is a dielectric composition that can be screen 

printed. It should be dried in 125°C for 5 min and then fired at 850°C for 10 minutes 

according to its datasheet, given in Appendix 2. 

One layer of the dielectric interface with 4 deposition was screen printed and then dried. 

Then the Ni electrode patterns were screen printed onto the dielectric layer and the 

printed structure was fired at 850°C for 10 minutes. The tape test shows a clear 

distinction between the cured nickel paste directly on alumina substrate and that on an 
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ESL 4924 dielectric layer. It can be seen clearly from figure 4.8 that the nickel paste 

survives the tape test. 

 
Figure 4.8 Tape test of screen printed Ni electrode patterns on dielectric composition layer 

Compared with evaporating a metal interface layer, screen printing a dielectric layer 

can have several advantages. Firstly, the same deposition method, screen printing, is 

used for both the interface layer and the nickel layer which will reduce the cost of 

fabrication. Secondly, the high firing temperature of the dielectric paste was 

compatible with that of the nickel paste, which means the firing processes for these 

two layers can be performed simultaneously. 

4.2.3 Nickel thick film characterisation 

In order to test the transport properties and Seebeck coefficient of the printed nickel 

pattern, samples with electrodes measuring 1.4 × 1.4 cm were screen printed on 

alumina substrates with dielectric interface layers. In order to achieve optimized 

alignment of the printed patterns, a commercial screen printing machine was used in 

this step. The printing machine used was a DEK 248 screen printer. Patterns were 

printed using polyester screens from MCI Precision Screens Ltd. The screen frame 

measures 12 × 12 inches (30.48 × 30.48 cm) with mesh openings of 54 μm and an 
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emulsion thickness of 28 μm. The samples of Ni thick films on a dielectric interface 

layer and the dielectric layer alone are both shown in figure 4.9. 

 
Figure 4.9 Screen printed square samples for Hall effect test 

1 layer of nickel thick film with 2 depositions were screen printed on the dielectric 

interface layer. 

The Hall Effect was measured by an Ecopia HMS-3000 Hall Measurement System. 

The Ni thick-film samples were soldered directly onto a PCB sample holder as shown 

in the left of figure 4.10. The conductive wires were soldered on to four corners of the 

Ni thick film pattern, shown in the right of figure 4.10.  

The Seebeck coefficients of the thermoelectric thick films were measured using a 

bespoke test rig developed by another researcher in our group [79, 80]. Copper-

constantan thermocouples were positioned directly onto the sample surface at “cold” 

and “hot” sides. The temperature difference ∆T between two points of the sample and 

the potential difference ΔV between the same two points were measured. This custom-

made Seebeck measurement unit was calibrated against a polycrystalline bismuth foil 

reference standard. The measurement accuracy was found to be within 5%, and the 

system was calibrated using copper-constantan thermocouples and a high precision 

Keithley DMM 2000/E digital multimeter with 0.1% accuracy. 
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Figure 4.10 Sample holder for Hall effect test (left) and soldered sample (right) 

For the Hall Effect measurement, 3 samples were measured and 10 readings were made 

for each sample. For the Seebeck coefficient measurement, 3 samples were measured 

and 3 readings were made for each sample. The results are shown in table 4.4, along 

with a comparison to values obtained from the literature. 

Experimental values 

Physical properties Minimum value Maximum value Average value 

Carrier concentration (cm-3) -7.1×1020 -1.2×1020 -2.58×1020 

Mobility (cm2/(V·m)) 1.8 8.5 6.27 

Resistivity (Ω·cm) 4.81×10-4 4.89×10-4 4.86×10-4 

Hall coefficient (cm3/C) -1.5×10-3 -8.8×10-3 -3.05×10-3 

Seebeck coefficient (μV/K) -13 -17 -15 

Literature values 

Carrier concentration (cm-3) N/A N/A  

Mobility (cm2/(V·m)) N/A N/A N/A 

Resistivity (Ω·cm) 8.1×10-6 [81] 1.1×10-4 [82]  

Hall coefficient (cm3/C) -3.05×10-3 [83]   

Seebeck coefficient (μV/K)   -19.5 [16] 

Table 4.4 Hall effect and resistivity in nickel screen printed thick-film and their comparison with 

values reported in literature 

The resistivity values of nickel films in literatures are on the order of 10-6 to 10-4 Ω·cm. 

The average resistivity value of the tested samples is 4.86×10-4 Ω·cm. The resistivity 

of the nickel thick film is on the same order as some literature values, which 

demonstrates that the printed nickel pattern can be applied as conductive electrodes.  

The experimental absolute value of the Seebeck coefficient is smaller than the bulk 

value -19.5 μV/K [16]. The negative sign of the Hall coefficient indicates that the 

printed nickel samples were n-type. All the values in table 4.4 are obtained at room 

temperature. 
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Figure 4.11 SEM cross section view of nickel thick film on dielectric layer 

Figure 4.11 shows a cross section view of the screen printed nickel sample on the 

dielectric layer, which have been cured simultaneously at 850°C. 

The morphology of the printed particles in the thick films were observed using a Zeiss 

EVO Scanning Electron Microscope (SEM). The thickness of the printed nickel layer 

is below 10 μm. The melting point of nickel is 1455°C in atmosphere pressure 

(101.325 kPa), which is much higher than the firing temperature. From the uneven 

surface it is clear that the particles were not melted. Hence, the firing process only 

melts the glass binder and leaves the nickel in particle form. Moreover, the uneven 

surface makes the average thickness of the nickel film difficult to measure with the 

SEM. Alternatively, a profilometer and a micrometer were used to measure the 

thickness of the active thermoelectric material layer in the device, which will be 

discussed later.  

4.3 Experimental analysis of copper paste 

4.3.1 Copper thick-film pattern formation 

The relative amounts of the components in a high temperature copper paste are given 

in table 4.5. Since a copper thick film paste was just studied to evaluated the 

application of printing technology to TEGs, the ratio of copper to glass binder was 

taken from the literature [84, 85] without optimisation in this experiment.  
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Composition in copper 

ink 
Detail type 

Percentage by 

weight 

Copper flakes Alfa Aesar, -325 mesh, 99% 90% 

Glass binder 
Ferro Corporation, 

CF07575VSD 
10% 

Vehicle ESL, 400 vehicle N/A 

Table 4.5 Formulation of high temperature copper ink 

Roughly, for 5 g copper powder, 3 ml vehicle is sufficient to form the paste with the 

required printable viscosity. The proportion of vehicle to copper powder is therefore 

about 0.6 ml vehicle per gram solid copper powder. With this ratio, the copper paste 

can achieve the same viscosity range with the nickel paste described in section 4.2.1 

and is screen printable.  

Two layers of the copper pattern were printed with each layer consisting of 2 

depositions. The printed patterns were dried at 125 °C in a box oven for 3 min. The 

drying time for the copper film was shorter than that required for nickel paste because 

the quantity of vehicle was less and the oxidization rate of copper powder is faster than 

that of the nickel powder [86].  

In order to avoid oxidizing the copper during a high temperature process, all firing 

process were performed in a nitrogen atmosphere. Samples fired at 370°C for 10 min 

are shown in figure 4.12. 

 
Figure 4.12 Copper layer fired in 370 °C on alumina substrate, failed the tape test 

It can be seen that the pattern can be easily removed from the substrate during the tape 

test. One possible reason is that the glass binder is not melted at this temperature. When 

the firing temperature was increased to 750°C, the printed copper thick film remained 

intact through the tape test. Figure 4.13 shows the copper pattern after the tape test. 
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Figure 4.13 Copper layer fired in 750 °C on alumina substrate, intact after the tape test 

From the SEM micrograph of the copper pattern after a 750°C firing, figure 4.14, it 

can be seen that the adjacent copper particles were connected by the melted binder. 

Some adjacent particles are even attached directly. This provides a path for the free 

electrons in copper particles to move in the film, which prevents a large increase in the 

electrical resistivity compared with the bulk value.  

 
Figure 4.14 SEM image of high temperature firing Cu thick film surface 
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Because the firing temperature is lower than the melting point of copper (1085°C) [16], 

the copper is still in particle form and the voids among particles still exist after firing. 

The voids increase the resistivity of the film compared with bulk material (values given 

in table 4.7). 

4.3.2 Copper thick film characterisation 

The thickness measurement of the copper thick-film was taken by several methods, 

including a Surface Profiler machine (TENCOR P-11 Surface Profiler), a Micrometer 

(Mitutoyo Digimatic Coolant Proof Micrometer 0-25 mm / 0-1") and a SPIDA (Z-

Check 700S, Aprotec Instrumentation Inc.). The cross-section of the copper thick-film 

was also observed under SEM (shown in figure 4.15), which is assumed to be the 

accurate value for the thickness. The results are listed in table 4.6. 

With the profiler and Micrometer, there is physical contact between the probes and the 

sample. With the SPIDA, the thickness is measured optically. The micrometer 

thickness measurement method was the easiest process and the value was close to the 

SEM value. In the future experiments, it will usually be used to measure the thickness 

of films on substrates of known thickness. However, the thickness of the nickel thick 

film on a dielectric layer was measured by the TENCOR P-11 Surface Profiler because 

the exposed interface area was too small to be measured accurately with a micrometre.  

Measurement methods Thickness Variation compared with SEM result 

SEM 23.63 N/A 

Profiler 19.58 17.2% 

Micrometer 22 6.9% 

SPIDA 22 6.9% 

Table 4.6 Thickness (in μm) measurement of copper thick film by different methods 
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Figure 4.15 SEM cross-section micrograph of high temperature firing copper thick film 

For the printed copper thick-film with 22 μm thickness, the sheet resistance is 9.1 

mΩ/. The current between probes is 90 mA. This value is in the same order with the 

copper thick-film sheet resistance from other researchers. Xu [87] presented a high 

temperature firing copper thick-film with optimized firing time and temperature also 

by screen printing technology, which has a lowest sheet resistance value of 5 mΩ/. 

Also, there are some commercial screen printable copper pastes, such as Heraeus 

conductor C7257 copper high temperature curing copper paste which has a 2.6 mΩ/ 

maximum resistance. (The datasheet of this material is shown in Appendix 3). 

Experimental values 

Physical properties Minimum value Maximum value Average value 

Carrier concentration (cm-3) -2.42×1021 -1.06×1022 -6.59×1021 

Mobility (cm2/(V·m)) 5.9 84.1 30.5 

Resistivity (Ω·cm) 1.2×10-5 1.6×10-4 6.4×10-5 

Hall coefficient (cm3/C) -3.25×10-4 -2.58×10-4 -5.87×10-4 

Seebeck coefficient (μV/K)   3 

Literature values 

Carrier concentration (cm-3) N/A N/A -12.1×1022 [88] 

Mobility (cm2/(V·m)) N/A N/A N/A 

Resistivity (Ω·cm) 1.8×10-3 [89] 29.7×10-3 [89] N/A 

Hall coefficient (cm3/C) -50×10-5 [89] -5×10-5 [90] -5.2×10-5 [91] 

Seebeck coefficient (μV/K)   1.83 [16] 

Table 4.7 Hall effect and resistivity of copper screen-printed thick-film and a comparison with values 

reported in literature 

In addition, considering the nickel pattern is on a dielectric layer, the copper thick film 

was also required to be printed on the same layer to simplify the fabrication process. 

For the sample prepared to measure the transport properties, l layer of 14 mm × 14 mm 
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copper thick film composed of 2 depositions was screen printed on top of the cured 

dielectric interface layer. The transportation properties of a screen printed copper thick 

film on a dielectric layer are shown in table 4.7. The sample was fired at 750°C for 10 

minutes in a nitrogen atmosphere to minimise oxidation. 

As with nickel, the carrier concentration and Hall coefficient of copper are also 

negative, which means in printed copper thick film the electrons are the charge carriers. 

However, the Seebeck coefficient of copper was positive in the measurement, which 

demonstrates that copper could act as a p-type thermoelectric material in a working 

Ni/Cu thermocouple. The resistivity value of an evaporated copper film varies from 

29.7×10-3 Ω·cm to 1.8×10-3 Ω·cm [89], which is higher than that of screen printed high 

temperature cured copper thick films. The resistivity value of bulk copper is 1.7×10-6 

Ω·cm [16], which is roughly ten times smaller than the value measured in this 

experiment. There are several potential reasons. First, glass binders added to the paste 

and the solvent in the vehicle were likely to be doped additives, which increase the 

impurity of the copper paste. Second, copper is very easily oxidized in air. Even though 

the high temperature firing is processed in a nitrogen atmosphere, the vehicle drying 

process is performed in the oven and could cause some copper particles on the surface 

of the pattern to be oxidized. 

The electrical resistivity of the copper thick film on an alumina substrate was averagely 

1.08×10-4 Ω·cm which is higher than the resistivity of the copper thick film on a 

dielectric layer. This indicated that the dielectric layer is helpful to reduce the electrical 

resistivity. 

The SEM cross section micrograph of the copper thick film on a dielectric interface 

layer is shown in figure 4.16. Compared with the cross section SEM micrograph of a 

nickel thick film, the grain size of copper particles is larger than that of the nickel 

particles, which means a copper layer may be thicker than a nickel layer when printing 

the same number of layers consisting of the same number of depositions. 
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Figure 4.16 SEM cross section micrograph of a copper thick film on a dielectric layer 

4.4 Screen printed Ni/Cu thermocouples 

Based on the experiments described in section 4.2 and 4.3, the electrical resistivity 

values and the Seebeck coefficients of screen printed nickel and copper thick films 

indicated that they demonstrate the possibility to accomplish a TEG device. Here, 

planar structured thermoelectric legs are screen printed to investigate this possibility. 

The first step of the device fabrication was to screen print one dielectric layer with 2 

depositions on alumina substrate to dry. Following this, 2 layers of nickel paste were 

deposited on the dried dielectric layer, with 2 depositions for each layer. After firing 

at 850°C in nitrogen, another 2 layers of copper paste were deposited on the dielectric 

layer and fired at 750°C in nitrogen. Finally, a silver polymer top electrode layer was 

printed and cured to provide electrical connections to the thermocouples. Johnson 

Matthey S-020 was used as the screen printable silver paste. The silver layer was cured 

at 125°C for 10 minutes in a box oven as specified in the datasheet. The data sheet is 

given in Appendix 4. The fabrication process is shown in figure 4.17. 
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Ni N-leg Cu P-leg
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Interface layer print and dried at 150 °C
Interface layer
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Alumina  
Figure 4.17 Illustration of the high temperature Ni/Cu thermocouple screen printing process 

 
Figure 4.18 Screen printed Ni/Cu thermocouples with Silver electrodes 

The completed printed 2 thermocouples is shown in figure 4.18. The conductive wires 

were soldered on the ends of the thermocouples. The dimension of each thermoleg is 

39.8 × 3 mm. This main objection of this thesis is focus on the printed thermocouples 

from the material point of view. The dimension is not the important consideration of 

TEG device. In order to compare the performance with other devices from literature, 
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the dimension of such TEG is set to be the same with the published paper [54, 55], 

which is also metal based TEG devices. The dimension used in this literature was 40 

× 3 mm, while in this experiment, the cutting need a tolerance of 0.1 mm at each end. 

Thus the final length of the thermolegs was 39.8 mm. 

The average thickness of copper film is 11.2 μm and the average thickness of nickel 

film is 1.5 μm. The distance between two adjacent thermolegs is 2 mm. The thickness 

difference came from the particles size difference. Comparing the SEM of copper 

particles (figure 5.4 and figure 4.15) with the SEM of nickel particles (figure 5.5 and 

figure 4.11), the copper particles are more granular like than flattened flake shape. The 

particles sizes for both powders are around 10 μm while the thickness of the nickel 

particle is in the range from 1 to 2 μm because of the flake shape. In this case, with the 

same paste viscosity, printed layers, the same mesh size and thickness of the screen, 

and the same printing speed, the printed Cu thick film and Ni thick film will have the 

different thickness. 

The schematic of the Seebeck voltage measurement setup is shown in figure 4.19.  

 
Figure 4.19 Schematic of Seebeck voltage measurement 

One end of the planar-structured thermocouples was placed at the hot source and the 

other was attached to the cold source. 

The thermoelectric voltage of the thermocouples was measured using a digital 

multimeter. The thermocouples were tested using Peltier modules from European 

Thermodynamics to provide a thermal gradient across the device. The temperature 
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gradient was measured using a Tenma digital thermometer with dual type K input. The 

whole setup is shown in figure 4.20.  

 
Figure 4.20 Seebeck voltage measurement setup 

Heat sinks were used to speed up the heat transfer of the peltiers. Silicone heat 

compound (grease) was used to increase the thermal conductivity of the thermal 

interfaces in this setup by filling the air gaps due to uneven surface of the substrate and 

the peltier heaters. The temperature of two attached surfaces can be considered to be 

the same with this thermal grease. 

When performing the Seebeck voltage and current measurement, a short period was 

required to establish a temperature gradient, because the temperature changes of the 

peltier heaters were not instantaneous. Moreover, the generated voltage and current 

also need a period to stabilize after the temperature gradient established. Therefore, all 

the values of voltage and current were measured 60 seconds after the input power 

setting of the peltiers.   

Figure 4.21 shows the measured and linear fitted generated voltage of two 

thermocouples when there is a temperature difference applied across the device. 
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Figure 4.21 Generated open-circuit voltage of printed 2 Ni/Cu thermocouples 

The voltage was proportional to the applied temperature difference. The slope of the 

V−∆T curve is the Seebeck coefficient of the tested device. From equation 2.3, the 

Seebeck coefficient for single Ni/Cu thermocouple is 9.8 μV/K. All calculations were 

computed with the help of linear fitting in Matlab. 

At a temperature difference of 60°C, the generated voltage was 3.0 mV. For a single 

thermocouple, the generated voltage was about 1.5 mV. This result is higher than the 

voltage of the screen printed thermocouple published by Duby [54], which was 0.8 

mV for single thermocouple when the temperature difference is 60°C. 

The power output versus load resistance was measured with 8 thermocouples because 

of the step limitation of the resistance box. The minimum step of the resistance box 

was 1 Ω while the resistance of 2 thermocouples was around 4 Ω. The result will be 

more accurate when the step of variation resistance is much less than the whole 

resistance of the measured thermocouples. The circuit connection is illustrated in 

figure 4.22. 
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Figure 4.22 Illustration of the power output measurement circuit setup 

The power output P is calculated by P=V2/RL. V is the voltage across the load 

resistance. RL is the load resistance. In order to get the accurate maximum power 

output value, a mathematic fitting was processed.  

The data from directing reading are load resistance and voltage. The fitting of voltage 

is based on V=RL·(n·αNi/Cu·∆T)/(R+RL)= (n·αNi/Cu·∆T)/(1+R/RL), derived from figure 

2.8. From this equation, the fitting could be made through few assumptions: 

 The number of the thermocouples is fixed for specific TEG device. Here, n=8. 

 The Seebeck coefficient of the Ni/Cu thermocouple is unchangeable when the 

temperature at both ends are fixed. Hence, when ∆T and n are known and 

unchanged, the denominator part of the above equation, n·αNi/Cu·∆T, could be 

considered as a coefficient a.  

 The equivalent resistance of the TEG, R, can be assumed to be unchanged when 

the ambient temperature has no variation, which can be considered as a coefficient 

b to instead. 

 RL is variable load resistance read from the resistor panel, each RL value will result 

a voltage value.  

 

From the equation above, the load voltage can be expressed by V=f(RL), here, RL is 

the independent variable, V is the dependent variable and f is the function. The Matlab 

software uses the method of least squares when fitting data. The Matlab code of doing 

the fitting is shown in Appendix 8. 
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The load voltage and power output vs. load resistance changing are measured under 

different temperature gradients, 20°C (figure 4.23) and 40°C (figure 4.24). The voltage 

across the load resistor increased with the load resistance, while the maximum output 

power occurred when the load resistance was matched with the TEG’s resistance. The 

fitted curves match the measured raw data with a high degree of accuracy from visual 

seeing. 

 
Figure 4.23 power output and voltage of the 8 Cu/Ni thermocouples as a function of load resistance at 

a 20K temperature difference 

 

Figure 4.24 power output and voltage of the 8 Cu/Ni thermocouples as a function of load resistance at 

a 40K temperature difference 
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The voltage across the load resistor is greater when the temperature gradient is larger. 

At a temperature difference of 20 °C, the maximum power output was about 82.16 nW 

when the load resistance was 30.66 Ω for 8 printed thermocouples. At a temperature 

difference of 40 °C, the maximum power output was about 343.68 nW when the load 

resistance was 35.48 Ω for the same device. These results, including maximum power 

output, the resistance of the printed TEG and single thermocouple, and the calculated 

Seebeck coefficient from the close-loop power output measurement are all 

summarized in table 4.8.  

The resistance of metals will increase when the temperature increases, hence the 

maximum power output occurs at a higher load resistance at a 40°C temperature 

gradient than at a 20°C gradient. 

4.5 Summary and discussion 

Overall, this experiment demonstrated that screen printing technology can be used for 

the fabrication of TEGs. This is the main purpose of this experimentation with copper 

and nickel pastes. Hence, no precise optimisation of the paste recipe and firing 

conditions have been performed. The thickness of the nickel film and copper film 

could also be optimised by printing different numbers of layers to improve the output 

voltage and power but this was considered unnecessary. 

The absolute value of the Seebeck coefficient of bulk nickel (-19.5 μV/K) is greater 

than that of thick-film nickel (-13 − -17 μV/K). However, the Seebeck coefficient of 

bulk copper (1.83 μV/K) is smaller than that of thick-film copper (3 μV/K). A possible 

 ∆T=20°C ∆T=40°C 

Resistance for 8 thermocouples (Ω) 
30.66 

(30.2 – 31.12) 

35.48 

(34.91 – 36.05) 

Resistance for single thermocouples (Ω) 
3.83 

(3.78 – 3.89) 

4.44 

(4.37 – 4.51) 

Maximum power output for 8 

thermocouples (nW) 
82.16 343.68 

Maximum power output for single 

thermocouples (nW) 
10.27 42.96 

Calculated αNi/Cu from Seebeck voltage 

measurement (μV/K) 
9.8 

Calculated αNi/Cu from close-loop power 

output measurement (μV/K) 

19.84 

(19.71 – 19.98) 

21.83 

(21.65 – 22.0) 

Table 4.8 Summarize of calculated values from Seebeck voltage and power output measurements 

with different temperature difference 
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reason is that the impurities of the nickel and copper paste change the Seebeck 

coefficient of the whole film. Therefore, it can be assumed that the glass binder has a 

positive Seebeck coefficient which increases the α value of copper thick film and 

decrease that of nickel film. According to the Kelvin relationship, the calculated 

Seebeck coefficient for the screen printed high temperature Ni/Cu device is 16 − 20 

μV/K, which is very close to the values given in the literature [36].  

The Seebeck coefficient calculated from closed-loop power measurement is 19.84 

μV/K (at ΔT=20°C), compared with 9.8μV/K calculated from open-loop 

measurements. The former calculation is closer to the values measured from the 

individual thick films, given in section 4.2.2 and 4.3.2. The close match between the 

Seebeck coefficient from power measurements of the device and individual thick films 

demonstrated that the voltage and power measurement method was promising. 

 Cu Ni 

change of ρ compared with bulk material 3738% 6226% 

change of α compared with bulk material 64% -23% 

Powder percentage 90% 80% 

Table 4.9 The resistivity increase of printed thick films compared with their bulk counterpart 

In table 4.9, the resistivity change of the thick films compared with the bulk material 

is much higher than that of the Seebeck coefficient. Hence, it can be conclude that the 

high resistivity is the bottle neck from achieving a high power output of printed 

thermocouples. The increase of nickel thick film resistivity compared with bulk 

material is higher than that of copper because the particle percentage in nickel paste is 

lower. The change of the Seebeck coefficient of copper thick film is larger than nickel 

is because the bespoke Seebeck coefficient measurement machine had a Cu based 

probe and it was difficult for this machine to get an accurate result from a sample 

consist of the same material with the probe. 

The work in this chapter demonstrated that screen printing technology is suitable to be 

applied to fabricate planar thermocouples. Also, with a dielectric interface layer, nickel 

thick-films could be successfully deposited on an alumina substrate. The development 

of high temperature nickel and copper inks showed that these two materials can be 

used in printed thermocouples. However, in order to move the thermocouples onto a 

flexible substrate, low temperature nickel and copper pastes must be developed. The 

related works will be described in next chapter.  
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Chapter 5.  Low temperature curing copper and nickel based 

thermocouples and evaluation of the interface material of the 

textile 

5.1 Introduction 

With the successful development of high temperature screen printing nickel/copper 

TEG, transferring the Ni/Cu thermocouples onto flexible substrates was investigated 

in this chapter. This project needs to realise prototype wearable TEGs which require 

flexibility from a comfort point of view.  

The two flexible substrate used in this project are polyimide and polyester-cotton 

textile. The polyimide substrate, known as Kapton, has a maximum working 

temperature of 400°C. It is also a good electrical insulator and resists many chemical 

solvents [92]. Kapton was used in this project as a substrate because of its flexibility, 

high temperature resistance and smooth surface. Polyester-cotton textile is a common 

textile used in daily life. Normally, it can resist a temperature of 150°C for a maximum 

of 45 minutes. The highest working temperature is 180°C for 10 minutes [44]. 

In order to screen print copper and nickel paste onto a flexible substrate, a low 

temperature curing process is necessary, because a typical flexible substrate such as 

polyimide is unable to survive the firing process at 850°C. 

Therefore, an alternative binder system (different from the glass binder system in 

chapter 4) that can be cured in the working temperature range of the flexible substrates 

needs to be mixed to the copper and nickel paste. The requirements of the binder 

system include: 

1. Screen printable: The paste must be compatible with screen printing technology. 

A suitable viscosity and sufficient pot life are crucial for the performance of the 

paste. 

2. Thermal curing: UV cured polymer binder systems cannot be fully cured because 

the UV light does not fully pass through the metal powders in the paste. Therefore, 

all the polymer binder systems used in the experiments were thermally curable. 

3. Low temperature curing: The curing temperature of the binder system must be 

lower than the maximum working temperature of the substrate. 
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Polymers binders have potential to be applied in screen printing technology because 

most polymer molecules will cross link at a low curing temperature [93], which helps 

to bind the particles onto the substrate after curing. In this chapter, in order to realize 

a low temperature Ni/Cu TEG, attempts are made to deposit Ni and Cu pastes on 

flexible substrates using screen printing. 

The eventual aim of the TEGs should be applied on textile. However, the wavy and 

uneven surface textile combined with the pilosity of fabric makes it difficult to screen 

print on precisely. In order to print thermoelectric materials on a textile substrate, and 

give protection to the electronic material, depositing an interface layer is essential [94]. 

In this chapter, the usage of silicone as an interface layer on textile is also investigated. 

5.2 Low temperature curing copper paste  

In this experiment, various binder systems have been tested to achieve a copper thick 

film with reasonable conductivity. The binders can be classified into three main 

categories: polyurethane based binder, silicone based binder and epoxy based binder. 

The general properties of three different types of copper pastes are listed in table 5.1. 

Binder system Polyurethane 
Silastic 

silicone 

Sylgard 

silicone 
Epoxy 

Percentage of Cu by 

weight 
85% 85% 85% 85% 

Mixing method Triple roll mill 

Printing ability printable 

Layers of films 2 

Drying condition 85°C, 2min, box oven 

Curing condition 
150°C, 

10min, In N2 

150°C, 

10min, In N2 

150°C, 

10min, In N2 

250°C, 

10min, In N2 

Substrate 
Alumina, 

Kapton 
Kapton Kapton Kapton 

Adhesion* 1 5 5 6 

Flexibility (on 

Kapton) 
8 7 7 5 

Sheet Resistance on 

first day (Ω/) 
Out of range Out of range 5 – 11 2.7 – 4.6 

Sheet Resistance on 

third day (Ω/) 
N/A N/A 1 k – 100 k > 300 

*Scale: 10-exellent; 1-very poor. The same condition will be applied in the following tables in this chapter. 

Table 5.1 Fabrication conditions and properties of low temperature Cu thick film deposited by screen 

printing 

The range of the sheet resistance test setup varies from 1×10-3 Ω·cm to 5×108 Ω·cm. 

In this case, out of range indicates the sheet resistance is higher than 5×108 Ω·cm. The 
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curing temperature of the polyurethane and silicone binders were referred to the 

datasheet and literature [95], while the curing temperature of the epoxy binder was 

optimized by experiment which will be introduced in chapter 6. 

5.2.1 Polyurethane binder based copper paste 

The recipe of the polyurethane binder system was from a project in the EEE group at 

the University of Southampton. It contains two main parts, polyurethane binder KY-B 

and emulsifier KY-C. This binder system is water-soluble, hence water can be added 

as a thinner in the binder system. Thickener (KY-A) can be added to achieve a 

printable viscosity. The ratios by weight of each composition in this binder system are 

listed in table 5.2. 

Composition 
Polyurethane 

KY-B 

Emulsifier 

KY-C 
Water Thickener KY-A 

Ratio 90% 10% 
1g filler ~ 1ml 

water 
1% of all mixture 

Table 5.2 The ratio of the constituents in the polyurethane binder system 

The fabrication conditions of the screen printed Cu paste are also listed in Table 5.1. 

The quality of adhesion was poor but the flexibility on Kapton was fine. Thinner was 

not calculated into the ratio of the paste because it will evaporate during the drying 

process. The paste was printed on both alumina and Kapton substrates. Neither 

samples showed promising resistance compared to high temperature Cu thick film 

printed in chapter 4. The electric properties of the samples shows no indication it is 

suitable for use in a practical application. The quality of adhesion of the printed pattern 

was poor on both alumina and Kapton substrates (shown in figure 5.1). 
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Figure 5.1 Adhesion demonstration of Cu- polyurethane thick film on a Kapton substrate 

The cross-linking between the polyurethane molecules is also week as the thick film 

can be easily torn apart. The tests show the polyurethane binder system is not suitable 

for low temperature copper thick film printing. 

5.2.2 Silicone binder based copper paste 

Silicone is widely used as a coating and interface material in a number of cases [96-

98]. Silicone binder based pastes have advantages similar to silicone thick film, for 

example, they have good flexibility after curing. Two different types of silicone binder 

systems were used in this experiment.  

Dow Corning Silastic E RTV silicone rubber (datasheet in Appendix 5) is one silicone 

binder system investigated in this work, the other was Dow Corning Sylgard 184 

Silicone Elastomer (datasheet in Appendix 6). The inhibitor used to extend the pot life 

was Dow Corning SL 9106 Coating. The solvent was ESL 402 thinner. 

The viscosity of Silastic silicone (55000 cP) is higher than that of Sylgard silicone 

(3500 cP), which means the Silastic silicone binder system needs more solvent and 

thinner to ensure the viscosity of Cu paste with the same filler percentage is in the 

screen printable range. An added advantage is that the solvent and thinner added in the 

pastes extended the pot life, which made the paste easier to handle. The optimised parts 

ratio of the binder system for a printable copper paste is listed in table 5.3. The base 

and catalyst ratios were from the datasheet while the Inhibitor and Solvent ratios were 
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optimised by adding these two constituents gradually to reach the screen printable 

pastes viscosity range. 

 Base Catalyst Inhibitor Solvent 

Silastic silicone binder 10 1 3 − 3.5 3 − 3.5 

Sylgard silicone binder 10 1 3 3 

Table 5.3 Optimized ingredients and ratio of Silastic silicone binder system 

The fabrication conditions of the copper paste with silicone binders are listed in Table 

5.1. Although the silicone-copper pattern printed on Kapton was also very easy to 

remove (shown in figure 5.2), when peeling off, the printed pattern was not torn apart, 

demonstrating the cross-linking between silicone molecules is stronger than its 

polyurethane counterpart. 

 
Figure 5.2 Adhesion demonstration of Cu-silicone thick film on Kapton substrate 

For Silastic silicone binder based copper pastes, the sheet resistance of printed layer 

was still too high for use as a thermoelectric material. For Sylgard silicone-copper 

thick film, although the initial sheet resistance was 5 – 11 Ω/, the oxidation of the 

copper in air made it increase by over 1000 times in three days.  

In conclusion, the Sylgard silicone–copper thick film had a lower sheet resistance than 

the Silastic silicone–copper thick film. The lower viscosity of Sylgard silicone is the 

possible reason. More thinner was required to achieve a printable viscosity for a 

silicone binder system with higher viscosity. Thinner is not part of the functional paste 

and it is only used to tune the viscosity for printing. Work by Yi also demonstrated 

that more thinner used in the ink will decrease the performance of the printed film [99]. 



83 

  

Hence, a binder system with low viscosity is important for thermoelectric material 

paste formation. 

5.2.3 Epoxy binder based copper paste 

Epoxy, also known as polyepoxide, normally consists of two parts, resin and hardener. 

It had been used as a binder for low temperature printable paste in other work [60]. 

3M Scotchcast Electrical Resin 280, a low viscosity, flexible, and thermally curable 

two-part epoxy was chosen to act as the binder system. The viscosity of the epoxy 

mixture is 4000 cP [100]. 

The epoxy binder used here is 4,4'-Isopropylidenediphenol-epichlorohydrin polymer 

based epoxy (3M Resin 280). The molecular formula is C18H21ClO3. The molecular 

structure is shown in figure below. 

 

Figure 5.3 Molecular structure of the ingredient in resin 280 epoxy [101] 

The solvent used to dilute the paste was ESL 402 thinner. The ratio of copper particles 

to thinner by weight was between 10:2 and 10:3. The fluidity of the paste meets the 

requirements for screen printing. The adhesion of epoxy binder copper paste on both 

Kapton and alumina substrates was good. The flexibility of printed copper pattern on 

Kapton can be simply tested by rolling it on a pencil with a diameter of 7 mm, shown 

in figure 5.4. However, when the sample was folded or forced into greater bending, 

the patterns would peel off from the substrate.  
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Figure 5.4 Cu-epoxy thick film pattern rolling on a pencil 

Compared to other binder systems tested in this chapter, the epoxy binder system was 

chosen for later experiments due to its advantages in printability, adhesion and 

flexibility on Kapton. The adhesion problem of the polyurethane binder system and 

silicone binder systems limits their application. However, Sylgard 184 silicone based 

binder system still had potential to be applied on textile when using a silicone interface 

layer. 

All the low temperature cured copper samples in this chapter had the problems of 

increasing resistance with time. Resistance increases quickly during prolonged 

exposure to open air due to the oxidation of the copper.  

All Kapton films were glued onto the alumina substrates in order to ensure the surface 

was flat and there was no movement during printing. The films were flexed when 

peeling the patterns off alumina and the resistance increased dramatically. The 

resistance of a 1 cm × 1 cm sample before and after peeling off is shown in table 5.4. 

The resistance was measured by placing multimeter probes across two corners of the 

square pattern.  

The Hall effect measurement was processed with the samples printed on alumina. The 

average resistivity value of the optimised sample from the Hall Effect Measurement 

machine was 1.46 × 10-3 Ω·cm, which is over 1000 times higher than that of the high 

R (before peel-off) ~ 50 Ω 

R (after peel-off) ~ 400 Ω 

Percentage changed 700% 

Table 5.4 Resistance change of Cu thick film before and after peel-off from alumina substrate 
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temperature cured samples. The Hall effect measurement results are show in table 5.5. 

The measurement was done 1 day after the silver epoxy cured in air. The sign of carrier 

concentration and Hall coefficient indicated that this low temperature cured copper 

pattern is a p-type material.  

Physical properties Minimum value Maximum value Average value 

Carrier concentration (cm-3) 6.94×1020 3.48×1021 1.89×1021 

Mobility (cm2/(V·m)) 1.23 6.14 3.4 

Resistivity (Ω·cm) 1.45×10-3 1.47×10-3 1.46×10-3 

Hall coefficient (cm3/C) 1.79×10-3 9.0×10-3 4.98×10-3 

Table 5.5 Transportation properties of Cu paste with epoxy binder 

 
Figure 5.5 SEM image of printed Cu paste with epoxy binder 

From the SEM image of the copper pattern in Figure 5.5 it can be seen that the copper 

particles and epoxy matrix were uniformly mixed after triple roll mill mixing. 

However, the epoxy shrunk after the curing process, which affected the flexibility of 

the Cu pattern and made the Cu particles exposed to air, increasing the oxidation rate. 

Additionally, the higher the curing temperature used in the experiment, the worse the 

flexibility of the printed sample.  

However, Cu-epoxy was still the most promising low temperature copper paste in this 

experiment compared with other polymer binder systems used. 

5.3 Low temperature curing nickel paste  

A low temperature nickel paste was also made based on 3M Scotchcast Electrical 

Resin 280 epoxy binder system. In this experiment, nickel paste needed more thinner 

to get a screen printable viscosity. The ratio of nickel particles to thinner by weight 
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was between 10:7 and 10:8, in order to meet the requirement of screen printable 

viscosity range. The drying and curing conditions were the same as the epoxy-copper 

paste because the nickel patterns needed to be cured in the same process with copper 

as thermocouples. The detailed fabrication conditions are listed in table 5.6. The 

adhesion and flexibility capabilities of nickel patterned onto Kapton were better than 

the epoxy-copper paste. 

The negative carrier concentration and Seebeck coefficient of the nickel pattern shown 

in table 5.7, indicate that the carriers in the nickel paste were electrons. 

Percentage of Ni by weight 78% 

mixing Triple roll mill 

Screen Printing ability printable 

Layers of printed films 2 

Drying condition 85°C, 2min, box oven 

Curing condition 250°C, 10min, in N2 

Substrate Kapton 

Adhesion* 7 

Flexibility* 7 
*Scale: 10-exellent; 1-very poor. The same condition will be applied in the following tables in this chapter. 

Table 5.6 Ni paste with 3M Scotchast Resin 280 binder 

Similarly with epoxy binder based copper paste, the resistivity of Ni pattern was over 

1000 times higher than the bulk value. Also, the absolute value of the Seebeck 

coefficient for Ni thick film was lower compared with the high temperature cured 

version. These differences mean that the thermoelectric property of epoxy based nickel 

paste is worse than the glass binder based nickel paste. 

The SEM image of this printed nickel sample is shown in figure 5.6. The flake shape 

of the nickel particles can be seen clearly. The particle size of both Cu and Ni were 

around 10 μm from figure 5.5 and figure 5.6. However, compared with the SEM image 

of the low temperature cured copper sample, the epoxy matrix cannot be seen in figure 

5.5. The nickel particles are more flake-like than copper particles. This is the reason 

Physical properties Minimum value Maximum value Average value 

Carrier concentration (cm-3) -4.86×1020 -3.99×1020 -4.42×1020 

Mobility (cm2/(V·m)) 2.41 2.93 2.66 

Resistivity (Ω·cm) 5.33×10-3 5.36×10-3 5.34×10-3 

Hall coefficient (cm3/C) -1.56×10-2 -1.29×10-2 -1.42×10-2 

Seebeck coefficient (μV/K) N/A N/A -10 

Table 5.7 Transport properties of Ni paste with epoxy binder 
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that the copper films are thicker than nickel films despite screen printing the same 

number of layers and depositions for each layer. 

 
Figure 5.6 SEM image of printed Ni paste with epoxy binder 

Moreover, the shape of the particles had an effect on the electrical resistivity of the 

printed films. The increments in resistances of these different patterns before and after 

peel-off are listed in table 5.8. The flake shaped particles offered a larger contact area, 

hence the increment in resistance of the Ni sample was much smaller than that of Cu 

sample. 

R (before peel-off) ~ 10 Ω 

R (after peel-off) ~ 13 Ω 

Percentage changed 30% 

Table 5.8 Resistance changes of printed nickel sample before and after peel-off 

5.4 Low temperature curing nickel/copper based thermocouples 

Two layers of both copper and nickel thermolegs were printed, with 2 depositions for 

each layer. The detailed fabrication process is shown in figure 5.7. 
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Figure 5.7 Fabrication process of low temperature Ni/Cu thermocouples 

The thickness of the Cu was 91 μm and that of the Ni was 18.7 μm. The planar 

dimension of the printed thermocouple was the same as the high temperature cured 

version. An image of the screen printed Ni/Cu thermocouples is shown in figure 5.8. 

 
Figure 5.8 Screen printed low temperature Ni/Cu TEG 

As the problem of resistance changing dramatically when peeling the Kapton from the 

alumina substrate was not solved, the low temperature Ni/Cu thermocouples were only 

printed on an alumina substrate to test. The voltage and current generated by these four 

thermocouples at different temperature gradients is shown in figure 5.9. 
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Figure 5.9 Generated thermoelectric voltage and current of 4 epoxy-Ni/Cu thermocouples on an 

alumina substrate 

It can be seen that the current decreased dramatically when the temperature gradient 

increased above 70°C. When the temperature approached 90°C, the generated current 

of these four thermocouples was close to 0 A. The variation of electric resistance 

before and after the open circuit voltage test is shown in table 5.9. The resistance was 

measured using a Fluke multimeter. In this experiment, when heating one end of the 

thermocouples above 70°C, the resistance increased over 1000 times. 

 R of 4 low temperature Ni/Cu thermocouples 

Before open circuit voltage test ~ 100 Ω 

After open circuit voltage test > 100 kΩ 

Table 5.9 Resistance change of the thermocouples before and after Seebeck voltage test 

It was obvious that the oxidation of thick films will speed up when heated, which 

increased the total resistance of the device and in turn decrease the current. 

When measuring the power output measurement, the voltage over the load resistor was 

out of range because of the low circuit current. All the results indicate that the rapid 

resistance increase of these thermocouples is not practical for TEGs application. 

5.5 Failure analysis of low temperature Ni/Cu thermocouples 

The average values of the transport properties of the copper and nickel pattern were 

compared between the samples cured at 850°C and those cured at 250°C. The ratios 

of the transport properties of the samples cured at different temperatures are concluded 

in table 5.10.  
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From the above table, lower curing temperature leads to a lower mobility and a large 

resistivity increasing. Actually, the increment in resistance was the main issue for the 

low temperature cured Ni/Cu based thermocouple, especially for copper thick films. 

There are two reasons for this problem. Firstly, the non-flake form of the copper 

particles decreased the contact area of adjacent particles. Secondly, the easy oxidation 

of copper [86] made the operation life of low temperature Ni/Cu based thermocouples 

very short. 

It is possible to solve this problem by Intense Pulsed Light (IPL) sintering technology. 

The IPL can sinter the copper ink without damaging the flexible substrates in an 

extremely short time (2 ms) [67]. Because the wavelength of the generated pulsed light 

is only compatible with the excitation energy of the copper atoms. It avoids making 

the substrate too hot to be damaged. Intrinsiq Materials [102] has developed screen 

printable copper paste on flexible substrate using IPL sintering. 

5.6 Approaches to textile surface treatment for depositing electronics 

In order to move the printed thermocouples onto normal polyester-cotton textiles, not 

only does the curing temperature need to be decreased to fit the operational 

temperature of polyester-cotton textile (maximum around 150°C) [94], but also the 

surface of the textile needs to be suitably treated for depositing thermoelectric 

materials.  

 Cu sample Ni sample 

Carrier concentration (cm-3) 3.5:1 0.58:1 

Mobility (cm2/(V·m)) 9:1 2.36:1 

Resistivity (Ω·cm) 1:22.73 1:11.11 

Hall coefficient (cm3/C) 1:8.33 1:4.76 

Table 5.10 Ratio of high temperature cured samples' transport properties to low temperature cured 

ones (samples cured at 850°C/samples cured at 250°C) 
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Figure 5.10 SEM image of polyester-cotton textile surface 

The uneven surface polyester-cotton of textile is shown in figure 5.10. Silicone and 

polyurethane are two types of polymer applied as interface layer to cover the uneven 

surface of the textile. In table 5.11, a comparison of silicone rubber and polyurethane 

shows that the tensile elongation of silicone is three times larger, which means it is 

more flexible on a wearable textile. Silicone is also softer (smaller durometer hardness 

value) and has higher heat resistivity than polyurethane. In addition, it has a longer pot 

life which is important for the screen printing industry. Silicone rubber is a potential 

interface layer material because of its advantageous mechanical properties, UV 

resistivity and waterproof ability [96-98]. 

 Polyurethane Silicone 

Tensile Strength (Test condition: 

Yield, 22.8°C) 
11.0 to 6700 psi 33.0 to 1030 psi 

Tensile Elongation (Test condition: 

Yield, 22.8°C) 
2.0 to 150% 50 to 410% 

Durometer Hardness (22.8°C) 38 to 90 20 to 81 

Thermal Conductivity (W/m°C) 0.0375 to 0.332 0.0144 to 1.59 

Max. Continuous Use Temperature 120 to 130 °C 203.3 to 261.1 °C 

Resistivity (Ω·cm at 22.8°C) 5.2E+6 to 1.5E+15  0.0040 to 2.5E+16  

Pot Life (22.8°C) 0.033 to 30 min 0.22 to 13000 min 

Thermoset Mix Viscosity (22.8°C) 35.0 to 15000 cP 35.0 to 77500 cP 

Contact angle (at 21°C) 80° 112° 

Surface energy (mN/m at 21°C) 32 11 

Table 5.11 Properties comparison of common polyurethane and Silicone [103-105] 
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However, silicone has adhesion problems for other materials printed on top of its 

surface because the surface energy is very low for a cured silicone interface layer [105]. 

The research into improving the quality of adhesion on the silicone interface layer can 

be considered as a sub-topic of this thesis. 

5.7 Quality of adhesion of silicone interface layer improvement 

The silicone rubbers are typically made by crosslinking functionalized polysilanes and 

polysiloxanes, the backbone units of which are -Si-Si-Si- and -Si-O-Si- bonds 

respectively. When the silicone layer was just printed onto textile, the pattern is wet 

and these bonds are open. After thermal or infrared (IR) light curing, the bonds are 

closed because they become cross-linked with each other. Hence the surface energy of 

silicone interface layer changes from high to low during the curing process [106, 107]. 

In this solution, the aim is to investigate whether a conductive silver paste can be 

screen printed onto the silicone interface layer when the surface energy of it is still 

high, i.e., before it has been fully cured. 

The silicone for screen printing was purchased from Dow Corning. The basic silicone 

paste includes a silicone base and catalyst. However, it was found that this basic 

silicone paste is too thick to be screen printed and has a short pot life (roughly 2 hours 

depending on the temperature and humidity of the processing environment). Here, 

thinner is added into the paste in order to reduce the viscosity and extend the pot life 

to 4 hours. The detail is shown in table 5.12. 

Composition Product Ratio Viscosity 

Silicone base 
Dow Corning LCF-9601 Textile 

Printing Base 
100 

33375 cP 
Catalyst 

Dow Corning 9600 Series Textile 

Printing Ink Catalyst 
3.0 

Thinner ESL T402 thinner 4.5−6.0 

Table 5.12 Silicone paste for interface layer used in the experiment with ratio and viscosity 

The viscosity of silicone paste higher than the screen printable range. Hence, in this 

experiment stencil printing was chosen to deposit the silicone interface layer. 



93 

  

 
Figure 5.11 SEM of silver on silicone interface layer and fabric 

In figure 5.11, the area coated with silicone interface layer was much smoother than 

the textile surface. Moreover, the silver paste directly printed on fabrics had a coarse 

surface and the pattern edge was rough. The smoothness of silver on silicone interface 

layer was improved, which proved that silicone interface layer can provide a relatively 

flat surface to print other materials on textile. However, the silver printed on silicone 

interface layer was easy to scratch off. The adhesion of silver was very poor on the 

silicone surface. 

The typical procedure of all the processes in this experiments are: 

1. Manufacture a silicone paste. 

2. Stencil print a silicone interface layer on textile substrate. 

3. Dry the silicone interface layer and built up the thickness if necessary. 

4. Screen print a conductive silver electrode layer after drying the last silicone 

interface layer. 

5. Cure the interface layer and silver electrode layer as a whole. 

Different printing methods and variety curing methods were tried to achieve an 

optimized quality of adhesion of silver pattern on silicone. The adhesion quality was 

tested by using a spatula to scratch the silver pattern. The investigation methods and 

results are shown in table 5.13.  
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Silicone interface layer 

production method 

Drying condition 

(method, time) 

quality of adhesion of 

silver electrode layer* 

Hand stencil printing 

Oven** 1 

Hot plate, 100°C, 30s 1 

Hot plate, 100°C, 60s 4 

IR, 24s 1 

IR, 21s 1 

IR, 18s 1 

IR, 17s 2 

IR, 16s 2 

IR, 15s 2 

IR, 14s 5 

IR, 13s 4 

IR, 10s 4 

Machine stencil printing 

IR, 14s 2 

IR, 12s 3 

IR, 10s 3 

IR, 8s 3 

IR, 6s 4 

IR, 5s 5 

IR, 4s 5 

IR, 3s 5 

IR, 2s 5 
*Scale: 10-exellent; 1-very poor. 

**Shown are the best results from different curing times. 

Table 5.13 Results of the adhesion test for samples fabricated using different processes and curing 

methods 

In this experiment, hand stencil printing and machine stencil printing were both 

applied to print the silicone interface layer. The thickness of the stencil for hand 

printing was 300 μm while that for the machine printing was 100 μm. In order to build 

up the pattern thickness, the former-printed silicone layers must be dried to get a tack-

free surface before another layer is added on. All silver electrode patterns were printed 

one layer with two deposition. In this experiment, a short time was needed to setup the 

silver printing screen. For hand printing, it takes 30 seconds to setup the screen. For 

machine printing, it takes 15 seconds to setup the machine before printing silver. Thus, 

a short period of cross-linking in silicone could not be avoided in this experiment. At 

the end of printing process, all samples in the experiment need to be cured in the oven 

at 125°C for 15 min. 

Because the stencil for manual printing was thick enough for printing a silver layer on 

top of it, there is no need to increase the thickness of the silicone interface layer. Hence, 
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drying operation before adding another silicone interface layer is not needed in this 

step. The oven dried samples have very poor quality of adhesion for another silver 

layer printed on top. From figure 5.12, it can be seen that some parts of the silicone 

(part 1) come off from the textile substrate, which is because the half cured silicone 

interface layer is still wet enough to stick on the screen. After printing silver, these 

parts stuck on the back of the silver screen and spoilt the silicone pattern and blocked 

the screen meshes, preventing later depositions. For part 2, most areas were dry enough 

to only stick to the silver paste. But after the final curing, the silver electrodes easily 

come off from the silicone interface layer.  

 
Figure 5.12 Silicone interface layer with printed silver and cured in the oven 

For hot plate drying method, the heat flux is from bottom to top of the silicone interface 

layer. The bottom of silicone layer will be dried first, leaving a not fully cross-linked 

top surface. The best result with this method is shown in figure 5.13. The quality of 

adhesion was slightly increased than oven cured samples but can still be scratched off 

by spatula. The ambient temperature was difficult to control and the thickness of hand 

printing varied, making the experiments hard to repeat. 
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Figure 5.13 Example of hand printed stencil steel sample cured on hot plate 

Infrared light drying is advantageous because the drying time is short and can be 

controlled preciously. But the non-uniformly drying problem of the thick silicone layer 

still cannot be fixed. In figure 5.14, it can be seen that even the silver electrode pattern 

cannot be printed completely and some patterns are missing, because the silicone stuck 

on the back of the screen and blocked the meshes. 

 
Figure 5.14 Example of IR dried hand stencil printed samples 

The silicone interface layer is not dried uniformly for the above 3 samples. The 

possible reason is that the silicone interface layer is uneven and too thick. Then it is 

hard to get uniform drying conditions over the large area of silicone pattern.  

In order to get a uniform drying condition, proper machine stencil printing was applied 

to make the silicone interface layer even and reduce the thickness, because a steady 

force can be applied using a squeegee. However, in figure 5.15, the silicone pattern 

with one layer deposition is too thin to tell whether the printed silver electrodes are 

mechanically bound or chemically bound to the silicone layer. Hence, the thickness 

needs to be built up by drying under the silicone layer for 15 seconds using an IR flash 
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dryer before another layer is added. In this experiment, all samples were deposited 

with 7 layers of silicone. The drying conditions listed in table 5.13 are only for the last 

silicone layer, which is the surface of silicone interface layer. The best quality adhesion 

obtained by this method is when the drying time is 2-4 seconds. In the experiment, 

there was still some silicone paste sticking on the silver screen which decreases the 

amount of silver paste going through the screen mesh. 

 
Figure 5.15 Example of machine stencil steel printed sample, IR dried, 1 layer printed 

 
Figure 5.16 Example of IR dried machine stencil printing sample with thickness building up 

Moreover, the silver pattern on top of the silicone interface layer is not uniform due to 

the blockage of the mesh screen. Figure 5.17 shows that some areas of the silicone 

interface layer are not covered by silver paste. Hence, the adhesion problem of the 

silicone interface layer cannot be solved by decreasing the drying time only. In the 

future, this solution can be tried by using other deposition method, such as dispenser 

printing, to avoid silicone paste sticking onto the screen. 
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Figure 5.17 Silver electrode layer on non-fully cured silicone interface layer 

5.8 Summary and discussion 

For the experiment of low temperature Ni/Cu thermocouples, the results demonstrated 

that the high resistivity of copper and nickel thick films prevented the application on 

wearable TEGs. Other materials, such as bismuth and antimony, can be tried to 

improve the thermoelectric performance. This will be discussed in the next chapter. 

For the experiment about the adhesion quality of silicone interface layer investigation, 

it could be seen that a non-fully cured silicone interface layer provides better quality 

adhesion than a fully cured one, but the silver electrode layer deposition was still hard 

to realise by screen printing technology. Because once the silicone surface is not fully 

cured to adhere silver paste, the non-track-free surface has a tendency to stick to the 

screen of following printings and then the mixture of silver paste and silicone paste 

will block the meshes. 

Direct write printing technologies may solve this problem by avoiding direct contact 

with the silicone interface layer, which will be considered as a future work for 

improving the application of TEGs onto textile. 

  

Uncovered area 

Silicone 

Silver 
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Chapter 6. Screen printing bismuth and antimony based 

thermocouples 

6.1 Introduction 

Bulk bismuth (Bi) and antimony (Sb) based thermocouples have a higher Seebeck 

coefficient than Ni/Cu based thermocouples. The typical Seebeck coefficient of bulk 

Bi and Sb are -70 μV/K and 40 μV/K respectively [19]. Ideally, a thermocouple with 

Bi as the n-type material and Sb as the p-type material will have a Seebeck coefficient 

of 110 μV/K, which means the Bi/Sb thermocouples will have better thermoelectric 

performance than the Ni/Cu thermocouples. The material cost of Bi and Sb powders 

is less than their alloy counterparts (bismuth tellurium (BiTe) and antimony tellurium 

(SbTe) mentioned in chapter 2 [108]). Moreover, there is no screen printable Bi and 

Sb ink reported in literature. A screen printed Bi/Sb TEG has potential for energy 

harvesting applications.  

6.2 Experimental analysis of screen printed Bi thick films 

Bi powders used in this work were sourced from Alfa Aesar with size of 325 meshes 

and purity of 99.5%. 3M Scotchcast Electrical Resin 280 epoxy was used as the binder 

system of the Bi paste. For this two parts epoxy binder, the mix ratio of part A to part 

B is 2:3 by weight. The thinner used was ESL 402 thinner. The approximate ratio of 

epoxy binder mixture to thinner is 5:2 by weight. 

From chapter 4, the experiment has demonstrated that high particle ratios in the paste 

system will decrease the resistivity of the conductive thick films. Theoretically, the 

thermoelectric properties of the thick films strongly depend on the amount the active 

material loaded in the paste. Thus, the particle ratio can be adjusted to be as high as 

possible to achieve better thermoelectric properties, while ensuring the viscosity of the 

paste is within the printable range. In this experiment, the powder ratio of the Bi paste 

was adjusted to 93−94%. Any paste with a powder ratio high than 94% was observed 

to have a poor screen printing quality. 

The samples were hand printed in 1 cm × 1 cm squares. Each pattern was printed using 

two layers and with four depositions for each layer. The detailed fabrication conditions 

of screen printable Bi paste are listed in table 6.1. The samples are printed onto alumina 
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substrates to verify the performance of the paste. The adhesion of the printed Bi 

patterns on alumina substrate was good for all samples. 

Percentage of Bi by weight 93−94% 

Mixing Triple roll mill 

Mesh opening 149 μm 

Mesh thickness 130 μm 

Layers of printed films 2 

Drying condition 100°C, 3min, box oven 

Curing condition 250°C, 10min, in N2 

Substrate Alumina 

Adhesion1 9 

Table 6.1 Screen printing conditions of Bi paste with epoxy binder 

Three different curing temperature, 200°C, 250°C, 270°C and 300°C, were 

investigated in this experiment. Four samples were cured at each temperature for 10 

minutes respectively. The resistivity values of samples cured at different temperature 

were summarized in table 6.2. The resistivity of Bi thick film cured at 250°C was 

around 2 orders lower than 200°C cured samples, and the samples cured at 300°C was 

not conductive. 

Curing 

temperature 
200°C 250°C 270°C 300°C 

Bulk 

value 

Resistivity 

(Ω·cm) 
1.09−4.11×100 

7.26−7.27×10-

2 
N/A N/A 1.07×10-4 

Table 6.2 Resistivity of Bi thick film samples cured at different temperatures compared with bulk 

value 

The outlooks of samples cured at 200°C, 250°C, 270°C and 300°C are shown in figure 

6.1. The melting point of Bi is 271°C [16]. Samples cured at 200°C and 250°C were 

still in films form. When sample cured at 270°C the Bi thick film was easily to be 

scratched off from the substrate (figure 6.1-(e)), which made the thick film 

unconducive after polishing. When cured at 300°C, Bi thick film was no longer 

attached to the substrate. In figure 6.1−(f), the Bi thick film was melted into metallic 

balls that can be easily wiped off from substrate, which explained why there was no 

conductivity for this sample. Moreover, the samples annealed at 250°C results less 

defects than those cured at 200°C, which reduces the resistivity [61]. Hence, the chosen 

curing condition for Bi paste was 250°C for 10 minutes in nitrogen atmosphere. 

                                                 
1 Scale: 10-exellent; 1-very poor. The same condition will be applied in the following tables in this 

chapter. 
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Figure 6.1 Bi thick film samples (a) 200°C cured, polished, (b) 200°C cured, unpolished, (c) 250°C 

cured, polished, (d) 250°C cured, unpolished, (e) 270°C cured sample after polish, (f) 300°C cured. 

The cured Bi thick film samples were not conductive when tested using a multimeter. 

A possible reason is that the heavy bismuth powders sunk down to the bottom of the 

pattern during the printing process, leaving a non-conductive epoxy matrix on top of 

the paste. By polishing the sample, the top epoxy polymers are removed from the Bi 

pattern surface, leaving a metallic lustre (seen in figure 6.1−(a), (c)). After polishing 

the sample became conductive, measured using a FLUKE multimeter.  

Table 6.3 gives the weight ratio of carbon (C), Oxygen (O) and Bi on polished and 

original Bi thick film surface. The weight ratio percentage test was completed using a 

INCA Energy-dispersive X-ray spectroscopy (EDX) test system. 
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Element 
Weight % on 

unpolished surface 

Weight % on 

polished surface 

C 38.02 23.24 

O 5.77 7.42 

Bi 53.57 66.67 

Table 6.3 Elements ratio on Bi thick film surface before and after polish 

 
Figure 6.2 SEM image of unpolished Bi thick film surface 

 
Figure 6.3 SEM image of polished Bi thick film surface 

From figure 6.2 it can be seen that the unpolished surface was rough and the individual 

particles can be clearly observed. In the image of the polished Bi surface (figure 6.3), 

it can be seen that Bi powders were melted and turned into a continuous metal like 

material in one piece. In only a few areas the particle shapes of the Bi powders can be 

recognised. The samples were cured at 250°C, which is below the melting point of Bi, 
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however the particles were melted. This can be explained by the melting-point 

depression phenomenon, which means the melting temperature of particles will reduce 

with the reduction of the solid particle size dimension [109, 110]. The curing 

temperature of Bi thick films should not exceed 271°C to prevent it melting into small 

metallic balls because of the melting-point depression. 

The Hall effect measurements were carried out on polished samples, corners of which 

were glued to conductive wires with silver epoxy (ITW Chemtronics CW2400-A). 

As shown in table 6.4, the carrier concentration of Bi thick film is much lower than 

copper and nickel. This is because the Bi is a semi-metal, hence the resistivity was 

much higher than screen-printed high-temperature copper and nickel samples. Also, a 

higher curing temperature increased the carrier mobility in the Bi thick film, which 

made the resistivity decrease. 

Values of screen printed Bi thick film 200°C cured 

 Minimum Maximum Average 

Carrier concentration (cm-3) -4.63×1017 -7.71×1016 -3.22×1017 

Mobility (cm2/(V·m)) 7.67×100 1.98×101 1.21×101 

Resistivity (Ω·cm) 1.09×100 4.09×100 2.43×100 

Hall coefficient (cm3/C) -1.35×101 -8.01×101 -2.85×101 

Values of screen printed Bi thick film 250°C cured 

Carrier concentration (cm-3) -4.30×1017 -3.19×1017 -3.07×1017 

Mobility (cm2/(V·m)) 3.02×102 4.62×102 3.80×102 

Resistivity (Ω·cm) 4.81×10-2 4.88×10-2 4.53×10-2 

Hall coefficient (cm3/C) -1.96×101 -1.45×101 -1.70×101 

Bulk values in room temperature 

Carrier concentration (cm-3) N/A N/A -2.2×1018[19] 

Mobility (cm2/(V·m)) N/A N/A N/A 

Resistivity (Ω·cm) N/A N/A 1.07×10-4[16] 

Hall coefficient (cm3/C) N/A N/A N/A 

Table 6.4 Transport properties of Bi thick films 

The Seebeck coefficient of Bi thick film was measured using a bespoke machine and 

the results are listed in the table below. The Seebeck coefficient for the Bi thick film 

was 16% smaller than the bulk value. 

Range of Seebeck coefficient (μV/K) -60 ~ -57 

Average Seebeck coefficient value (μV/K) -58.7 

Reduction compared with bulk value 16% 

Table 6.5 Experiment Seebeck coefficients of Bi thick film sample 
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6.3 Experimental analysis of screen printed Sb thick films 

The binder system of the Sb paste in this experiment was the same as that used in 

screen printable Bi paste, including the thinner. Because the density of Sb powders 

(6.697 g/cm-3) is lower than that of Bi powders (9.78 g/cm-3) [16], the maximum ratio 

of Sb powders in a screen printable Sb paste with the same binder system in this 

experiment was 90%. The approximate ratio of epoxy binder mixture to thinner is 5:3 

by weight. 

The surface of the Sb thick film was conductive without polishing after curing at the 

same conditions as the Bi paste. Figure 6.4 shows the surfaces of unpolished (left) and 

polished (right) Sb thick film surface.  

 
Figure 6.4 Surface SEM images of Sb thick films. (a): unpolished; (b): polished 

For the unpolished Sb film surface, the boundaries of Sb particles were shaper than 

that of the polished Bi film surface. After polishing, most Sb grains can still be 

recognized clearly. The boundaries between the Sb grains revealed that the curing 

temperature can still be increased to get a better electric conductivity for the Sb thick 

film. 

To optimise the curing temperature of the Sb thick film, the printed samples were cured 

at four different temperatures: 250°C, 270°C, 350°C and 450°C. All these chosen 

curing temperatures were below the melting point of Sb, which is 630.6°C [16], 

avoiding the printed films melting into balls. The curing temperature of 270°C was 

initially chosen to investigate whether both Sb and Bi samples could anneal together. 

The detailed fabrication conditions are listed in table 6.6. 
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Percentage of Sb 

by weight 
90% 

mixing Triple roll mill 

Mesh opening 149 μm 

Mesh thickness 130 μm 

Screen Printing 

ability 
printable 

Layers of printed 

films 
2 

Drying condition 100°C, 3min, box oven 

Curing condition 
250°C, 

10min, in N2 

270°C, 

10min, in N2 

350°C, 

10min, in N2 

450°C, 

10min, in N2 

Substrate Alumina 

Adhesion 10 9 5 2 

Table 6.6 Screen printing conditions of Sb paste with epoxy binder 

Physical properties Minimum value Maximum value Average value 

Sample 1: 250°C cured 

Carrier concentration (cm-3) 5.95×1018 6.94×1019 3.35×1019 

Mobility (cm2/(V·m)) 3.11 36.4 16 

Resistivity (Ω·cm) 2.89×10-2 2.90×10-2 2.89×10-2 

Hall coefficient (cm3/C) 8.99×10-2 1.05×100 4.62×10-1 

Seebeck coefficient (μV/K) 15 23 18.5 

Sample 2: 270°C cured 

Carrier concentration (cm-3) 1.17×1020 1.80×1020 1.38×1020 

Mobility (cm2/(V·m)) 28 43.4 37.7 

Resistivity (Ω·cm) 1.24×10-3 1.24×10-3 1.24×10-3 

Hall coefficient (cm3/C) 3.46×10-2 5.36×10-2 4.67×10-2 

Seebeck coefficient (μV/K) 25.1 28.7 27.6 

Sample 3: 350°C cured 

Carrier concentration (cm-3) 1.24×1020 1.48×1020 1.34×1020 

Mobility (cm2/(V·m)) 58.5 73.6 65.3 

Resistivity (Ω·cm) 7.14×10-4 7.22×10-4 7.18×10-4 

Hall coefficient (cm3/C) 4.22×10-2 5.30×10-2 4.69×10-2 

Seebeck coefficient (μV/K) 23 25 24 

Sample 4: 450°C cured 

Carrier concentration (cm-3) 8.99×1019 1.20×1020 1.06×1020 

Mobility (cm2/(V·m)) 42.4 61.9 53 

Resistivity (Ω·cm) 1.12×10-3 1.12×10-3 1.12×10-3 

Hall coefficient (cm3/C) 5.19×10-2 6.94×10-2 5.93×10-2 

Seebeck coefficient (μV/K) 26.6 27.1 26.8 

Bulk values in room temperature 

Carrier concentration (cm-3) N/A N/A 4.2×1019[19] 

Mobility (cm2/(V·m)) N/A N/A N/A 

Resistivity (Ω·cm) N/A N/A 3.9×10-5[16] 

Hall coefficient (cm3/C) N/A N/A N/A 

Seebeck coefficient (μV/K) N/A N/A 40 

Table 6.7 Transport properties of Sb screen printed samples 
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The resistivities of the Sb thick film samples cured at different temperatures are shown 

in table 6.7. Generally, a higher curing temperature lead to a lower resistivity of the 

Sb pattern. The resistivity of sample 2 was over 2000% lower than that of sample 1 

and the Seebeck coefficient of sample 2 was 50% higher than sample 1. For sample 3 

and 4, compared with sample 2, the maximum electrical resistivity decrease was 50% 

and the Seebeck coefficient had no improvement. 

Based on the research in chapter 4, 350°C was the best choice to get maximum Z value 

because sample 3 had the lowest resistivity. However, for printed thick films, the 

adhesion onto substrate is another factor to be considered for practical applications. In 

figure 6.5, Sb thick films can be easily scraped off by using a spatula after curing at 

350°C and 450°C, while only small amount of powder on the top surface came off for 

samples 1 and 2. The surface scraping was done on all substrates in the same conditions 

using a flat stainless steel spatula. The reason some samples showed low adhesion was 

the curing temperature was too high and caused the epoxy binder to decompose. 

 
Figure 6.5 Screen printed Sb samples cured in different temperature 

Although more powders came off from sample 2 than sample 1, the quantity that 

remained on both was acceptable. Hence, the curing condition for Sb paste was chosen 

to be 270°C 10 minutes in N2. 
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6.4 Bismuth and Antimony based thermocouples 

For printed Bi thick films on Kapton substrates, it was found to be very easy to crack 

the printed layer after curing when bending after curing. In figure 6.6-(a), the 

unpolished Bi thick film cracked after peeling the Kapton substrate off the alumina 

holder. Here, the average thickness of the screen printed samples is 78.2 μm (58.2 – 

116 μm). When bending it around a ball pen with a diameter of 13 mm, more cracks 

appeared on both polished and unpolished samples (figure 6.6-(b)). The cracking is 

caused by the material properties of bismuth - which is a brittle material and easy to 

crack when the printed pattern is melted [111].  

 
Figure 6.6 Cracking of Bi thick films when (a) peeling off Kapton from alumina holder, (b) rolling on 

a ball pen with diameter of 13 mm 

Hence, the Bi/Sb thermocouples were printed onto an alumina substrate. The 

fabrication process is shown in figure 6.7. The silver paste used in this experiment is 

the same as the silver used in previous chapters. 
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Figure 6.7 Fabrication process of screen printed Bi/Sb thermocouples 

The patterns size of printed Bi/Sb thermolegs was the same as Cu/Ni thermocouples. 

The thickness varied because of the different paste viscosities. The average thickness 

of Bi thermolegs after polishing was 105.2 μm, while that of Sb thermolegs was 78.9 

μm. The printed sample is shown in figure 6.8. 

 
Figure 6.8 Screen printed 4 Bi-Sb thermocouples 

The voltage and current generated by these four thermocouples in a variety of 

temperature gradients is shown in figure 6.9. The relationship between the open circuit 

voltage and temperature gradient can be considered as linear, a similar conclusion can 

be made for I and ΔT. 
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Figure 6.9 Generated open circuit voltage and current of 4 printed Bi-Sb thermocouples 

At a temperature gradient of 60°C, 4 Bi-Sb thermocouples can generate a voltage of 

21 mV and a current of 45 μA, approximately 5 mV and 11 μA for a single 

thermocouple. The generated open circuit voltage (V) for individual Bi-Sb 

thermocouples is higher than the Cu-Ni ones, which are about 1.5 mV. However, the 

generated current I for single Cu-Ni thermocouples in chapter 5 is about 14 μA, which 

is higher than the Bi-Sb sample. The high resistivity of both Bi and Sb thick films 

limited high current from being generated by the device.  

The temperature gradients set to measure the power output of these 4 thermocouples 

were 20°C (figure 6.10) and 40°C (figure 6.11) respectively. Based on the same 

voltage fitting regulation described in chapter 4, the power vs. load resistor figures 

clearly show the maximum power output in the chosen range of load resistance. 

 
Figure 6.10 Power output and voltage over the load resistor of the 4 Bi-Sb thermocouples as a 

function of load resistance at a 20K temperature difference 
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Figure 6.11 Power output and voltage over the load resistor of the 4 Bi-Sb thermocouples as a 

function of load resistance at a 40K temperature difference 

The resistance, the maximum power output and the calculated Seebeck coefficient of 

Bi/Sb thermocouples are concluded in table 6.8. It can be seen that in higher ∆T, the 

resistance of the TEG is higher than that in the lower ∆T. This is because the resistivity 

of metals will increase with an increasing surrounding temperature. 

 

The αBi/Sb value calculated from the sum of individual materials is 86.3 μV/K from 

section 6.2 and 6.3. Compared with the values calculated from the Seebeck voltage 

measurement and the power output measurement of the device, it has an error range of 

1.1% and 3.0%. The small error range demonstrated that the Seebeck voltage and 

power output setup is promising for the measurements. 

 ∆T=20°C ∆T=40°C 

Resistance for 4 thermocouples (Ω) 
354.6 

(351.6 – 357.6) 

360.1 

(356.8 – 363.4) 

Resistance for single thermocouple (Ω) 
88.65 

(87.9 – 89.4) 

90.00 

(89.2 – 90.85) 

Maximum power output for 8 

thermocouples (nW) 
35.49 140.28 

Maximum power output for single 

thermocouples (nW) 
8.87 35.07 

Calculated αBi/Sb from Seebeck voltage 

measurement (μV/K) 
87.28 

Calculated αBi/Sb from close-loop power 

output measurement (μV/K) 

88.69 

(88.3 – 89.05) 

88.88 

(88.44 – 89.25) 

Table 6.8 Summarize of calculated values from Seebeck voltage and power output measurements 

with different temperature difference of 4 Bi/Sb thermocouples 
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6.5 Safety handling and processing in experiment 

Bismuth and antimony are naturally oral, inhalation and dermal harmful for human 

body [112], especially in powder form, due to the high risk of inhalation. Thus, a shot 

guidance for handling and processing is necessary in this section. 

For handling, in order to avoid contact with skin and eyes and avoid formation of dust 

and aerosols, appropriate exhaust ventilation facilities mush be provided at where the 

dust is potentially formed. Specifically, before BiTe is mixed into paste form, all the 

processed mush be done in the fume cabinet and dust mask must be wear all the time. 

After the powders were made into pastes the polymers would hold the particles prevent 

them turning into dust. The pastes could then be processed out of the fume cabinet. 

General clean room clothes must be wear all the time, including the heir cover and 

gloves. Double gloves is helpful when processing these materials. Once the outer 

gloves are dirty, they can get changed fast to avoid contamination. 

For storage, the powders must be stored in tightly closed containers and putted in a dry 

and well-ventilated place, where should be cool. 

For disposal, all wasted wipes and containers with toxic materials attached should go 

into sealed bags with name and quantity on it. When the toxic waste bin is full, contact 

a licensed professional waste disposal service to dispose of this material. 

These handling and processing rules can be also applied to bismuth telluride and 

antimony telluride powders in next chapter. 

6.6 Summary and discussion 

In this chapter, screen printable Bi and Sb pastes with polymer binder were synthesised. 

The Seebeck coefficient and transport properties of printed films were also measured. 

The cross-section SEM images of Bi and Sb thick films after curing at optimised 

conditions are shown in figure 6.12. In the Bi thick film, more particles were melted 

into small balls compared with the Sb counterpart. The balling phenomenon happens 

with the decrease of free energy, but the formation process and mechanism are 

complicated and not currently understood [113]. In addition, the epoxy matrix among 

Sb particles can be observed more clearly from the Sb SEM image than the Bi thick 

film, because the ratio of polymer binder in Sb paste is higher than that in the Bi paste. 
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Figure 6.12 Cross section image of Bi and Sb thick films 

The resistivity and Seebeck coefficient changes when compared with bulk values are 

shown in table 6.9. It can be seen that the resistivity of Bi thick film increased much 

more than the Sb thick film when compared to the bulk values. Two reasons could 

explain this larger change. First, the balling phenomenon increased the voids between 

Bi particles, which decreased the Ohmic contact area of adjacent particles then 

increased the resistivity. Secondly, Bi has a strongly oxidizing nature in comparison 

with Sb [114, 115]. Hence, the same fabrication process will lead to a larger variation 

in resistivity of Bi compared with Sb. 

 Bi Sb 

Particles percentage in paste 93-94% 90% 

Resistivity changes 42200% 3080% 

Seebeck coefficient changes 16% 31% 

Table 6.9 The changing ratios in percentage between experiment values and bulk values of Bi and Sb  

From the above table, the variation of the Bi Seebeck coefficient was smaller than that 

of the Sb value. The paste with a higher powder percentage had a smaller deviation of 

Seebeck coefficient. 

The maximum output power appeared when the load resistance matched the TEGs 

resistance. In chapter 4, at a temperature difference of 40°C, a single Cu-Ni 

thermocouple can generate an output power of 42.96 nW over a resistance of 4.44 Ω. 

For a single Bi-Sb thermocouple above in this chapter, the generated power is 35.07 

nW over a resistance of 90 Ω. From a voltage point of view, at a temperature difference 

of 40°C, 3.5 mV was generated by a single Bi/Sb thermocouple while 0.99 mV was 

generated by single high temperature cured Ni/Cu thermocouple. According to P=V2/R, 
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a larger increasing in R than V2 would decrease the power output of the device, even 

the generated voltage increased. 

In conclusion, this experiment demonstrated that screen printable pastes with an epoxy 

binder are promising in the application of printed low temperature TEGs on alumina 

substrate. Moreover, the polymer binder potentially allows the printed thick films to 

bend when printed on a flexible substrate. Hence, it is worth attempting to use BiTe & 

SbTe based pastes to achieve flexible TEGs for energy harvesting applications because 

they have been proven to have highest figure of merit value at room temperature range 

from chapter 2. 
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Chapter 7. Screen-printed flexible BiTe/SbTe based thermoelectric 

generator 

7.1 Introduction 

The fabrication and testing of Bismuth Telluride (BiTe) – Antimony Telluride (SbTe) 

based flexible TEGs using screen printing technology are described in this chapter. 

From previous studies, the chosen epoxy binder system has been proven to be suitable 

for use in low temperature TEGs, which demonstrated the feasibility for pastes with 

this binder to be used on flexible substrates, e.g., Kapton. In this study, screen printable 

BiTe and SbTe pastes were developed and the transport properties of the thick films 

were measured.  

7.2 Development of the screen printable BiTe and SbTe paste 

The screen printable thermoelectric pastes reported here contains thermoelectric 

materials Bi2Te3 and Sb2Te3 alloy powders and an epoxy binder system. A solvent was 

also added to the paste to decrease the viscosity to a screen printable level. The binder 

system and solvent for the pastes in this chapter are the same as those in the last chapter. 

N-type BiTe alloy normally exists as a composition of Bi2Te3, the ratio of Te affects 

the thermoelectric performance of the device. When the atomic ratio of Te is 64%, the 

BiTe alloy will have the highest Z value with negative Seebeck coefficient [116]. From 

figure 8.1 it can be seen that when the Te content is below 62%, BiTe alloy is p-type. 

When the Te ratio is higher than 62%, there is also a figure of merit variation with Te 

content. The actual formulation of this n-type semiconductor material is Bi1.8Te3.2.  

For p-type Sb2Te3, the alloy only shows p-type thermoelectric properties. The 

Bi1.8Te3.2 and Sb2Te3 powders are from Testbourne Ltd, with the size of 325 mesh 

(average 44 μm) and a purity of 99.99%. 
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Figure 7.1 Free carrier concentration as well as figure of merit with respect to material composition 

for Bi2Te3 [116] 

The ratio of the compositions in the pastes were based on the trade-off between the 

printability and the highest thermoelectric properties, which was described in chapter 

6. The densities of BiTe and SbTe are 7.62 g/cm3 and 6.5 g/cm3 respectively [16]. 

Hence, the ratio by weight of BiTe in the paste was higher than that of SbTe in order 

to achieve a screen printable viscosity range. 

Particles fillers in pastes Bi1.8Te3.2 SbTe 

Density of particles (g/cm3) 7.62 6.5 

Melting point of particles (°C) 585 580 

Percentage of Bi by weight 93% 90% 

Mixing Triple roll mill 

Mesh opening 149 μm 

Mesh thickness 130 μm 

Layers of printed films 2 

Drying condition 80 °C, 3min, box oven 

Curing condition 250 °C, 3 hours, in N2 

Substrate Kapton 

Adhesion* 9 - 10 
*Scale: 10-exellent; 1-very poor. The same scale will be applied in the following tables in this chapter. 

Table 7.1 Conclusion of fabricating conditions of BiTe and SbTe pastes 

From the literature, the powder based BiTe and SbTe thermoelectric materials were 

thermally cured at temperature from 250 °C to 350 °C for minimum 3 hours [59-62, 

117, 118]. Hence, based on the literatures, 4 different curing temperatures (250°C, 
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270°C, 300°C, 350°C) were tried to find the optimized curing condition. 4 samples 

were cured under each curing condition. 

In the experiment, when the curing temperature was higher than 300 °C for 3 hours, 

cracks could be visually observed and the deposited powder and binder compositions 

were easily scratched from both polyimide and alumina substrates. Patterns cured at 

350 °C even peeled off when bending. In figure 7.2-(b), the quality of adhesion of 

samples cured at different temperatures was illustrated. When BiTe samples were 

cured at 270 °C, the patterns could be scratched off from the substrate under the same 

conditions as in chapter 5 (figure 7.2-(c) and (d)). Hence, the thermoelectric materials 

in this experiment were cured at 250 °C for 3 hours. 

In this section, 1 cm × 1 cm square samples were printed and tested. The thickness of 

the samples varied from 70 μm to 130 μm. The test equipment was the same as those 

applied in last chapter. 

 
Figure 7.2 BiTe thick film samples cured at different temperatures. (a): Sample cured at 250 °C. (b): 

Sample cured at 350 °C. (c): Most powders were scratched from the alumina substrate for the sample 

cured at 270 °C. (d): Alumina substrate with a thin melted BiTe layer exposed after scratching for 

sample cured at 270 °C. 
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Figure 7.3 shows the surface and cross-section images of BiTe and SbTe thick films, 

which demonstrates that both pastes were mixed uniformly. However, the voids 

observed from both the surface and the cross-section of both printed films decreases 

the density of the material, which increases the resistivity. Moreover, comparing both 

the surface and cross-section images, there are more voids in BiTe thick film than in 

SbTe thick film. 

 
Figure 7.3 SEM images of printed thick films. (a): surface of the BiTe thick film. (b): surface of the 

SbTe thick film. (c): Cross-section of BiTe thick film. (d): Cross-section of SbTe thick film. 

This structural feature can be used to partly explain the increasing resistivity of the 

thick film materials compared with their bulk values. From table 7.2, the resistivity of 

BiTe thick films is 215 times higher than its bulk value, while the resistivity of SbTe 

thick film is 63 times higher than its bulk value. 
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Values of screen printed Bi1.8Te3.2 thick film 

 Minimum Maximum Average 

Carrier concentration (cm-3) -1.69×1020 -4.22×1016 -8.89×1018 

Mobility (cm2/(V·m)) 2.14×10-2 5.93×102 1.69×101 

Resistivity (Ω·cm) 2.35×10-1 3.50×100 5.62×10-1 

Hall coefficient (cm3/C) -1.48×102 -3.69×10-2 -6.82×100 

Bulk values of Bi2Te3 in room temperature 

Carrier concentration (cm-3) -3.38×1019 -1.02×1018 N/A 

Mobility (cm2/(V·m)) 2.7×103 1.8×104 N/A 

Resistivity (Ω·cm) 1.4×10-3 3.8×10-3 2.6×10-3 

Hall coefficient (cm3/C) N/A N/A N/A 

Values of screen printed Sb2Te3 thick film 

Carrier concentration (cm-3) 9.02×1017 1.17×1020 2.13×1019 

Mobility (cm2/(V·m)) 2.12×100 2.59×102 2.42×101 

Resistivity (Ω·cm) 1.38×10-2 4.71×10-2 2.73×10-2 

Hall coefficient (cm3/C) 5.36×10-2 6.92×100 5.79×10-1 

Bulk values of Sb2Te3 in room temperature 

Carrier concentration (cm-3) N/A N/A 1.5×1020 

Mobility (cm2/(V·m)) N/A N/A 2.7×102 

Resistivity (Ω·cm) 2.5×10-4 6×10-4 4.3×10-4 

Hall coefficient (cm3/C) N/A N/A N/A 

Table 7.2 Transport properties summary of screen printed BiTe and SbTe thick film with the 

comparison of their bulk counterpart [23] 

Another explanation for the increase in resistivity is the oxidation of the printed thick 

film. The oxidising nature of the Bi-Sb-Te based alloy powders in open air [119] and 

the oxidation of BiTe alloy based thick film when annealing [120] both indicated that 

the resistivity of the printed BiTe and SbTe thick films might be affected by the 

oxidation problem. In this experiment, the resistivity of both thick-films varied with 

time (shown in figure 7.4). In 50 days, the Bi1.8Te3.2 thick film shows an increase ρ of 

47% compared with the original value. For Sb2Te3 thick films, the variation is only 

7.8% over 50 days. Here, two samples of each material were chosen and five 

measurements were taken for each sample.  

 
Figure 7.4 Resistivity of selected printed thick-films varying with time. (a):Bi1.8Te3.2; (b):Sb2Te3 
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From table 7.2 and table 7.3, the negative/positive signs of the carrier concentration, 

Hall coefficient and the Seebeck coefficient indicated that BiTe thick film is an n-type 

semiconductor and SbTe thick film is a p-type semiconductor. 

α (μV/K) Bi1.8Te3.2 Sb2Te3 

Day 1 -129.2 (-134 − -119) 105.7 (101 – 110) 

Day 100 -130.2 (-132 − -129) 103.75 (101 – 107) 

Bulk value [6] -227 110 

Table 7.3 Seebeck coefficient of screen printed Bi2Te3 and Sb2Te3 thick-films 

Moreover, from table 7.3, the variation of the average α value is within 2% for a period 

of 100 days, which can be considered as a stable parameter over time. There was also 

a reduction of the Seebeck coefficient on the screen-printed materials compared with 

the bulk ones. 

7.3 BiTe/SbTe based thermocouples 

In this experiment, the resistance of the cured thermoelectric thick films increases after 

curing with the top silver electrode layer attached. The increase in the BiTe thick film 

sheet resistance due to this re-curing process is shown in the following table. The 

curing time under each temperature was 10 minutes. 

Re-curing temperature 150°C 125°C 100°C 75°C 

The sheet resistance increasing percentage 4.7% 3.3% 9.1% 8.2% 

Table 7.4 The BiTe thick film sheer resistance increasing due to the re-curing effect 

To achieve lower resistivity, the thermoelectric material patterns were designed to 

print directly attached to adjacent thermolegs. The SEM image shows that there is no 

gap between the junction of BiTe and SbTe (figure 7.5-a), which ensures the 

establishment of Ohmic contact between adjacent thermolegs. Thus, no top silver 

electrode layer was printed on the TEG. 
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Figure 7.5 Printed BiTe/SbTe thermocouples. (a): SEM of the BiTe/SbTe junction (b): sample size 

comparing with a 50 pence coin; (c): sample rolling on a 13 mm diameter ball pen 

The fabrication process of the screen-printed BiTe/SbTe TEG prototype is shown in 

figure 7.6. It only involves deposition of two thermal material layers and a curing 

process. The thickness of the active thermoelectric layers can be built up by drying 

each layer at 80 °C to evaporate the solvent and then repeating the printing step. After 

the deposition of both materials, they were cured at 250 °C for 3 hours. The prototype 

with 4 thermocouples and its flexibility were shown in figure 7.5-(b) and (c) 

respectively. 
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Figure 7.6 Fabrication process of screen printed BiTe/SbTe thermocouple 

The tests here are the same as those in previous chapters. 

7.4 Device characterization results 

Figure 7.7 shows the Seebeck voltage of 4 screen-printed BiTe/SbTe thermocouples 

at different temperature differences. A single Bi1.8Te3.2/Sb2Te3 thermocouple can 

generate 16.6 mV at a temperature difference of 60°C, which is better than the 5 mV 

of a single Bi/Sb thermocouple previously achieved by our group at the same 

temperature difference [6]. In addition, the variation of the Seebeck voltage when 

∆T=60°C was within 5% from figure 7.7. 

 
Figure 7.7 Generated Seebeck voltage of 4 printed thermocouples, varying with time 

From the definition of Seebeck Effect (α=V/∆T), for a single thermocouple of this 

sample, the Seebeck coefficient was calculated in the range of 262−282 μV/K (figure 

7.8).  
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Figure 7.8 Calculated Seebeck coefficient for single thermocouple varying with time from Seebeck 

voltage measurement 

The power output versus load resistance at a temperature difference of 20 °C is shown 

in figure 7.9. The square-marked dashed line represents the measured output power, 

while the solid line is the fitted value. The fitting rule is the same as that used in 

previous chapters. The matching of the measured curve and the fitted curve proves that 

the thermoelectric battery model suggested in figure 2.9 is promising in output power 

measurement. 

 
Figure 7.9 The voltage across the load resistor and the power output vs. load resistance of 4 

BiTe/SbTe thermocouples with their fitted values 
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The voltage across the load increased with the increasing load resistance and the 

maximum output power occurred when the load resistance matched the TEGs 

resistance.  

 
Figure 7.10 Power output of four printed BiTe/SbTe thermocouples varying with load resistance over 

50 days 

However, from figure 7.10, it can be observed that the maximum power output kept 

decreasing with time due to oxidation of the thermoelectric thick films in air. For a 

single thermocouple, the original maximum power was 48.6 nW. This value decreased 

to 23.5 nW after 50 days, while the resistance of a single thermocouple increased from 

160 Ω to 310 Ω during the same period. According to figure 7.10, the power output 

would decrease to about 50% of its original value within 50 days. 

 
Figure 7.11 Maximum power output and self-resistance of 4 printed BiTe/SbTe thermocouples 

varying with time 
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The reason for the low power mainly comes from the high resistivity of the BiTe thick-

film. The porous structure of the thick films created a larger contact area between air 

and thermoelectric particles, which speed up the oxidation of the particles. 

 
Figure 7.12 Calculated Seebeck coefficient for a single thermocouple varying with time from power 

output measurement 

For a single thermocouple of this sample, from the power output measurement, the 

Seebeck coefficient was calculated in the range of 270−286 μV/K, which corresponds 

to the values from Seebeck voltage measurement. 

7.5 Summary and discussion 

This work demonstrates that the low cost screen printing technology can be used to 

fabricate BiTe/SbTe based TEGs for room temperature energy harvesting applications. 

Although the power output is low for a single thermocouple, the flexibility allows the 

screen printed TEGs to be connected in series and rolled in to a coil. Then, higher 

power outputs can be achieved by deploying more thermocouples in this way. Future 

work includes the measurement of thermal conductivity, which will enable the 

calculation of ZT. 

In table 7.5, it is clear that the resistivity of BiTe thick film has the biggest change 

compared with that of SbTe thick film. Moreover, compared with the literature, the 

resistivity of the SbTe thick film was in the same order while the resistivity of BiTe 

thick film was one order higher [60].   
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 BiTe SbTe 

The change of ρ 

compared with bulk value 
11600% 5300% 

The change of α 

compared with bulk value 
43% 5% 

Table 7.5 Deviations between experiment values and bulk values of BiTe and SbTe (thick film 

value/bulk value) 

Based on the Seebeck coefficient and electrical resistivity measurement, it can be 

concluded that the there is a larger decrease in α and ρ for BiTe than SbTe. Thus, it is 

worth to analysis the elements composition in the BiTe thick films, the main restriction 

of limiting the thermoelectric performance. From the EDX spectrum (figure 7.13), in 

the BiTe thick film, the carbon (C) and oxygen (O) was introduced into the film from 

the binder and solvent. 

 

Figure 7.13 EDX composition analysis of BiTe thick film 

In addition, from the structure shown in figure 5.3, the –OH and –Cl functional group 

is easy to form hydrogen bond with the ambient water molecular H2O, which is a 

potential reason of the oxidization of the printed thick films. This will be investigated 

by applying a binder system without –OH functional group.  

In summary, the high and fast increase in electrical resistivity of Bi1.8Te3.2 thick film 

is an issue for reaching a higher power output for the screen-printed TEG. Oxidisation 

of bismuth tellurium powders is the likely cause. Future work will explore the 

optimisation of design and material processing to decrease the resistivity. From a 

material processing point of view, the quantity and dimension of voids in the thick 

films could be reduced by filling with smaller-sized thermoelectric particles or module 

densifying technology, e.g., isostatic pressing. From a structure point of view, a 
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vertical-structured thermocouple has the potential to achieve a higher power output 

than the planer-structure ones [39]. Thus, a dispenser printed TEG with 3D structure 

will be introduced in the following chapter. 
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Chapter 8. Dispenser printed BiTe/SbTe based TEGs with 3-

Dimentional (3D) structure 

8.1 Introduction 

In the last chapter, flexible planar-structured thermocouples have demonstrated that 

screen-printing technology is promising to fabricate BiTe/SbTe TEGs. However, from 

a design point of view, vertically fabricated TEGs, which have a lower ratio of cross-

sectional areas of insulation to active material in the plane perpendicular to the heat 

flow, were claimed to have a higher thermoelectric efficiency than the planar-

structured TEGs [39].  

Utilising screen-printing, it is difficult to realise a 3D-structured thermocouples. The 

earlier printed patterns will create a large gap between the screen mesh and substrate, 

stopping the screen reaching the lower areas of the substrate. While in dispenser 

printing, the separation distance between the needle and substrate can be adjusted by 

moving the needle vertically (seen in figure 8.1). Hence, in principle, dispenser 

printing the thermoelectric material pastes layer by layer can build up the thickness of 

the vertical thermocouples.  

  

 
Figure 8.1 Comparison of TEGs fabricated by screen printing and dispenser printing 

In this chapter, the TEGs with 3D BiTe and SbTe cubes fabricated by dispenser 

printing are introduced. The voltage and power measurements are also presented and 

analysed. 
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8.2 Fully dispenser printed 3D-structured TEGs 

8.2.1 Experiment set-up 

The setup for dispenser printing includes a 3 axis stage, a stage controller, a dispenser 

and an air pump. All of the equipment is shown in figure 8.2. National Instrument 

LabVIEW is the software used to control the entire system. 

 
Figure 8.2 Dispenser printer systems 

In this experiment, the ML-808FXcom-CE dispenser printer is a pneumatic type 

dispenser printer. Generally, this dispenser machine could print pastes with a wild 

range of viscosity by varying the nozzle size, air pressure and dispensing time. The 

empirical requirements of the paste properties and dispensing conditions can be 

concluded as follow. 

 The liquid is not compressible: if the liquid or paste is compressible, it will absorb the 

pressure from the compressed air. Thus, the paste is not possible to be pressed out from 

the syringe. 

 Liquid evaporation rate: this is determined by the vapour pressure of the solvent 

used in the pastes. Ideal solvent should have a vapour pressure lower than 

0.001kPa, which will provide a slow dry nozzle/air interface. 

 Nozzle size: depend on the resolution aiming to achieve. The minimum line 

width can be achieved is between the outer diameter and the inner diameter of the 

nozzle. 

 Particle size: the ideal particle size should be between 1/100 and 1/10 of the inner 

diameter of the dispensing nozzle. 
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 Suspensions: particles should not settle or agglomerate rapidly. A suitable 

stabiliser (dispersant) could be added into the paste if the particle suspension is 

poor. 

 Droplet size: depends on the needle’s dimension, ink rheology, applied pressure, 

vacuum pressure and dispensing time. 

 Pattern morphology: depends on the droplet size, the dispensing gap, the stage 

moving steps and speed. 

 Nozzle size (inner diameter): 0.1 μm to 2 mm. 

 Dispensing time: 0.01 second to 999.9 seconds [121]. 

 Pneumatic pressure: 20 kPa to 800 kPa [121]. 

8.2.2 Fabrication of TEGs 

For a working TEG the thermocouples should be connected electrically in serial, which 

requires both the top and the bottom of the thermoelectric material cubes to be 

connected to electrodes. This 3D structure is illustrated in figure 8.3.  

 
Figure 8.3 Illustration of a 3D-structured dispenser printed BiTe/SbTe thermocouple 

The bottom electrodes can be printed onto the substrate, while a structure layer need 

to be printed in order to support the top electrodes layer. The ultraviolet (UV) curable 

epoxy OG675 from EPO-TEC was applied as the structure layer material. This UV 

curable single component epoxy has a pot life over 3 hours and fast curing time of 2 

seconds, which makes it suitable for dispenser printing. Also, a non-thermal cured 

structure layer minimises the oxidation of the thermoelectric materials. The data sheet 

can be seen in Appendix 7. The thermoelectric materials pastes and Ag paste are the 

same as that used in the experiments in previous chapters. The dispensing nozzle for 

all the pastes has an inner diameter of 250μm and a needle length of 6.35 mm (1/4 

inch). 
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Firstly, the Ag paste was dispenser printed onto the Kapton substrate and cured. Then, 

the SbTe and BiTe pastes were dispenser printed onto the Ag electrodes in the required 

patterns. The stage was heated up to 60°C using a Peltier plate. The printed patterns 

were dried using the heated stage in order to build up the thickness of the cubes. The 

dimensions of the individual cube were 2 × 2 × 0.5 mm. The distance between adjacent 

cubes was 1.2 mm. The thickness of the bottom silver electrodes is 10 μm. The stage 

controller has a resolution of 1 μm, which meets the requirement of these dimensions. 

The fabrication processes were illustrated in figure 8.4. 

Because the patterns of the thermoelectric modules are transferred from the bitmap for 

the current dispenser printing technology, the size of each thermoleg side equals to 

n×0.25 mm (n is the number of the dots in the bitmap pattern). Each layer has a 

thickness of 20 μm. The deposition speed is slow due to this dot by dot printing. It 

required over 10 hours to print 8 thermocouples (4 × 4 matrix thermolegs), which will 

be discussed in detail in section 8.4. The dimension of 2 × 2 × 0.5 mm is the maximum 

size of single thermoleg in practical.  

Moreover, based on the resistance calculation equation R=ρA/l (A is the thermoleg 

area, l is the thermoleg length), the larger area of thermoleg could result a lower 

resistance, which will provide a higher power output. Hence, such dimension was 

chosen in this experiment. 
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Figure 8.4 Fabrication process of the fully dispenser printed TEGs 

The images of a dispenser printed TEG sample in different processes are shown in 

figure 8.5. BiTe was printed after SbTe because it has a faster oxidation rate, as found 

in previous studies. The dimensions of the printed cubes were controlled by the stage 

controller. 
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Figure 8.5 Images of a fully dispenser printed TEGs with 8 thermocouples in different fabrication 

processes 

In this experiment, 3 samples with the same thermoelectric material cubic size but 

different number of thermocouples were dispenser printed. The matrix of the cubes 
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were 1×2, 2×2 and 4×4 for sample (a), sample (b) and sample (c) respectively. The 

flexibility of the samples is shown in figure 8.6. 

 
Figure 8.6 Flexibility demonstration of 3 fully dispenser printed TEGs. Sample (a): 1 thermocouple 

with 1×2 cubes. Sample (b): 2 thermocouples with 2×2 cubes. Sample (c): 8 thermocouples with 4×4 

cubes 

8.2.3 Measurement and results 

The setup for measuring the Seebeck voltage and power output for vertically fabricated 

TEGs was different from the planer samples. For dispenser printed 3D TEGs, the heat 

flux was perpendicular to the substrate. Thus, the temperatures on each side of the 

vertical sample can only be measured from the hot and cold source it is attached to. In 

figure 8.7, Al blocks were used as heat conductors to allow the temperature to be 

measured, while also supplying a temperature gradient.  

However, for body-work devices, the heat conductivity is not as good as the heat sink 

used in this setup, which is one limitation of this test setup. The heat conductivity of 

human body is 0.543 W/mK in average while that of aluminium heat sink is 237 W/mK. 

For practical application, the actual temperature gradient is difficult to be maintained 

as stable as in such setup. In addition, the vertically fabricated device is on polyimide 

substrate, which has a low heat conductivity (0.005 W/mK). This will limit the 

accuracy of the Seebeck voltage and power test. 
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Figure 8.7 The Seebeck voltage and power output measurement setup 

As shown in the figure above, TEGs with 3D structures were placed between two Al 

blocks. The thermal conductivity of the Al is 205 W/(m·K), which is 5 times higher 

than 41 W/(m·K) of the ceramic plates used on the Peltier [16, 122]. The high thermal 

conductivity guaranteed the uniform temperature distribution over the surface of the 

TEGs. Figure 8.8 shows the temperature distribution over these 2 Al blocks, which 

was measured by the Testo 875 thermal Imaging Camera. 

 
Figure 8.8 The temperature distribution over the Al blocks. (a) hot side. (b) cold side 

The probes of the thermometer were put in the middle of the Al blocks by drilling a 

hole into the centre, and sealed with thermal grease. The measured Seebeck voltages 

of these three samples are shown in figure 8.9. 
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Figure 8.9 Generated Seebeck voltages of dispenser printed TEGs increase with the temperature 

gradient 

From the above figure, it can be seen that the output voltage increased linearly with an 

increase in the temperature gradient. At a temperature gradient of 60°C, a single 

thermocouple can generate a voltage of 4.5 mV, 3.6 mV and 3.2 mV calculated from 

sample a, sample b and sample c respectively, which are all lower than the 16.6 mV 

generated by a single planer BiTe/SbTe thermocouple.  

In addition, the voltage measurement over the load resistor also shows a lower power 

output compared to the planar thermocouple (in figure 8.10). The maximum power per 

single thermocouple among sample a, b and c is 1.5 nW at a temperature difference of 

20 °C, which is much lower than the 48.6 nW for the planar thermocouple.  
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Figure 8.10 The original and fitted voltage and power output on the load resistor, ∆T=20 °C. (a): 

sample a. (b): sample b. (c) sample c. 
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 Sample 

a 

Sample 

b 

Sample 

c 

α calculated from Seebeck voltage 

measurement(μV/K) 

76.9 59.8 52.9 

α calculated from power output measurement 

(μV/K) 

114.0 56.4 57.0 

R (Ω) 844 1260 2276 

Maximum power at ∆T=20°C 1.54 nW 0.25 nW 0.14 nW 

Table 8.1 The Seebeck coefficient α and resistance R for single BiTe/SbTe thermocouple 

The calculated α value from both the Seebeck voltage and power measurement along 

with the resistance of the single thermocouple for these three samples are shown in 

table 8.1. The resistance of a single dispenser printed thermocouple is much higher 

than the screen-printed planar one (160Ω).   

The aging effect for the dispenser printed 3D-structured TEGs was investigated using 

sample b. Similarly with the screen printed samples in chapter 7, the slope of the 

Seebeck voltage vs. temperature gradient (figure 8.11-a), which equals to the Seebeck 

coefficient, had a change in the range of ±3% in 7 days. 

 
Figure 8.11 (a): The generated Seebeck voltage of sample b in 7 days. (b): calculated Seebeck 

coefficient of single thermocouple in 7 days 

However, the maximum power output decreased from 0.5 nW to 0.25 nW (figure 8.12-

a) due to the increasing resistance. The change in resistance after 7 days is 143%. After 

linearly fitting (figure 8.12-b), the change of resistance in 50 days is 1168%, higher 

than the 94% of the screen-printed planer sample. 
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Figure 8.12 (a): The power output of sample b with the changing of load resistance in 7 days. (b): 

calculated Seebeck coefficients and resistance of single thermocouple in 7 days 

8.3 Top electrodes-binding dispenser printed TEGs 

Top electrodes-binding dispenser printed TEGs were also investigated because there 

is no structure layer needed to support the top electrodes. This non-fully dispenser 

printed 3D-structured TEG has no structure layer to support the top electrodes. Instead, 

the top electrodes were bonded onto the thermoelectric cubes using conductive Ag 

epoxy. The detailed fabrication process is illustrated in figure 8.13. 

 
Figure 8.13 Fabrication process of the dispenser printed TEGs 

For the binding process, conductive silver epoxy was smeared onto the cured cubes 

using a nozzle. Then the separately printed top silver electrodes pattern was bonded 

onto the cubes under a pressure, which is shown in figure 8.14. Here, the conductive 

silver epoxy was the same with that used in binding the conductive wire. 
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Figure 8.14 Images of a fully dispenser printed TEGs with 8 thermocouples in different fabrication 

processes 

In this experiment, two types of samples were fabricated. Sample 1 had a 2×2 cube 

matrix (2 thermocouples), while sample 2 had a 4×4 cube matrix (8 thermocouples). 

The Seebeck voltages along with the temperature gradient are shown in figure 8.15. 

 
Figure 8.15 The generated Seebeck voltage of top electrodes-binding dispenser printed TEGs 
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At a temperature gradient of 60°C, a single thermocouple can generate a voltage of 

2.65 mV and 5.9 mV calculated from sample 1 and sample 2 respectively. 

The curves of power output versus load resistor for sample 1 and sample 2 are shown 

in figure 8.16 and 8.17 respectively. The maximum measured power for a single 

thermocouple was only 0.18 nW, lower than that of the dispenser printed TEGs with a 

structure layer. 

 
Figure 8.16 The power output of top electrodes-binding dispenser printed TEGs, ∆T=20°C 

8.4 Discussion and future work 

In this chapter, using dispenser printing technology to vertically fabricate TEGs was 

investigated. The dispenser printer was demonstrated an ability to build up 3D-

structured thermocouples. However, the time spent on printing the cubes increased 

with the number of the cubes. From figure 8.17, with the desired resolution, printing 

the two cubes in sample (a) took nearly 100 minutes while printing the 16 cubes in 

sample (c) took over 700 minutes. 
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Figure 8.17 Time to print the thermoelectric materials cubes for different samples 

The printing time can be decreased by applying a dispenser printer with multiple 

nozzles to build up the thickness of the repeated pattern. Figure 8.18 illustrates a design 

for an inkjet printing head with 5 nozzles to print copper arrays [123], which 

demonstrated the idea of decreasing the fabrication time for printing repeated patterns.   

 
Figure 8.18 An illustration of inkjet printing head with 5 nozzles, after Khan [123] 

A possible reason behind the dispenser printed samples having a higher resistance than 

screen-printed samples, comes from the contact resistance of the junction between 

silver electrodes and the thermoelectric materials. For 8 printed thermocouples with 

bottom silver electrodes shown in figure 8.19, the whole resistance was 480 kΩ. The 

same BiTe and SbTe pastes were applied in this experiment. 
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Figure 8.19 Printed BiTe/SbTe thermocouples on silver electrodes 

The resistance measured using a multimeter is shown in table 8.2. The resistance of 

the junctions contributed 85% of the entire resistance. The resistance was measured 

using a Wayner Kerr 4300 LCR Meter. The applied AC voltage had a frequency of 1 

kHz. 

 Number range average 

BiTe legs 8 1.4 kΩ ~ 2.0 kΩ 1.6 kΩ 

SbTe legs 8 8 ~ 26 Ω 16.3 Ω 

Junctions 15 411 Ω ~ 9.6 kΩ 4.9 kΩ 

Table 8.2 Resistance of different functional parts in the above 8 planar thermocouples 

In addition, from figure 8.19, the overlap areas of the silver patterns and the 

thermoelectric materials patterns show a different colour from the other parts. A 

potential reason is that there was a chemical reaction between the silver electrode 

patterns and the uncured thermoelectric materials during the curing process. 

Elements 
BiTe 

film 

SbTe 

film 

BiTe over 

Ag 

SbTe over 

Ag 

C 9.28 11.05 9.25 11.87 

O 5.50 2.97 4.39 3.19 

Bi 36.49 0 25.67 0 

Sb 0 23.65 0 23.35 

Te 47.28 49.68 39.22 60.10 

Ag 0 0 12.35 0.17 

C+O in all detected 

elements 
14.97% 15.88% 15.01% 15.26% 

Table 8.3 Element ratio (weight %) from EDX measurement 

EDX measurements were taken to identify the elements in the BiTe and SbTe thick 

films and their overlapped area with silver. The thickness of the X-ray source can 

penetrate is set to be 20 μm, which is lower than the thickness of the BiTe and SbTe 
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thermolegs (70 μm – 90 μm). From table 8.3, there are 12.35% of and 0.17% of silver 

in the overlapped area with BiTe and SbTe, respectively. This demonstrated that silver 

particles migrated into BiTe and SbTe thick films. But the reason of the silver 

migration is much less in SbTe thick film rather than BiTe thick film is still unclear, 

which need further investigation. In addition, the weight ratio was initially mixed to 

be 7% - 10 %, which increased to around 15% after curing. The increase of C and O 

in thick film could partly explain the resistivity increasing in the thick films. 

In conclusion, dispenser printing is able to fabricate TEGs with 3D structures. 

However, the mechanism behind the high contact resistance needs to be further 

investigated. Evaporating and sputtering could be alternative solutions to deposit the 

bottom conductive electrodes. 
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Chapter 9.  Conclusion and future work 

In this thesis, the object is developing materials and processes that enable the 

fabrication of thermocouples on flexible substrate using printing technology for body 

heat energy harvesting application. Therefore, a flexible TEG device was essential to 

be achieved to match the nature uneven surface of human skin and meet the 

comfortable requirement of users. This object has been realising step by step from the 

previous chapters in this thesis. 

Ni/Cu based high temperature planer thermocouples have been printed on alumina 

substrate to investigate the possibility of printing technologies on fabricating TEGs 

devices. The poor adhesion of Ni thick film on ceramic substrate was successfully 

improved by printing a dielectric interface layer. 

In order to achieve TEG on flexibly substrate like Kapton, a suitable polymer binder 

should be applied instead of the glass binder for high temperature application. In this 

thesis, Bi and Sb screen printable pastes with epoxy binder systems were developed 

and Bi/Sb based low temperature thermocouples were fully screen printed and tested. 

An polishing process was found to make the printed Bi thermolegs conductive. 

With the developed polymer binder, low temperature screen printable BiTe and SbTe 

pastes were formed. A flexible TEG device was fully screen printed. The transport 

property tests for individual thick films suggested that the high electrical resistivity 

and the aging effect of the resistivity limited the thermoelectric performance of the 

TEG device, especially for BiTe material. 

Novel dispenser printed BiTe/SbTe TEGs with 3D-structured thermocouples were also 

presented in this thesis. However, the contact resistance between the electrodes and 

the thermoelectric materials remained as an issue to be solved in future work.  

The Seebeck coefficient and electrical resistivity of the pastes developed in this work 

are conclude in table 9.1. The resistivity increases with the increase of the carrier 

concentration. From chapter 2, the highest power factor appeared at the carrier 

concentration range of 1018 – 1020 cm-3, which correspond to the range of 

semiconductor materials. However, due to the high resistivity of the printed films, the 

power factor of BiTe and SbTe had no advantageous over their counterparts currently. 
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Carrier 

concentration 

(cm-3) 

Resistivity 

(Ω·cm) 

Seebeck 

coefficient 

(μV/K) 

Power factor 

(μWcm-1K-2) 

n-type material 

Ni -2.58×1020 4.86×10-4 -15 0.5 

Bi -3.07×1017 4.53×10-2 -58.7 0.08 

BiTe -8.89×1018 2.45×10-1 -129.2 0.07 

p-type material 

Cu -6.59×1021 6.40×10-5 3 0.1 

Sb 1.38×1020 1.24×10-3 27.6 0.6 

SbTe 2.13×1019 1.92×10-2 105.7 0.6 

Table 9.1 The Seebeck Coefficients, resistivity and carrier concentration of the developed pastes 

In order to integrate the printed thermocouples with the textile, an interface layer is 

required to provide a smooth surface for printing. In this thesis, a study on improving 

the adhesion quality of the silicone interface layer was made as well. 

From the research in this thesis, in the future, works about reducing the resistivity of 

the printed thick films will be done, which is pivotal to improve the power output. 

Cold Isostatic Pressing (CIP) is going to be applied on the low temperature BiTe and 

SbTe thick films to decrease the number of voids and densify the film. From the SEM 

images of the printed thick films, it can be observed that there are voids and holes 

between adjacent particles. Due to the flexibility requirement, the voids cannot be 

eliminated by melting the particles. Generally, the CIP process will apply a high 

pressure from all directions of the sample to densify it. The working principle is shown 

in figure 9.1.  

 

Figure 9.1 Illustration of wet cold isostatic pressing, after Kobelko [124] 
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Figure 9.2 Illustration of particles densification in CIP process 

The average distance between the highest peak and lowest valley in each sampling 

length is defined as a parameter (Rtm) and used as the measure of the surface roughness. 

After pressing, the Rtm value will decrease, while the size and number of the voids will 

also decrease theoretically. 

Another approach to densify the thick film is replacing the binder system with one that 

has a lower viscosity. More powers can be loaded into the pastes with the same 

viscosity because of a lower thinner binder, which also densify the thick films from 

the pastes point of view. 

Addictive of conductive polymer is another potential solution for applying TEGs onto 

textile [64]. With conductive polymers (normally PEDOT:PSS), the printed films will 

reach a reasonable resistivity by curing the films around 150°C. According to Kato 

and Jiang [125, 126], a PEDOT:PSS coated BiTe film could provide a resistivity of 

around 1-3 ×10-2 Ω·cm and a Seebeck coefficient of around 20-30 μV/K. However, 

PODOT:PSS was naturally separate from the BiTe particles when in paste form. 

Investing and optimizing the fabrication process of PEDOT + BiTe/SbTe pastes are 

valuable for realising TEGs on textile. 
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Appendix 8 
f=fittype('a/(b*x^(-1)+1)','coefficients',('a','b')); 

Vfunc=fit(RL,V,f); 

R=5:100; 

v=(Vfunc(R))'; 

% fit Power 

p=1000*(v.^2)./r; 

 

 


