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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 AT=20°C. Moreover, a dispenser
printed structured TEG was also demonstrated for its ability to achieve 3D structured

thermocouples with a thickness of 500 pm.

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/cm? when
the ambient temperature is around 20—25°C [5]. The surface area of an adult human
body is around 2 m?, 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



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.



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:

e 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.

e The demonstration of Ni/Cu thermocouples with improved adhesion of nickel
thick films to an alumina substrate.

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

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

e Dispenser printed 3D structured BiTe/SbTe TEGs on flexible substrate.



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 b

.........................

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].



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 (E¢). The Fermi level (Er) 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.

Ho " @ @ @ . ol

+ AV<0 -

T N

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 AT is applied across it. The Seebeck
coefficient a is defined as the potential developed, in Volts (V), per unit temperature
difference, in Kelvins (K):

_dv V.-V,
dT ™ T, — T,

a (2.1)

In this equation, Vi is the voltage at the hot end while V. is that of the cold end. The
polarity of V. with respect to the Vi determines the polarity of a. 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



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 o, AT =n-ay, (T, — T.) (2.2)

Here, a. is the Seebeck coefficient of the junction between the materials a and b, AT
is the temperature difference and n is the number of the thermocouples. The value of

aab 1s calculated as [13],

Oyp = (atAT - 0) (2.3)

\Y
n-AT
It means that, for small temperature variations, the thermoelectric voltage V and
Seebeck coefficient o., 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 pV/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 a., 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
1s 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 Qp is

given by [13]:

Qp = Tap - | (2.4)

Where I is the applied current and =, 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 m., is positive when the current flow is
clockwise, which causes the left junction to absorb heat from its surroundings. When

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

Ty = % (at AT — 0) (2.5)
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Heat
absorption

Current
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Figure 2.3 Schematic of Peltier effect
The transferred heat Qp 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-I?, which provides an invariably positive Q value, the transferred heat
Qp can be either positive or negative depends on the sign of electric current I. When
the transferred heat Qp of a junction is positive, it is releasing heat and is the hot side

of a Peltier Device. When Qp 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 AT 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]:

Map
U =~ (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



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 (o.,) and the Peltier coefficient (m.,) 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 a./on and mwa/mw, this gives

equation 2.7.
Ogh = —0Opa = Ay — Ay and Ty, = —Tp, = T, — T, (2.7)

So, if the Seebeck coefficient of material a in thermocouple a/b is already known, such
as 1.51 pV/K of silver [16], the a 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 Z is given
by [13]:

aZp

Lic =

= — 2.8
Ptc * 7\tc ( )

Here, aab 1s 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; pr is the equivalent electric resistance of the thermoelectric junction;

At 1s the thermal conductivity of this junction. Calculating this requires independent

10



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, p, 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:

A Vy w-d

Here, d is the thickness, w is the width, and 1 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. Vap 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 V.

11



Current I

Figure 2.4 Principle of Hall effect measurement
According to Chien [17], the Hall coefficient Ry is defined as
EX d- VH

1
=X _ - 2.10
H™iB™ 1B ne (210)

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 Vy 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/(|Ru | - e) as described in equation 2.10.

c. Carrier mobility: The relationship between carrier mobility and conductivity is
given in equation 2.11:

! —|R|1 2.11
—~=IRy (2.11)

Y

Ol

n=

Here, p 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]:

_ Q/A
= Ta (2.12)
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Where Q is the heat transferred through the cross section A when there is a temperature
gradient AT across a distance of Al. So, thermal conductivity A can be calculated if Q
and AT 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, A 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: Ae from charge carriers and A 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

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 AT 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 AV with AT. Hence, a dense
sequence of measurements of AV and AT 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]:

V.
agy = lim (———) (2.13)
V13-Vas Vi3 — Voy

Where V13 is the voltage measured across the sample connections 1 and 3 and Va4 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, as can

be considered approximately equal to os..

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.

1
1025
Free carrier concentration (m3)

Electronic
contribution

Lattice
contribution

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
o’c curve is found in the carrier concentration range on the orders from 10'8— 10?° cm

3 (10**=10%° m™) based on the literature [8, 22].

Materials p (Q-cm) A (W/(m-K)) | a(uV/K)
copper 1.712x107 401 1.83
nickel 7.12x10°° 90.7 -19.5

Bismuth 1.07x10* 7.87 -70

Antimony 3.9x10° 18.4 40

p-BixTe; 1.4-3.8x1073 1.5-2.5 224

n-BixTes (intrinsic value) | (intrinsic value) -227
SbyTes 2.5-6x10™ 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 pV/K, 1 —3x107 Q-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 R, as shown in figure 2.8,

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

Material b

RL

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 o.b. Hence, from equation 2.3, the Seebeck voltage of such a
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thermocouple is Vic = aap'AT. The equivalent electric resistance R represents the total

series resistance of both thermoelectric materials and the junctions.

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:

Ry
- V2 s .y - AT)2
p=v-1=—R e Z(ab ) (2.14)
RN R (1+s) R
(1+3)

Where s=R1/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. Vi is the Seebeck voltage

generated by the thermocouple.

0.26

0.255
0.25

0.245 / \
0.24

0.235 /
0.23

0.225 /

0.28

s/(1+s)?

5 1 1.5
s

Figure 2.9 s/(1+s)? 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 (oab-AT)*/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 R{=R

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

(0apAT)?
Prhax = 34—R (2.15)
The conversion efficiency ¢ of such system is:
ower comsumed by the load (P
p y (P) 2.16)

B heat energy absorbed in the thermocouple(Q)

The heat absorbed in system, Q, is comprised of Peltier heat Qp = ap Tyl, conducted
heat Q. = A’'(Ty — T¢) and Joule heat Q; = —%IZR', where A’ is the parallel thermal

conductance of n-type and p-type thermal materials and R'is their series electric
resistance, equals to R+Rr. The conversion efficiency can then be written as [15] :
IR,

¢ = T (2.17)
Qap Tyl + A (Ty — Te) — EIZR’

This equation can be simplified to:

¢ =

(T“ _ TC) Ry/R (2.18)

Ty %— Te/2Ty + 1/ZTy

Here, Z = (aa)*/A'R' is the figure of merit of a thermocouple, which is the most
important characteristic to evaluate the thermoelectric material. Furthermore, we have
Ri/R' <1 and Tu > Tc results Tc/2Tu < 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

(Tu-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:
(ab - aa)z

“e = [0 ) + (pa W) 7P (219

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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0(2

Z:m

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

(2.20)

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

1/A 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'!.
14 (a) 14 (b)
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12 Byt sice "1 ShTe, Yo, MnSb,,
100 =0 pote Cosh 101~ CeFesSb,
=08 = 08 PbTe " si
N N ‘ iGe
06 0.6
02 0.2
0

I L I 0 1 | ! 1
0 200 400 600 800 1,000 0 200 400 600 800 1,000

Temperature °C Temperature °C

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, Bi;Tes; and Sb,Te; 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.

Heat absorbed

Substrates

Themoelectic 2 NN~ /
elements Metal /S RNESLN " Exiemal
interconnects ™y electrical

connection

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 pm.
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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 i1s (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 Highest TE-
Deposition ocessin Seebeck Resistivit efficiency
Substrate | Fabrication methods | thickness tIe)m eraturge coefficient (Q-cm) Y factor 7T Reference
p—leg n—leg (Hm) IEOC) (HVK_I) (HWK_
2cm-2)
p-Si n-Si Sion Ton implanting, RIE 0.4 925 530 > 100 0.0011 N/A [28]
sapphire
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 Ultra-high vacuum . 3
SiGe quantum Poly-Si Si CVD (UHV-CVD), ?o? é?(?es) N/A 160 E: 83;:}83 0.251 0.566 [31]
well doping e
Cr Ni Si PECVD 0.15 N/A 35.6 p1.29x10% | 05 N/A [32]
) ) n: 0.72x107° )
(Bi, Sb);Te BisTe; Si Co-sputtering, dry 20 300 340 N/A 24 0.9 [33]
etching
Bi-Te-Sb Bi-Te Si Hot pressing, 600 250 200 N/A 5 0.75 [34]
electroplating, dicing
Bio3Sby.7Tes Bi,Te; Glass Aecrosol deposition 350 400 260 1.3-1.7x107 9.3 N/A [35]
Cu Ni Kapton Evaporating 0.2/0.1 N/A 16 N/A 7.4x10°3 0.003 [36]
. 3
(Big25Sbo.75)2Tes | Bia(Seo.1Teoo)s Kapton Sputtering 1 300 370 E ) ??i}83 0.089 N/A [37]
BiisiTesso BisesTer SU-8 Electrochemical 350 200 340 1.5x10° 12.5 0.02 | [38,39]
mould deposition
- . -3
SbyTes BisTe; Kapton | RF I:;‘li‘t‘:rtfr‘l’g co 0.5 225 108 P }'gi }8_2 9.52x107 | N/A [40]

Table 3.1 Characteristics and performance of nTEGs 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 (LUTEGs). The review of uTEGs 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 pWTEGs are explained in detail in this section.

3.2.1.1 Si, SiGe compounds and metals based TEGs

Silicon (Si) and poly-Si based WTEGs 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 uTEG 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 pm with a separation of 100 um. The
doping depths (thickness of the thermoleg) was 0.4 um. The implanted carrier
concentration for both the p- and n-type were 5x10'° cm™, which yielded a Seebeck
coefficient of 530 uV/K. At a temperature difference of 10K, the open circuit voltage
for one thermocouple with doping depth of 0.4 um was 5 mV; and the output power

per area is 0.11 pW/cm?.

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
1s shown in figure 3.1, with an area of 49 um x 10.9 um. 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 2.5x10%° ¢cm® 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 x 2.2 mm
to be realised. A poly-Si u'TEG with a temperature gradient of 10 °C generates an open

circuit voltage per area of 27 V/cm? and an output power per area of 6 uW/cm? [30].

Figure 3.1 Schematic of BiICMOS thermocouples realization, after Strasser [29]
With the state-of-the-art CMOS fabrication process, Yang and co-workers [31]
presented a poly-Si based n”TEG 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 W'TEGs have advantages
such as compatibility with IC technologies, and the benefit of scaling the size down to
um range, the cost of the fabrication process is still high. Moreover, for Si-Ge based
UTEGs, 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-Sh-Te based TEGs

Similar thin-film fabrication technologies have also been applied in the fabrication of
Bi-Sb-Te based WTEGs. Bottner and co-workers [33] obtained 20 um thick p-
(Bi1,Sb),Tes/n-Bi;Tes 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 pWem™'K2 for n-material and 25.3 puWem™' K2 for p-material. Hence,
the combined power factor is nearly 40 uWem 'K, Here, power factor (o/p) 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 um. The growth rates of sputtered BiTe
is in the range of 5 um/h [33]. Based on this limitation, researcher developed other

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

n-type p-type
Electrodes
1) Substrate
( )F . i wafer o Si Wafer ————
ormation /Bumps\.
N o N o il o) o e S o W o\
. n-Bi,Te p-Bi,Sb,Te
(2)Bump Formation > Ul S UJ
o Y fany L - £ fan) fan

(3)First Joining n-Bi.Te p-Bi,Sb,Te |
1 [ ]
Elements,
(4)Cutting and r \ﬂ ﬂ
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(5)Assembling E: ] : ] j

(Second Joining) I I

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 pTEG 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 a2 mm % 2 mm X 1.3 mm sized module with 104 thermocouples (80 pm x 80 um
x 600 um 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 uW 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 um. 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 uTEG has a bending radius of curvature
of 9 mm. For single thermocouple, the Seebeck coefficient is 20.6 uV/K.

| I— |
Heat flux o
w_Polyimide
/ Sheet
Cu Ni
Heat sink *
Sheet

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-
(Bi0.25Sbo.75)2Tes/n-Bia(Seo.1 Teo.)s 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 Biz.¢sTe2.32 with 46% Te
content and the n-leg is Bi1.61Tes.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 puW/cm? 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 uTEG. (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 Sb2Tes/BixTes thin film uTEG 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.

L
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Figure 3.5 A co-sputtered thin film SbTe/BiTe uTEG. (a): p\TEG on Kapton. (b): schematic of the thin
film uTEG, 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

29



the electric current generated in thermocouples (p > 100 Q-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 a and p. 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 pm/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 U'TEGs 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.

Paste Formation
For High temperature cured For Low Temperature paste:
paste: Active powders + ceramic | Active powders + polymer
binders + vehicles 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.

Thickness
building
Drying: up
Make the solvent evaporate from the pattern
Curing or Firing:

For High temperature curing paste: For Low Temperature paste:

Firing in high temperature to melt the | Curing in low temperature to cross-

ceramic binder link the polymer binder

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
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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.

screen
frame
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Qm@mmmmmm

emulsion
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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
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depositions are applied. The typical thickness for a single layer can be 10 pm — 100

um 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 ef 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 a/ [47] reported a fabrication process for organic thin-film
transistors (TFTs) that included two screen printing steps with smallest feature of 200
um. A graphite-based polymer gate, drain and source electrodes were screen printed
on each side of a 1.5 pm-thick polyester film which acted as both the dielectric layer
and insulating film simultaneously. The field-effect mobility ppgr is 6 x 102 cm?V-'s”
!, which is close to that of conventional amorphous hydrogenated silicon TETs

(between 10! and 1 cm?V-!s) [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 um [41], while the

typical dimensions are around 1 pm 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 um — 100 um 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.

Pressure controller

air hose

‘__.—syringe

computer '
substrate

u W
| |

4
~N

controller

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 Printed Printed
dot line 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 um. This demonstrated dispenser printing can be applied as
a low cost technology which is capable of fabricating electronic devices with relatively

larger thickness (> 50 pm).

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
Pressure source Squeegee Air pressure

~10 pm to ~ 500 um ~1 um to ~5 mm

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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Size of single

Seebeck

Therrnocpuple Binder and vehicle Substrate Fabrication clement (L*W*H) Cur.n}g coefficient Resistivity Power -t;act(_)lr 7T Reference
materials system methods (mm) condition (WV-K) (Q-cm) (WW-K~cm™)
p-type NiCr Polyester, cellulose Screen 937
- - and conductive polyester P 40*N/A*N/A N/A N/A N/A N/A [54, 55]
n-type Ni-Panipol polyaniline printing -12.5
-type ZnSb it o- ~230 ~3.35x10%2 1.6
PP Glass frit, o Alumina Screen 5%5%0.05 500 °C N/A [56, 57]
n-type CoSbs Terpineol printing -49 4.75x1073 0.5
p-type Sb Order of 1072
ethylene glycol, Kapton Screen 10%0.5*0.003 N/A 97 N/A N/A [58]
n-type Bio.ssSbo.1s printing Order of 10!
p-type BiosSbisTe; o 1.28x10°!
Polystyrene, toluene ALO; Screen 8%12%0.08 250°C, 123 N/A N/A [59]
n-type BizSbosTez.7 printing 10 hrs 3.17x1072
p-type SbaTes epoxy resin, butyl Kat Dispenser 550 64%0.09 250°C, 3 160 1.6x10° 1.5 0.19 60. 61
- Iveidvl eth apton it . . h N [60, 61]
n-type BirTe; glycidyl ether printing Is -157 2x10° 1.4 0.18
p-type BiosSbysTe; | SPOXY resin, butyl Kapton Dispenser 5%0.6%0.12 250°C, 278 421072 1.8 0.2 [62]
cT glycidyl ether printing o 12 hrs ' ' )
p-type Sbi.sBigsTes | 3-mercaptopropanoic Glass, Ink-jet N/A 400°C, 177 1.6x1072 1.83 N/A [63]
n-type Bi,Tez7Seq 3 acid (MPA), water Kapton printing 30 mins -139 4.8%x1072 0.77
PEDOT:PSS o 0.74 4x104
N/A Textile Screen 140%10%0.02 120°C, 10 N/A [64]
PANI printing 10 mins 136 2%10-6
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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.

1 cm

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 AT = 80 °C, the voltage generated by

a single thermocouple is I mV.

Lee et al. also demonstrated screen printed WTEGs [56, 57] using ZnSb and CoSbs 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/mK? compared to a power
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factor of 0.258 mW/mK? 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
CoSbs thermocouples were vertically printed to build up the thickness. The size of an
individual thermoleg was 5 mm % 5 mm x 50 pm. The output voltage was 13 mV from

a temperature difference of 20°C, while the output power is around 10 pW/cm?.

Alumlna substrate — (d) Fabricated TE module I
Cu electrodes
printing / / /
Bottom
Thermocnupleq: l /
Tintin;
g 8 ! fc= 615 pm
Bottom { / = 50 pum
.3 fe= 615 um

(©) _ { A Y
Bonding e/ W ...

Top Bottom { + -

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].

HOT SIDE

COLD SIDE

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 ef 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 4um)
and Bio gsSbo.15-alloy (particle size 37um) 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. BiogsSbo.is—alloy was chosen as n-type
thermoleg because of a higher thermopower than pure bismuth [65]. The electrical
resistivity of the Bio.gsSbo.15 film was around 10™! Q-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 nV/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 um which is ideal for screen printing technology. The n-type thermoelectric
material was Bi>Seo.3Te27 while the p-type was BiosSei.sTes. 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 Al>O3 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 x 1.2 cm x 80 um (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 uV/K and the resistivity of p-type and n-type screen-printed films
were 0.13 Q-cm and 3.2x102 Q-cm respectively. The laser annealed p-type BirTes
sample was printed on PEN. The optimized resistivity and Seebeck coefficient were
0.125 Q-cm and 90 pV/K respectively. The highest power factor reported by Navone
was 0.06 uyWK?cm™! 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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(b)

. Coiled
Electrical 50-couple
Leads Device

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]

1. Evaporate Metal Interconnects

2. Print N-type Semiconductor

' 3. Print P-type Semiconductor
P 4 .

4. Heat/Cure

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
BixTes and Sb,Tes inks were dispenser printed across the top and bottom contacts
individually. The average particle size was 10 um 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 x 640 pm x 90 pum and the space between two
adjacent p- and n-type semiconductors was 360 um. 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 pA from AT=20°C, which gave a power of 10.5 uW. The thermoelectric
properties were optimized under different curing conditions in the same group [61].
The resistivity of SbaTes thick film was reduced to 3.2x10” Q-cm while that of BixTes
thick film was still high at 5.9x10"2 Q-cm when cured at 350°C for 12 hours.

In order to reduce the resistivity of Bi>Tes thick films, Madan et al. [62] developed a
TEG with p-type Bio.sSbi1.sTes 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 uW from a temperature gradient of 20°C.

Printed TE
Elements

Metal Traces F|EXIb|e p0|ylmide SLIbStl'ate

P
8wt% Te composite lines

Figure 3.17 Illustration and image of dispenser printed p-type BiosSbi sTe; 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 x 14 cm and according
to the SEM figure, the thickness of printed PANI and PEDOT:PSS are 25—50 pm and
15—20 um 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 uV/K and that of PEDOT:PSS sample was
+18 nV/K. The expected Seebeck coefficient of PEDOT:PSS/PANI thermocouple was
+3 uV/K. However, the observed value was +10 uV/K, which the author claimed was

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

Electronics with wireless module

'"Watch'-style thermoelectric generator ~ Commercial finger pulse oximeter

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 uW, while the capacitor connected with the TEG provided an average power of
100 uW when the ambient temperature is 22°C or below. A 38 mm x 34 mm-sized

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

0f 0.21 mm % 0.21 mm x 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 BixTe; 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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Al

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 Bi»Tes 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 pV/K.

Torfs Leonov Kim
Integration . , Hiding under Use textile as
me%hods Watch’-style te)iile structure layer
Fabrication N/A (Classic commercial Micro Dispenser
methods BiTe thermopiles) machining printing
Size of one 38 %34 %12 40%30%6.5 | 80*45%0.5
modular (mm)
Hot source Body heat (32°C)
Cool source Room temperature (around 23°C)
Flexibility Inflexible Inflexible flexible
Voltage 1.2-2V 71 mV 2.1 mV
Power output 100 uW 57—-T1 uW 0.015 uyW
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.

(a)

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
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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 pum 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 um [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.

Powders

Binder system
(Glass frit + vehicle
or -
polymer binder + solvent)

Curing,
BTU furnace

/ﬁl Prlntahr\J q

j(‘p ? ”\ 4 Printing,
‘7_/

DEK printer

- b "\_/

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 PercenFage by
weight
. Alfa Aesar, -325 mesh, 0.37 micron o
Nickel flakes 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 x 20.32 cm) with
a mesh opening of 54 pm and an emulsion thickness of 28 um. In this experiment, the

drying conditions for each layer of nickel pattern were 125°C in a box oven for 4 min.

Ink formulation Quality of
(Nickel : Glass Firing condition Sample name adhesion on
binder) substrate™
370°C, 10 min, Nitrogen Sample01 1

370°C, 20 min, Nitrogen Sample02 1
450°C, 10 min, Nitrogen Sample03 1
80% : 20% 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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Ni thick film

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 mQy/O 595.57 mQ/O

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.

57



Ni electrodes 2cm

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.

Al interface layer

Figure 4.6 Tape test of screen printed Ni layer on evaporated Al film
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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.

N ULLICK XTIy

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.

D cm

Stuck N1 powders

Ni electrodes

i on alumina ¢
te ~a =

Dielectric interface layer

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 X 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 x 12 inches (30.48 x 30.48 cm) with mesh openings of 54 um and an

60



emulsion thickness of 28 um. The samples of Ni thick films on a dielectric interface

layer and the dielectric layer alone are both shown in figure 4.9.

Dielectric interface layer

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 AT between two points of the sample and
the potential difference AV 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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Sample holder Soldered conductive wire
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™) -7.1x10%° -1.2x10%° -2.58x10%°
Mobility (cm?/(V-m)) 1.8 8.5 6.27
Resistivity (Q-cm) 4.81x10"* 4.89x10™ 4.86x10*
Hall coefficient (cm®/C) -1.5x1073 -8.8x1073 -3.05%1073
Seebeck coefficient (LV/K) -13 -17 -15
Literature values
Carrier concentration (cm™) N/A N/A
Mobility (cm?/(V-m)) N/A N/A N/A
Resistivity (2-cm) 8.1x10° [81] 1.1x10"* [82]
Hall coefficient (cm®/C) | -3.05x10 [83]
Seebeck coefficient (LV/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 to 10* Q-cm.
The average resistivity value of the tested samples is 4.86x10* Q-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 uV/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 pm. 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 . Percentage by
ink Detail type weight
Copper flakes Alfa Aesar, -325 mesh, 99% 90%
: Ferro Corporation, 0
Glass binder 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.

& 1 y —
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.

300pA  Signal A= SE1 Date :4 Mar 2011 s
" Chamber = 5.22¢-004 Pa  Time :12:05.58

Cu powder Melted glass binder
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.

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 pm) measurement of copper thick film by different methods

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.
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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 pm thickness, the sheet resistance is 9.1

m€/0O. 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 mQ/[.

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 mQ/O1

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™) | -2.42x10°! -1.06x10%2 -6.59x10%!
Mobility (cm?/(V-m)) 5.9 84.1 30.5
Resistivity (QQ-cm) 1.2x107 1.6x10* 6.4x107
Hall coefficient (cm?/C) -3.25%x10* -2.58x10* -5.87x10*
Seebeck coefficient (WV/K) 3
Literature values
Carrier concentration (cm™) N/A N/A -12.1x1022 [88]
Mobility (cm?/(V-m)) N/A N/A N/A
Resistivity (Q-cm) 1.8x107 [89] 29.7x107 [89] N/A
Hall coefficient (cm?/C) -50x107 [89] -5x107° [90] -5.2x107 [91]
Seebeck coefficient (WV/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, 1 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
29.7x107 Q-cm to 1.8x107 Q-cm [89], which is higher than that of screen printed high
temperature cured copper thick films. The resistivity value of bulk copper is 1.7x10¢
Q-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
1.08x10* Q-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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ﬂlnterface layer print and dried at 150 °C Interfaie layer
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ﬂ Nickel layer print and fired at 850 °C

Alumina |

ﬂ Copper layer print and fired at 750 °C
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ﬂ Electrodes print and cured at 125 °C
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Figure 4.17 Illustration of the high temperature Ni/Cu thermocouple screen printing process

Cu Silver electrode Ni

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 x 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
x 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 pm and the average thickness of nickel
film is 1.5 um. 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 um while the thickness of the nickel
particle is in the range from 1 to 2 pm 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.

Thermocouples

Multimeter Thermometer

T

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.

Thermo-
meter

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—AT curve is the Seebeck coefficient of the tested device. From equation 2.3, the
Seebeck coefficient for single Ni/Cu thermocouple is 9.8 pV/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 Q while the resistance of 2 thermocouples was around 4 Q. 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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Thermocouples
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Variable RL N

Thermometer v

Multimeter

Figure 4.22 Illustration of the power output measurement circuit setup
The power output P is calculated by P=V*Ry. V is the voltage across the load
resistance. Ryr 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=Rr-(n"aniicu'AT)/(R+RL)= (n-anicu'AT)/(1+R/RL), derived from figure

2.8. From this equation, the fitting could be made through few assumptions:

e The number of the thermocouples is fixed for specific TEG device. Here, n=8.

e The Seebeck coefficient of the Ni/Cu thermocouple is unchangeable when the
temperature at both ends are fixed. Hence, when AT and n are known and
unchanged, the denominator part of the above equation, n-onicu'AT, could be
considered as a coefficient a.

e 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.

e Ry is variable load resistance read from the resistor panel, each Ry value will result
a voltage value.

From the equation above, the load voltage can be expressed by V=f(Ryr), here, Ry 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.
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Figure 4.23 power output and voltage of the 8 Cu/Ni thermocouples as a function of load resistance at
a 20K temperature difference
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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 Q 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 Q 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.

AT=20°C AT=40°C
. 30.66 35.48
Resistance for 8 thermocouples (€2) (30.2-31.12) (34.91 — 36.05)
Resistance for single thermocouples (€2) 3 7; fé 89) 43 ;‘ fj 51)
Maximum power output for 8
thermocouples (nW) 82.16 343.68
Maximum power output for single
thermocouples (nW) 10.27 42.96
Calculated onic. from Seebeck voltage 93
measurement (LV/K) :
Calculated onyc. from close-loop power 19.84 21.83
output measurement (LV/K) (19.71 — 19.98) (21.65 —22.0)

Table 4.8 Summarize of calculated values from Seebeck voltage and power output measurements
with different temperature difference

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 uV/K) is greater
than that of thick-film nickel (-13 — -17 pV/K). However, the Seebeck coefficient of
bulk copper (1.83 nV/K) is smaller than that of thick-film copper (3 pV/K). A possible
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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 a 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

uV/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
uV/K (at AT=20°C), compared with 9.8uV/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 p compared with bulk material | 3738% | 6226%

change of o 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.

) Silastic Sylgard
Binder system Polyurethane silicone silicone Epoxy
Percentag§ of Cu by 859 85% 859 859
weight
Mixing method Triple roll mill
Printing ability printable
Layers of films 2
Drying condition 85°C, 2min, box oven
Curine condition 150°C, 150°C, 150°C, 250°C,
uring co ° 10min, In N2 | 10min, In N2 | 10min, In N2 | 10min, In N»
Alumina,
Substrate Kapton Kapton Kapton Kapton
Adhesion* 1 5 5 6
Flexibility (on
Kapton) 8 / / >
Sheet Resistance on
first day (Q/C]) Out of range | Out of range 5-11 2.7-4.6
Sheet Resistance on
third day (Q/C1) N/A N/A 1 k-100k > 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 1x107 Q-cm to 5x10® Q-cm.

In this case, out of range indicates the sheet resistance is higher than 5x10® Q-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.

. Polyurethane | Emulsifier .
Composition KY-B KY-C Water Thickener KY-A
Ratio 90% 10% g filler ~ Iml 1% of all mixture
water

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—-35 | 3-35
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 /[0, 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].
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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 C1gH21ClO3. The molecular

structure is shown in figure below.

mer mer

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 x 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.

R (before peel-off) | ~50Q
R (after peel-off) | ~400 Q
Percentage changed | 700%

Table 5.4 Resistance change of Cu thick film before and after peel-off from alumina substrate
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 x 107> Q-cm, which is over 1000 times higher than that of the high
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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™) 6.94x10%° 3.48x10%! 1.89x10?!
Mobility (cm?/(V-m)) 1.23 6.14 3.4
Resistivity (Q-cm) 1.45%1073 1.47x1073 1.46x1073
Hall coefficient (cm’/C) 1.79x1073 9.0x107 4.98x107

Table 5.5 Transportation properties of Cu paste with epoxy binder

Epoxy
binder

).

10 pm Mag= 240KX Beam Cument= 40.0pA Signal A=VPSE G3 Date :16 May 2012
WD = 6.0 mm EHT = 15.00 kV Chamber= 70 Pa Time :12:43:28

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

85



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 N>
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.

Physical properties Minimum value | Maximum value | Average value
Carrier concentration (cm™) | -4.86x10%° -3.99x10%° -4.42x10%°
Mobility (cm?/(V-m)) 2.41 2.93 2.66
Resistivity (Q2-cm) 5.33x107 5.36x107 5.34x1073
Hall coefficient (cm?/C) -1.56x1072 -1.29x1072 -1.42x1072
Seebeck coefficient (WV/K) | N/A N/A -10

Table 5.7 Transport properties of Ni paste with epoxy binder

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 um 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
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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.

10 pm Mag= 253KX  Beam Curent= 40.0 yA Signal A= SE1 Date :16 May 2012 PSRN
WD = 6.5 mm EHT =15.00kV  Chamber = 4.53e-004 Pa Time :12:30:52

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 Q
R (after peel-off) | ~13Q
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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| Alumina Substrate
ﬂNi layer printed and dried at 85 °C for 2 min

Alumina Substrate |

ﬂCu layer printed and the printed thermocouples cured at

250 °C for 10 min

Alumina Substrate |

Figure 5.7 Fabrication process of low temperature Ni/Cu thermocouples

The thickness of the Cu was 91 um and that of the Ni was 18.7 um. 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.

Ni Cu

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 Q
After open circuit voltage test > 100 kQ

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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Cu sample | Ni sample
Carrier concentration (cm™) | 3.5:1 0.58:1
Mobility (cm?/(V-m)) 9:1 2.36:1
Resistivity (-cm) 1:22.73 1:11.11
Hall coefficient (cm®/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)

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.
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WD =125 mm

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

=8 - s = N
200 pm Mag= 56X Beamn
EHT = 15.00 kv

A N {0 N L g
Current= 300 A  Signal A = SE1 Date :28 Jul 2011

=

Figure 5.10 SEM image of polyester-cotton textile surface

resistivity and waterproof ability [96-98].

Chamber = 3.51e-003 Pa
s

Time :14:15:52

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)

38t0 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

203.3t0 261.1 °C

Resistivity (Q2-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 DQW.Cornlng LCF-9601 Textile 100

Printing Base

Dow Corning 9600 Series Textile 33375 cP
Catalyst Printing Ink Catalyst 30
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.
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Textile :

Silver
on
textile

Mag= 66X Beam Current= 30.0 yA Signal A= VPSE G3 Date :28 Jul 2011
WD =13.0 mm EHT =15.00 kV Chamber= 40 Pa Time :14:36:22

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.
Stencil print a silicone interface layer on textile substrate.

Dry the silicone interface layer and built up the thickness if necessary.

Sl

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 Drying condition quality of adhesion of
production method (method, time) silver electrode layer*
Oven** 1
Hot plate, 100°C, 30s
Hot plate, 100°C, 60s
IR, 24s
IR, 21s
IR, 18s
IR, 17s
IR, 16s
IR, 15s
IR, 14s
IR, 13s
IR, 10s
IR, 14s
IR, 12s
IR, 10s
IR, 8s
Machine stencil printing IR, 6s
IR, 5s
IR, 4s
IR, 3s
IR, 2s

*Scale: 10-exellent; 1-very poor.
**Shown are the best results from different curing times.

Hand stencil printing

N[N N[N |[WIWIWIN| R [RARODNINNN == =N =

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 pm while that for the machine printing was 100 pm. 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.

1 cm Missing silve

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.

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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Mag= 116X Beam Current = 30. MA Signl A=VPSE G3 Date:
WD =125 mm EHT = 15.00 kv Chamber = 40 Pa Time :14:39:41

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.
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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 pV/K and 40 uV/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 pV/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 x 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 pm

Mesh thickness 130 um

Layers of printed films 2

Drying condition 100°C, 3min, box oven
Curing condition 250°C, 10min, in N>
Substrate Alumina

Adhesion' 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 200°C 250°C 270°C | 300°c | Bulk
temperature value
Resistivity |y 594 11x100 | 72677271071 A | WA | 1.07x10%
(Q-cm)
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.

!'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 qught % on Weight % on
unpolished surface polished surface
C 38.02 2304
O 5.77 740
Bi 53.57 66.67

Table 6.3 Elements ratio on Bi thick film surface before and after polish

10 pm Mag= 910X Beam Current= 30.0 pA  Signal A= SE1 Date :20 Jul 2012
WD=110mm  EHT=2000kV Chamber=126e-003Pa Time :10:46:18 !

Mag= 916X Beam Current = 300pA  Signal A = SE1 Date 20 Jul 2012
WO = 11.0mm EHT =« 2000kV  Chamber = 6 83e-004 Pa  Time :11.0003

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?™) | -4.63x10'7 | -7.71x10'® -3.22x10"7
Mobility (cm?/(V-m)) 7.67x10° 1.98x10! 1.21x10!
Resistivity (Q2-cm) 1.09x10° 4.09x10° 2.43x10°
Hall coefficient (cm®/C) -1.35x10! -8.01x10! -2.85x10!
Values of screen printed Bi thick film 250°C cured
Carrier concentration (cm™) | -4.30x10'7 | -3.19x10" -3.07x10"7
Mobility (cm?/(V-m)) 3.02x10? 4.62x10° 3.80x10?
Resistivity (Q2-cm) 4.81x107 4.88%1072 4.53x1072
Hall coefficient (cm?/C) -1.96x10! -1.45%10! -1.70x10!
Bulk values in room temperature
Carrier concentration (cm™) N/A N/A -2.2x10'%[19]
Mobility (cm?/(V-m)) N/A N/A N/A
Resistivity (Q2-cm) N/A N/A 1.07x10[16]
Hall coefficient (cm®/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 (uV/K) -60 ~ -57
Average Seebeck coefficient value (WV/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™) is lower than that of Bi powders (9.78 g/cm™) [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.

A d - : i ¥ LR TEn g 3 A i -
Mag= 1.00KX Beam Curent= 30.0pA Signel A=SE1 Date :20 Jul 2012 i Mag= 134KX Beam Cument= 300pA Signal A= SE1 Date :20 Jul 2012
WD=105mm  EHT=20.00KV  Chamber = 4.69e-004 Pa__ Time :11:13:02 — WD=105mm  EHT=2000kV _ Chamber = 3.70e-004 Pa__Time :11:23:48

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

o
by weight 0%
mixing Triple roll mill
Mesh opening 149 um
Mesh thickness 130 um
Screen Printing .
ability printable
Layers of printed
2
films

Drying condition

100°C, 3min, box oven

Curing condition

250°C,
10min, in N»

270°C,
10min, in N»

350°C,
10min, in N»

450°C,
10min, in N»

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™) 5.95x10!® 6.94x10" 3.35%x10"
Mobility (cm?/(V-m)) 3.11 36.4 16
Resistivity (Q2-cm) 2.89x1072 2.90x1072 2.89x1072
Hall coefficient (cm?/C) 8.99x1072 1.05x10° 4.62x10"!
Seebeck coefficient (LV/K) 15 23 18.5
Sample 2: 270°C cured
Carrier concentration (cm™) 1.17x10%° 1.80x10%° 1.38x10%
Mobility (cm?/(V-m)) 28 43.4 37.7
Resistivity (Q2-cm) 1.24x107° 1.24x107° 1.24x107
Hall coefficient (cm?/C) 3.46x1072 5.36x10 4.67x1072
Seebeck coefficient (LV/K) 25.1 28.7 27.6
Sample 3: 350°C cured
Carrier concentration (cm™) 1.24x10%° 1.48x10%° 1.34x10%
Mobility (cm?/(V-m)) 58.5 73.6 65.3
Resistivity (Q2-cm) 7.14x10* 7.22x10% 7.18x10*
Hall coefficient (cm’/C) 4.22x1072 5.30x10 4.69x1072
Seebeck coefficient (WV/K) 23 25 24
Sample 4: 450°C cured
Carrier concentration (cm™) 8.99x10" 1.20x10%° 1.06x10%°
Mobility (cm?/(V-m)) 42.4 61.9 53
Resistivity (Q-cm) 1.12x1073 1.12x107 1.12x1073
Hall coefficient (cm?/C) 5.19x107? 6.94x1072 5.93x102
Seebeck coefficient (WV/K) 26.6 27.1 26.8

Bulk values in room temperature

Carrier concentration (cm™) N/A N/A 4.2x10"[19]
Mobility (cm(V-m)) N/A N/A N/A
Resistivity (Q-cm) N/A N/A 3.9x107[16]
Hall coefficient (cm?/C) N/A N/A N/A
Seebeck coefficient (LV/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.

Powders come off the surface

Sample 1
250°C

cured

Sample 3 |
350°C

cured

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 No.
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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 um (58.2 —
116 um). 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.

107



Alumina
ﬂ Sb printed and 270 °C cured, 10 min

Alumina |

Bi printed and 250 °C cured, 10 min.
Polished after curing

Alumina

ﬂ Ag printed and 125 °C cured, 10 min

Ag electrode

Alumina

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 pm, while that of Sb thermolegs was 78.9

pum. 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 AT.

108



Voltage (mV)

- a2 NN N W
- B ~ ©

-
W O ©w N O

—Current : P
= Voltage . F— S T R T
|| --fitted Voltage| .. .. ..o P

54
48

- - [N¥] W W M
N © A~ O O N
Current (pA)

(o))

QO

10 20 30 40 50 60 70
AT (°C)

80

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 pA, approximately 5 mV and 11 pA 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 pA, 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.
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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 AT, the
resistance of the TEG is higher than that in the lower AT. This is because the resistivity

of metals will increase with an increasing surrounding temperature.

AT=20°C AT=40°C
. 354.6 360.1
Resistance for 4 thermocouples (€2) (351.6 - 357.6) (356.8 — 363.4)
. . 88.65 90.00
Resistance for single thermocouple () (87.9 — 89.4) (89.2 - 90.85)
Maximum power output for 8
thermocouples (nW) 3549 140.28
Maximum power output for single
thermocouples (nW) 8.87 35.07
Calculated asys, from Seebeck voltage 8728
measurement (LV/K) '
Calculated ogys» from close-loop power 88.69 88.88
output measurement (LV/K) (88.3 — 89.05) (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

The asys» value calculated from the sum of individual materials is 86.3 uV/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.
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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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Bi particles Sb particles

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 Q.
For a single Bi-Sb thermocouple above in this chapter, the generated power is 35.07
nW over a resistance of 90 Q. 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=V?/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 BioTes; and SbaTes 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 Bi>Tes, 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 BiigTes..

For p-type Sb,Tes, the alloy only shows p-type thermoelectric properties. The
BiigTes2 and SbyTes powders are from Testbourne Ltd, with the size of 325 mesh

(average 44 um) 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 Bi;Te; [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/cm® and 6.5 g/cm® 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 BiisTes» SbTe
Density of particles (g/cm?) 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 um
Mesh thickness 130 pm
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 um to 130 um. The test equipment was the same as those

applied in last chapter.

Naked substrate

Powders scraped g
after scratching

from the substrate

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.

(© e IS @)

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 Bij sTes . thick film

Minimum Maximum Average
Carrier concentration (cm™) | -1.69x10%° -4.22x10'° -8.89x10'®
Mobility (cm?/(V-m)) 2.14x1072 5.93x10° 1.69x10!
Resistivity (Q-cm) 2.35x10"! 3.50x10° 5.62x107!
Hall coefficient (cm®/C) -1.48x10? -3.69x1072 -6.82x10°
Bulk values of Bi;Tes in room temperature
Carrier concentration (cm™) | -3.38x10'° | -1.02x10'8 N/A
Mobility (cm?/(V-m)) 2.7x10°3 1.8x10% N/A
Resistivity (Q-cm) 1.4x1073 3.8x107 2.6x107
Hall coefficient (cm?/C) N/A N/A N/A
Values of screen printed SboTes thick film
Carrier concentration (cm™) | 9.02x10"7 1.17x10% 2.13x10"
Mobility (cm?/(V-m)) 2.12x10° 2.59x10? 2.42x10!
Resistivity (2-cm) 1.38x1072 4.71x1072 2.73x1072
Hall coefficient (cm®/C) 5.36x102 6.92x10° 5.79x10!
Bulk values of Sb,Tes in room temperature
Carrier concentration (cm™) N/A N/A 1.5x10%°
Mobility (cm?/(V-m)) N/A N/A 2.7x10°
Resistivity (Q2-cm) 2.5x10* 6x10™ 4.3x10*
Hall coefficient (cm®/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 Bij gTes thick film shows an increase p of
47% compared with the original value. For Sb,Tes 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.
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Figure 7.4 Resistivity of selected printed thick-films varying with time. (a):Bii sTes2; (b):SbaoTes
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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.

a (LWV/K) BiisTes SbaTes
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 Bi,Te; and Sb,Tes thick-films
Moreover, from table 7.3, the variation of the average a 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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39.8 x 3 mm

SbTe
(Thickness:
62 um)

BiTe (Thickness: 67 um) Ball pen (diameter: 13 mm)

Figure 7.5 Printed BiTe/SbTe thermocouples. (a): SEM of the BiTe/SbTe junction (b): sample size
comparing with a 50 pence coin; (¢): 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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BiTe layer printed and the printed materials cured at 250 °C for 3 hrs
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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 BiigTes2/SbyTes 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

AT=60°C was within 5% from figure 7.7.
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Figure 7.7 Generated Seebeck voltage of 4 printed thermocouples, varying with time

From the definition of Seebeck Effect (a=V/AT), for a single thermocouple of this

sample, the Seebeck coefficient was calculated in the range of 262—282 nuV/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.
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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.
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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 Q to 310 Q during the same period. According to figure 7.10, the power output

would decrease to about 50% of its original value within 50 days.
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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.
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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 270286 nV/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 p . :
compared with bulk value 11600% 5300%
The change of a . :
compared with bulk value 439%, 50,

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 a and p 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.
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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 H>,O, 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 Bij gTes2 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.

Dispenser printing
Screen mask system
Needle \ latterly
deposited
«——Formerly deposited pattern\H W/ pattern
Substrate Substrate
Screen printing Dispenser printing

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.

(b) OF302-258D2 JUN-AIR pump (d}S(iSPl()-SO.\In\’illg stage

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.

e 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.

e 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.

e 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.

e 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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e Suspensions: particles should not settle or agglomerate rapidly. A suitable
stabiliser (dispersant) could be added into the paste if the particle suspension is
poor.

e Droplet size: depends on the needle’s dimension, ink rheology, applied pressure,
vacuum pressure and dispensing time.

e Pattern morphology: depends on the droplet size, the dispensing gap, the stage
moving steps and speed.

e Nozzle size (inner diameter): 0.1 pm to 2 mm.

e Dispensing time: 0.01 second to 999.9 seconds [121].

e 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.

Top Ag electrodes

\J

|

SbTe
(4:_ — —05mm_ __

f
\ Structure layer
Bottom Ag electrodes

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 250um 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 x 2 x 0.5 mm. The distance between adjacent
cubes was 1.2 mm. The thickness of the bottom silver electrodes is 10 um. The stage
controller has a resolution of 1 um, 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
nx0.25 mm (n is the number of the dots in the bitmap pattern). Each layer has a
thickness of 20 um. The deposition speed is slow due to this dot by dot printing. It
required over 10 hours to print 8 thermocouples (4 x 4 matrix thermolegs), which will
be discussed in detail in section 8.4. The dimension of 2 x 2 x (0.5 mm is the maximum

size of single thermoleg in practical.

Moreover, based on the resistance calculation equation R=pA/l (A is the thermoleg
area, | 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 1x2, 2x2 and 4x4 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 1x2 cubes. Sample (b): 2 thermocouples with 2x2 cubes. Sample (c): 8 thermocouples with 4x4
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, AT=20 °C. (a):
sample a. (b): sample b. (c) sample c.
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Sample | Sample | Sample
a b c
a calculated from Seebeck voltage 76.9 59.8 52.9
measurement(puV/K)
a calculated from power output measurement 114.0 56.4 57.0
(uV/K)
R (QQ) 844 1260 2276
Maximum power at AT=20°C 1.54nW | 0.25n0W | 0.14 nW

Table 8.1 The Seebeck coefficient o and resistance R for single BiTe/SbTe thermocouple

The calculated a 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 (160Q).

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.
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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.

. Kapton

Bottom Ag electrodes printed and 125°C cured, 10 min

3D SbTe cubes printed and dried at 60°C hot plate

| SbTe

3D BiTe cubes printed and dried at 60°C hot plate, then
cured at 250°C for 3 hours

SbTe BiTe

Top Ag electrodes printed and 125°C cured, 10 min

— Ag

Binding using Conductive Ag Epoxy

SbTe BiTe

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 2x2 cube
matrix (2 thermocouples), while sample 2 had a 4x4 cube matrix (8 thermocouples).

The Seebeck voltages along with the temperature gradient are shown in figure 8.15.
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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.
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Figure 8.16 The power output of top electrodes-binding dispenser printed TEGs, AT=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.

.......... Copper Electrodes
....... PDMS IHolder
- - Flow Inlct Channel

......... Glass Capillary
weenneeeene (Glass Nozzle

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 kQ. 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 14kQ~20kQ | 1.6 kQ
SbTe legs 8 8~26Q 16.3 Q
Junctions 15 411 Q~9.6kQ | 49 kQ

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 SbTe BiTe over SbTe over
film film Ag Ag
C 9.28 11.05 9.25 11.87
0] 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+Oin all detected 14.97% | 15.88% | 15.01% 15.26%
elements

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

Table 8.3 Element ratio (weight %) from EDX measurement

penetrate is set to be 20 um, which is lower than the thickness of the BiTe and SbTe
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thermolegs (70 um — 90 pm). 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 10'™ — 10% cm™, 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 T Seebeck
. Resistivity . Power factor
concentration coefficient w2
(cm™) (Q-cm) (LV/K) (Wem ' K™)
n-type material
Ni -2.58x10%° 4.86x10* -15 0.5
Bi -3.07x10" 4.53x10°2 -58.7 0.08
BiTe -8.89x10!® 2.45x10"! -129.2 0.07
p-type material
Cu -6.59x10°! 6.40x107 3 0.1
Sb 1.38x10% 1.24x1073 27.6 0.6
SbTe 2.13x10" 1.92x1072 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.

Top Closure
Stem
P+ ¥ .
; - Fiston
T | Rubber Mold L
J; e i\ w | Pressure Medium
-=: -] High-Pressure Vessel
. High-Pressure A
Vessel ] Rubber Mold
™ Pressure .
| Medium E Powder

Bottom Closure Bottom Clogure

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 (Rm) and used as the measure of the surface roughness.
After pressing, the Rim 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 x10-2 Q-cm and a Seebeck coefficient of around 20-30 uV/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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@d CERAMIC TAPES & 416 EAST CHURCH ROAD T:610.272.8000
THICK-FILM MATERIALS KING OF PRUSSIA, PA 19406-2625 USA F:610.272.6758

www elecfroscience.com

INSULATING COMPOSITION 4924
HOS Heaters on Steel® « COS Circuits on Steel® « TFOS Thick Film on Steel®

Cadmium, Lead, Nickel and Barium-Free*

ESL 4924 is a dielectric composition designed to insulate unabraded, unoxidized, ferritic steels. The 4924
is non-porous and its TCE closely matches that of BS970/1449 Type 430-517 or AlS| Type 430 stainless
steel. Three separately fired layers of 4924, having a total minimum thickness of 80 micrometers, provide
excellent breakdown voltage between top conductive prints and the stainless steel base. It is essential
that the stainless steel is only handled using protective gloves and that all printing is carried out in clean
room conditions. With ESL 9695 or 9501-CH terminations and 29XXX Series resistors used as heating
elements 4924 is recommended as an 850°C firing overglaze. These materials are also useful in other
TFOS (Thick Film on Steel)® applications.

PASTE DATA

RHEOLOGY: Thixotropic, screen printable paste

VISCOSITY:

(Brookfield RVT, ABZ Spindle, 10 rpm, 25.5°C £ 0.5°C) 120 £ 20 Pa-s

COLOR: Dark blue

SHELF LIFE: (25 °C) 6 months

PROCESSING

SCREEN MESH/EMULSION: 165 S/S, 0.0 pm

LEVELING TIME: 5-10 minutes

DRYING AT 125 °C:

(Depending upon substrate volume) > 15 minutes

FIRING TEMPERATURE: 850 °C to 930 °C
OPTIMUM: 850 °C
TIME AT PEAK: 10 minutes

4924 0412-C
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Appendix 3
Heraeus

Conductors

C7257

Nitrogen Fireable Copper Conductor

Description:

CT257 copper conductor is & practical alternative to
precious metal materials im many applications. The
advanced powder technology im C7257 results in
improved fired film properties.

e Key Benefits -

#  Exceptionally high conductivity
*  Migration resistant
. Low cast

L] Leach resistant

e Typical Properties:
Resistivity -
£ 2.8 milliohms per square
at 13 microns fired film thickness

Adhesion -
80«80 mil pad

825n/38Pbi2Ag (@ 230°C
RMA flux

Initial = 5.0 Ibs
Aged 2 3.0 Ibs (48 hours @ 150°C)

Solderability :
635n/37Pb @ 230°C
5 sec dip, RMA flux
=05%

Solder Leaching : 10 sec Dips % Line Lost

635n/3TPb @ 230°C 3 =5%
RMA Flux i} =10%
Coverage: R
100 em/g
Viscosity :

135-1685 Kcps, Brookfield HBT,
S5C4-14@ 10 rpm. 25°C.

Solids:
B0.0 £1%
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® Recommended Processing Guidelines:
Printing :

280 stainless steel mesh screen

0.5 mil emulsion

Dirying -
Dry at 125°C for 15 minutes.

Firing Profile :
Fire in MNitragen
200°C peak
Dowell time of 8-11 minutes.
Typical rise time of 20-23 minutes
(measured from 100°C entry point)
Taotal cycle time of 50-85 minutes

Line Resolution:
& mils (200 microns)

Thickness :
Drried: 28 microns
Fired: 11-15 microns
Thinner :

Herasus RV-507 (Texan D|S}I

Warranty:
Material guaranteed to meset
specifications for & months from
date of shipment.

Storage :
Store in a dry location at 5°C-25°C.
DO NOT REFRIGERATE.
Allow paste to come to room temperature
prior to opening.
Spatulate well before using.

YY1010.8

W. C. Heraeus



Appendix 4

Johnson Matthey Silver & Coating Technologies

S-020

Silver polymer thick film conductor ink

PRODUCT DATASHEET

Description

S-020 is a thermoplastic, screen-printable, highly conductive silver ink based on advanced
silver flake technology. It is suitable for use in membrane switches and flexible circuits, and is
designed for use with graphite inks C-810 and C-820 and UV dielectric inks K-910 and K-920.
It has a long screen life and is compatible with all commonly used PET and flexible plastic

substrates.

Features

» Excellent adhesion to polyester film
* Excellent line definition

*» Excellent screen life

* Good shelf life

TYPICAL PHYSICAL PROPERTIES

Solids Content 73.3 wt%

Sheet Resistance <15 mQYVsq @ 25 pm

Viscosity 24,500 ¢P (Brookfield RVT, Spindle 6 at 20 rpm, 25°C)
Curing Conditions 15 minutes at 120°C in box oven

Shelf Life 12 months at 20°C

The information contained herein is based on data believed to be reliable, but Johnson Matthey makes no warranties expressed or implied as
to its accuracy and assumes no liability arising out of its use by others. This publication is not to be taken as granting any licence to operate
under patents, nor is it to be construed as implying that such operation will be free of infringement.

m Johnson Matthey, Orchard Road, Royston, Herls, SG8 SHE, United Kingdom
Laba) Tel: +44 (0)1763 253393 E-mail: silver@matthay com
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Appendix 5

Product Information
Silicone
Rubber

FEATURES

Easy release

High elongation

Minimum shrinkage

Long working time
Heat-accelerable cure

High strength

Tear resistance

Acceptable for food contact

COMPOSITION

Two-part silicone rubber supplied as
pourable liquid; cures to a flexible
rubber

DOW CORNING

Silastic® E RTV Silicone Rubber

High-strength. tear-resistant silicone rubber creates flexible molds

to reproduce intricate detail

APPLICATIONS

After mixing with 1ts curing agent, Silastic® E RTV Silicone Rubber becomes a
pourable liquid capable of fornung durable, flexible molds for producing parts

with unusual configurations, severe undercuts and close tolerances.

TYPICAL PROPERTIES

Specification Writers: These values are not intended for use in preparing

specifications. Please contact your local Dow Corning sales office or your Global
Dow Corning Connection before writing specifications on this product.

Method Test Unit Result
As Supplied
CTM' 0176 Appearance
base White
curing agent Clear
Mixing Ratio,
base to curing agent. by weight 10:1
As Catalyzed — 10:1 Ratio, by weight
CTM 0176 Appearance White
CTM 0050 Viscosity? at 25°C (77°F) mPa-s (poise) 55.000(550)
CTM 0055 Pot Life’ hours 2
CTM 00924 Cure Time*
at 25°C (77°F) hours 24
As Cured — Physical Propertiess
CTM 0099 Durometer Hardness, Shore A points 35
CTM 01374 Tensile Strength MPa (psi) 5.5 (300)
CTM 0137A Elongation, Die C percent 350
CTM 01594 Tear Strength, Die B KN/m (ppi) 19 (110)
CTM 0022 Specific Gravity at 25°C (77°F) 1.14
CTM 0157 Linear Shrink
24 hours percent Nil
7 days percent 0.1

'CTMs (Corporate Testing Methods) comespond 1o ASTM standard tests in most instances. Copies of CTM

procedures are available upon request

“Brockfield Viscometer Model HAF, spindle #6 at 5 rpm.
*Time required to double initial catalyzed viscosity.
“Based on sample mass of one cubic inch.

“Based on sample thickness of 125 mils, cured 24 hows at 25°C (77°F).

DESCRIPTION
Silastic® E RTV Silicone Rubber is a
two-part silicone rubber designed for

use as a flexible moldmaking material.

This high-strength. tear-resistant
silicone rubber cures at room
temperature with an addition-reaction
cure.

159

An easy-to-mix ratio of 10:1 base to
curing agent ensures accurate
measuring or blending by hand or
machine. The material cures in
unlimited thickness. regardless of part
configuration or degree of
confinement.



Appendix 6

Product Information
Electronics

FEATURES & BENEFITS

Flowable

Room temperature and heat cure
Good dielectric properties
Rapid. versatile cure processing
controlled by temperature

[ I I ]

» High transparency allows easy
inspection of components

COMPOSITION

*  Two-part
* 10 to | mix ratio
» Polydimethylsiloxane elastomer

DOW CORNING

Sylgard® 184 Silicone Elastomer

Transparent encapsulant with good flame resistance

APPLICATIONS

.S}'!gﬁrd” 184 Silicone Elastomer is suitable for:
LED Lighting encapsulation

Power supplies

Connectors

Sensors

Industrial controls

Transformers

Amplifiers

High voltage resistor packs

Relays

Adhesive/encapsulant for solar cells

Adhesive handling beam lead integrated circuits during processing

TYPICAL PROPERTIES

Specification Writers: These values are not intended for use in preparing
specifications. Please contact your local Dow Coming sales office or your Global
Dow Corning Connection before writing specifications on this product.

Property Unit Result
One or Two Part Two
Color Colorless
Viscosity (Base) cP S100
Pa-sec 5.1
Viscosity (Mixed) cP 3500
Pa-sec 35
Thermal Conductivity biuwhr fi °F 015
Wim 'K 027
Specific Gravity (Cured) 1.03
Working Time at 25°C (Pot Life - hours) hours 15
Cure Time at 25°C hours 48
Heat Cure Time at 100°C minutes 35
Heat Cure Time at 125°C minutes 20
Heat Cure Time at 150°C minutes 10
Durometer Shore 43
Dielectric Strength volts/mil 500
KV/mm 19
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Appendix 7

VEPOXY

+ TECHNOLOGY
Preliminary Product Information Sheet

(Note: These are typical properties to be used as a guide only, not a specification. Data below is not guaranteed.
Different batches, conditions and applications yield differing results.)

MATERIAL ID: EPO-TEK® OG675 (formerly 75-145)

Date: Sep 2013

Rev: v

Material Description: A UV fast curing, optically clear adhesive offering compliance and high strength.

Number of Components:  Single

Mix Ratio by Weight: N/A

Recommended Cure: 100mW/cm? @ 240-365 for > 2 scconds, depending on thickness - under an F-type Mercury lamp
Specific Gravity: 1.11

Pot Life: N/A

Shelf Life: One year at room temperature

NOTE: Container(s) should be kept closed when not in use. Filled systems should be stirred thoroughly before mixing and prior to use.

MATERIAL CHARACTERISTICS:

|PHYSCIAL PROPERTIES:

Color (before cure): Clear/Colorless
Consistency Pourable liquid
Viscosity (23°C):@ 100 rpm 3,426 cPs
Thixotropic Index: N/A
Glass Transition Temp: 0.24 °C
Coefficient of Thermal Expansion (CTE):
Below Tg: 41 x 10 in/in°C
Above Tg: 201 x 10°® infin°C
Shore A Hardness: 70
Degradation Temp: 365 °C
Weight Loss:
(@ 200°C 0.33 %
@ 250°C 1.11 %
@ 300°C 253 %
Operating Temp:
Continuous: -55°C to 200°C
Intermittent: - 55°C to 300°C
|[ELECTRICAL AND THERMAL PROPERTIES:
Thermal Conductivity: N/A
OPTICAL PROPERTIES (@ 23°C:
Spectral Transmission: = 98% (@ 400-1660 nm
Index of Refraction: 1.479 (@ 589 nm

The data above is INITIAL only - it may be changed at anytime, for any reason without notice to anyone. It is provided only as a guide for
evaluation/consideration.

*These material characteristics are typical properties that are based on a limited number of samples/batches. All properties are based on the cure
indicated above. Some properties may vary as manufactured quantities are scaled up to commercialized production levels
EPOXY TECHNOLOGY, INC.
14 FORTUNE DRIVE, BILLERICA, MA 01821 (978) 667-3805, FAX (978) 663-9782
WEB SITE: www.epotek.com
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Appendix 8
t=fittype(‘a/(b*x"(-1)+1)','coefficients',('a','b"));
Vfunc=fit(RL,V,1);
R=5:100;
v=(Vfunc(R))";
% fit Power
p=1000*(v."2)./1;
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