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Abstract

Printed electronics is a combination of electronics and printing technologies commonly used
in the publication industry such as screen, inkjet, and roll to roll printing. The measurements
of conductive film particularly the conductive paste is the main objective of this thesis. The
conductive paste consists of conductive filler, adhesive and solvent. Each component affects
the electrical, and mechanical properties of the finished conductive film product. The
measurements of conductive film have three field of study. The first category is the lifetime
performance measurement of conductive film using environmental testing. A screen printed
carbon, silver and a developmental paste were categorised to environmental testing and
third harmonic measurement. The second category is the measurement AC Impedance and
DC resistance of conductive ink during cure. During the curing of the pastes, the AC
impedance and DC resistance were monitored. A LabVIEW program was developed to
control the AC impedance analyser, DC resistance ohmmeter, and convection oven.
Samples were measured whilst curing at different curing temperatures and for a range of
particle loadings. Particle loading is the percentage of conductive filler against the rest of the
chemical in the conductive paste. The last category was defect detection using the
combination of electromechanical testing, a Scanning Electron Microscope (SEM) and an
Infrared (IR) imaging technique. Printed carbon and silver were mechanically aged by
bending the printed structure up to 100 k times.

The results from the lifetime performance measurements on carbon, silver and the
developmental paste showed the polymer resin behaviour in high humidity and high
temperature environments. The increased oxidation rate due to the elevated temperatures
affected the conductive particle of certain pastes. The third harmonic testing technique was
able to detect failures on conductive film in the form of width reduction. The AC impedance
measurement technique could indicate the final resistivity value. The AC impedance
measurement was affected by the test frequency used while the ink is in liquid state. Correct
test frequency setting will have less noise and less impedance value, vital in predicting the
final cured resistance of the printed paste. The curing temperature affects the final cured
resistance value while the particle loading affects the rate of curing of conductive film. The
electrical measurement on mechanically aged samples showed that the carbon prints have
its resistance readings below its initial value while the silver prints resistance increased.
SEM images shows that the carbon print indicates no visual damage on the surface after
100 k bent cycle, while physical defects were observed in silver prints. The infrared

measurements on carbon prints showed an increase in temperature while developments of



heat patches were observed on silver prints. Difference in emissivity values of materials
used provided the contrast effect which plays an important role in detecting defect using

infrared imaging technique because.

Third harmonic application to the printed electronics is new to this field. Normally, testing is
done using environmental testing to determine the lifetime performance of the conductive

film. This is effective however requires a lot of time and effort to produce a result.

AC Impedance is used widely and the application can be seen on cured printed electronics.
The application and measurement of AC impedance during cure and DC resistance
measurement has indicated initial resistivity values. The measurement has further the effect
of using AC impedance on different curing temperature and particle loading. The phase

measurement as well has brought insight of degree of curing.

The application of infra-red imaging technique to the mechanically aged device has
produced a result that DC resistance and SEM imaging failed to detect. Normally DC
resistance measurement was used as quality assessment tool but test shows on
mechanically aged product failed to detect increase in resistance due to mechanical aging

techgnique.
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Nomenclature

A list of symbols used together with a short description.

Symbol

A

T1

T2

Co

Description
Area of the material
The heat flow coefficient
Thermal conductivity
length of slab in meter
Quantity of heat
Resistance
Lead resistance
Temperature
Thickness of material
Higher temperature
Lower temperature
Radiant flux emitted per unit area
Width of material
Reactance
Impedance
Stephen-Boltzman constant
Resistivity
Current

Measured voltage



Abbreviation
AC

AFM

Ag

Al
ASTM
Au
CIELAB
cm

CNT

CT
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Cu

DC
DMA
DSC
DUT

EM
FD-OCT

GEM

Device under test voltage

Description

Alternating current

Atomic Force Microscope

Silver

Aluminium

American Society for Testing and Materials

Gold

Commi si

Centimeter

Carbon NanoTubes

on

Il nternat.

Computer Tomography

Coefficient of Thermal Expansion

Copper

Direct Current

Dynamic Mechanical Analyser

Differential Scanning Calorimetry

Device under test

Electromagnetic

Fourier Domain OCT

Gwent Electronics Materials

Integrated Circuit

Infrared

Xi

onal e

doEc!| ai
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LWIR
mm
MWCNT
MWIR
NDT

Ni

nm

ocT

Pa

PEN
PET

PI

SEM
SMT
SWCNT
TDR
TEM

Tg

TGA

THR

Currenti Voltage

Long range wavelength Infrared
Millimeter

Multiwalled carbon nanotube
Midrange wavelength Infrared
Non-Destructive Testing

Nickel

Nanometer

Optical Coherence Tomography
Pascal
Polyethylene-Naphthalate
Poly(ethylene Terephthalate)
Polyimide

Scanning Electron Microscope
Surface Mount Technology
Singlewalled Carbon Nanotube
Time Domain Reflectometry
Transmission Electron Microscope
Glass transition temperature
Thermo gravimetric analysis

Third Harmonic Ratio
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1. Chapter 17 Introduction

Printed electronics uses graphic arts processing technique such as screen (Jewell, Hamblyn
et al. 2013) , ink jet (Cummins, Desmulliez 2012) and press roller printing (Unander, Nilsson
2009)printing to create an electronic circuit. It provides less damage to the environment and
is seen as an alternative to conventional type of subtractive processing technique. Wide
range applications of conductive film are seen in electronic displays (Zacharatos,
Makrygianni et al. 2016), Radio Frequency IDentification (RFID) antenna (Janeczek,
Jakubowska et al. 2012), energy harvesting (Montanino, De Girolamo Del Mauro et al.

2015), and interconnect (Maattanen, lhalainen et al. 2010).

This research is based primarily on measurement technigues for conductive paste to create
interconnect using screen printing process. Conductive paste is composed of adhesive,
solvent and conductive particle. Adhesive is used to hold particles together and to attach
particles to the substrate. Solvent is essential to prevent particles from agglomeration and for
smooth delivery of the conductive paste to the substrate. Once the paste is deposited to the
substrate, then the solvent is no longer necessary. Curing the conductive paste will remove
the solvent and this will produce a conductive structure through particle to particle contact.
The conductive paste can only achieve the bulk resistivity of its highly conductive particle
ingredients. There are different conductive particle used in conductive film and this is
discussed in literature review section about materials together with commonly used

substrates.

The research conducted aimed to develop novel measurement techniques that can be
applied to conductive film. The application of measurement technique will increase the
guality and reliability of the conductive film and at the same time bringing down the cost of
manufacturing. The measurement techniques in conductive film will cover for the three
categories which are the lifetime performance measurements, measurement during the

conductive ink transition from liquid to solid structure and print defect detection.

The first objective of this thesis is to identify measurement techniques that will predict the
lifetime performance of conductive film. Conductive film is low cost (Subramanian, Chang
et al. 2008, Woerle, Rost 2011, Homola, Wu et al. 2014) and fast to manufacture (Wegener,
Spiehl et al. 2016, Capasso, Del Rio Castillo et al. 2015), however the conductive film
reliability is another major factor to consider. The development in conductive film is to

increase its performance and decrease the manufacturing cost. The main contributing factor
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to the cost of conductive ink is due to the amount of conductive particle. In addition, a large
percentage of the conductive ink is made up of conductive filler. Effective lifetime
performance testing is therefore needed to enable the conductive film producer to determine

conductive film strength, and remove weak product to prevent early field failures.

There are two solutions to the lifetime performance assessment of conductive film that was
used in this study. The first solution is to use environmental testing on silver and carbon
prints. The result of this research will determine the strength of printed electronic against
environmental stresses. The second solution for lifetime performance testing of conductive
film comes in the form of third harmonic testing. Another method to assess the lifetime
performance of conductive film is third harmonic measurement that is known to resistor
manufacturing industry to remove weak products (Salomon, Troianello 1973, Spiralski 2003).
The application of third harmonic testing to conductive film is novel and useful since it will
determine lifetime performance of the device in least possible time. Investigation needs to be
performed once the conductive film fails in third harmonic testing. Correction needs to be
performed if there are problems that are caused by manpower, printing process, or

materials.

The second objective of this thesis is to develop a novel measurement during conductive ink
transition from liquid to solid structure. Most of the measurement techniques used in
conductive film is often performed when it is cured. This measurement technique produces
slow in determining result and increases manufacturing cost. AC impedance and DC
resistance was measured one after the other during cure. The AC Impedance analyser and
digital multi-meter was controlled using LabVIEW software. The novel measurement
technique will provide early resistivity values and degree of cure, important to research and

manufacturing industry.

The effect of particle loading and temperature curing are two of the parameters that will be
investigated using this novel measurement technique. The particle loading and curing
temperature is increased to achieve the bulk electrical properties. Increasing the amount of
particle in the conductive ink causes more particles to conduct and carry current. Higher
curing temperature will remove more solvent to the conductive ink increasing its conductivity.
Different particle loading and curing temperature will affect the speed of curing and final

impedance values.

The third measurement category is a non-contact measurement technique to detect defect
and stresses in conductive film. It is also suitable for high speed printing of conductive paste.

The normal method of measurement uses DC resistance and Scanning Electron Microscope
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(SEM) to detect defect in conductive film. The development in conductive ink involves the
use of nanomaterial to improve its electrical and mechanical characteristics (Kamyshny,
Magdassi 2014). However, this has caused problem because the common measurement in
conductive film was unable to detect defect and stress. A new method of detecting defect in

conductive film is vital to maintain its quality and operation integrity.

Electromechanical equipment was built to induce aging and stress to the conductive film.
The aged samples were subjected to Scanning Electron Microscope (SEM) imaging and
Infrared (IR) imaging. Different voltage level was applied to the conductive film while
temperature is being monitored by the thermal camera. The result of Infra-red measurement
technique was found to be effective in conductive film due to the difference in emissivity
values used in conductive film. These will mean less disruption to the high speed printing
process of conductive film. The manufacturing cost will decrease but not compromising the
guality and development of conductive film.

The structure of the thesis is as follows;

Chapter 2 is the literature review of conductive ink materials, deposition process and
measurements in conductive film. Included in materials are type of conductive particles and
substrate used. The process includes the roll to roll and ink jet printing system. The
measurement includes the electrical, mechanical, and imaging techniques.

Chapter 3 is methodology used to achieve the main three measurement objectives. The
printing, curing, and dimensional analysis is included in this chapter.

Chapter 4 is the result and discussion of the three main category areas. The first category is
the lifetime performance assessment of conductive film followed by AC impedance and DC
resistance measurement during cure. The third category is the measurement technique to
defect detection using Infrared camera.

Chapter 5 is the conclusion of the three category areas. The assessment using
environmental testing, third harmonic, AC impedance, and IR imaging technique are proven

to be useful in measuring conductive film.
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Contribution to knowledge

Third harmonic measurement is a novel technique in the field of conductive film. Third
harmonic testing is a well-known measurement technique in the field of resistor
manufacturing. The result of third harmonic measurement in conductive film shows that it
can detect certain type of defect that will cause early field failures. The application of third
harmonic testing to conductive film manufacturer could improve manufacturing process that

will lead to increased quality.

A novel measurement technique was developed to can capture the transition of printed
electronics from liquid to solid structure. AC Impedance and DC resistance measurement
were taken right after the other using automatic testing equipment was controlled using
LabVIEW program. This measurement technique can measure early sign of resistivity that is
vital to prevent manufacturing wastage, as well as degree of cure measurement. To date,
there is no measurement equipment that detects early indication of resistivity and
measurement of degree of cure based on AC Impedance measurement. The result of the
study will benefit both the conductive ink producer and conductive film manufacturer.

The application of Infrared thermal imaging to detect defect in conductive film is a novel
measurement technique. The IR measurement result was correlated to DC resistance
measurement and scanning electron microscope. The result of the measurement shows that
mechanical stress present can be detected by Infrared thermal camera. Whereas DC
resistance measurement failed to detect defect on certain type of paste, while Scanning
Electron Microscopy is limited to surface quality even at higher magnification. The use of
Infrared Thermal camera will mean high speed and high test coverage of conductive film that
is very appealing for the manufacturer. Furthermore, IR measurement technigque can be
used while the conductive film is in operation, making it safe and less disruptive type of

assessment.
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2 Chapter 2 - Literature Review

2.1 Materials

Conductive film materials can be categorised into two main parts, first is the conductive ink
and the substrate. The conductive ink is composed of adhesive, chemical vehicle and
conductive particle. The chemical vehicle or solvent promotes the delivery of the conductive
particle to desired location, and prevents particles from agglomeration while the ink is in the
storage container. The conductive particle main characteristics are its electrical and
chemical stability. In addition, the cost of the conductive particles plays an important role for
large scale application. The electrical properties are commonly measured in terms of
conductivity or its reciprocal resistivity.

7
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Figure 1 Dimensions for resistivity calculations
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The formula for resistivity is given by equation 1, where | is the electrical resistivity of the
material expressed in Y . megardless of its shape. R is the measured electrical resistance in
Y. The di me @ thiokness, va florewidth and | for length and are expressed in
meter (m) are shown in Figure 1. The chemical stability of conductive particles is based on
whether they have undergone oxidation that will increase or prevent electrical conduction, as
well as, corrosion protection that will decrease their performance. Meanwhile, conductive film
thermal performance depends on the substrate and the adhesive used in conductive film.

There are different types of substrates that can withstand higher temperature. Higher curing
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temperature is better for conductive film as it will cause an increase in the electrical
conductivity provided that the curing temperature is below the glass transition of substrate

and conductive paste adhesive.

2.1.1 Conductive Filler

The most important component of a conductive paste is the conductive filler. There are
several conductive fillers that are widely used such as silver, copper and aluminium. The
choice of conductive filler is mainly based on its conductivity, cost, and reaction to

atmosphere. Each conductive particle has its own advantages and its advantages.

2.1.1.1 Silver - Ag
Silver has been the focus of studies in conductive film because of its high bulk electrical

conductivity of 6 . @ G Wi.m?® (Kamyshny, Magdassi 2014, Franey, Graedel et al. 1984,
Gilleo 1995, Li, Moon et al. 2004, Perelaer, Klokkenburg et al. 2009, Felba 2011, Roberson,
Wicker et al. 2012, Falat, Platek et al. 2012, Ten Cate, Gaspar et al. 2014). Another
advantage of using silver over other metals, is that its oxide remains conductive. Non
conducting oxides are a drawback among highly conductive metals particularly copper and
aluminium (Kamyshny, Magdassi 2014, Gilleo 1995). There are several factors that affect
the final electrical properties of printed silver conductor. One of which is the sintering
technique used. There is a link between the creation of nanoparticles and the deposition of
ink used. The sintering techniques that have been demonstrated for sintering of silver ink are
electrical, IR lamp, and Argon Plasma (Kamyshny, Magdassi 2014). Silver nanowires can be
used as transparent conductor in solar panels. Indium tin oxide was the primary material in
the field of transparent conductor; however the price and vacuum deposition technique is its
drawback, along with its tendency to crack when bent. The result of experiments shows that
the composite of silver nanowire manage to perform both in its electrical and light
transmittance requirements. The required sheet resistivity of transparent conductor is 100
Wsq and 80 % transmittance. The self-synthesis silver nanowire ink has sheet resistivity of
40 WIsq and maintains its required transmittance. (Yang, He et al. 2013). The limiting factor
that inhibits silver from wide scale application is that it is affected by electro migration
especially under high bias condition (Li, Wong 2006).

2.1.1.2 Copper - Cu
Copper is seen as best candidate to replace silver as metal filler in conductive film due to its

conductivity and cost (Salam, Lai et al. 2011). The conductivity of copper

is5. 96 06 ¥*m? (Kamyshny, Magdassi 2014). The main drawback of this material is the

requirement to be processed in an inert or vacuum environment. Copper readily oxidises in
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air and its oxide surrounds the particle that forms a barrier that prevents particle to particle
conduction. (Salam, Lai et al. 2011, Perelaer, Smith et al. 2010) In order to combat the
oxidation of copper, Perelaer developed a low-viscosity conductive ink containing well-
dispersed copper nanoparticles through a polyol process. There are several metals that can
be used to coat the copper particle core to prevent it from oxidation. Materials such as silver
and Graphene were used to encapsulate the copper. This method proved to be effective as
no oxide were observed in the printed pattern and it was seen to be stable for several
months. (Perelaer, Smith et al. 2010). The extra processing of copper will add to the
processing cost of the conductive film. In addition, the solder ability of printed copper is poor
as compared to etched copper due to high roughness of printed copper (Salam, Lai et al.
2011).

The oxidation of copper did not deter researchers from finding ways to process it through
fast sintering methods such as intense pulsed light sintering (Khondoker, Mun et al. 2013).
Microwave sintering is suitable for copper paste. The penetration depth of 2.45 GHz
microwaves for metal powders is 1.6 mm (Perelaer, Smith et al. 2010). Microwave curing
causes the increased in copper powder particles temperature that removes the copper
oxide. This makes patrticle to particle contact possible (Qi, Vaidhyanathan et al. 2013). The
electrical properties of copper, as for most material in conductive film depend on the curing
and sintering temperature and duration (Espalin, Muse et al. 2014). The bulk resistivity of

copperis 1. 7% & xy mcopper that is cured at 150 °C resulted in a 2 x@ Y m

resistivity that is 2 orders of magnitude larger than its bulk form. Increasing the sintering

temperature to 400 °C and time to 60 minutes resulted ina 1. 7 & ' mresistivity
(Salam, Lai et al. 2011).

2.1.1.3 Gold i Au

Gold is also widely used as a conductive filler due to its highly conductive and inert nature.

Gold has the conductivity of 4 . 4 2 6 ¥ m? (Kamyshny, Magdassi 2014) and falls third
in terms of conductivity rank. However, it is a noble metal and costs may be prohibitive for
large volume applications (Li, Wong 2006b). The melting temperature of gold is 1063 °C,
and with the help of the thermodynamic effect on 2 nm gold nanoparticle, the sintering
temperature was decreased to 150 °C (Kamyshny, Magdassi 2014). The effect of using
nano sized particle not only affect materials mechanical properties (Herrmann, Miller et al.
2007) but also its chemical, optical and electrical properties. This is because nano scale
materials have a large surface to volume ratio, large surface energy and spatial confinement
(Ko, Pan et al. 2007). Gold is inert in terms of oxidation, and its contact resistance is stable
even when aged at 85 °C/ 85 RH (Li, Moon et al. 2004, Perelaer, J., and Schubert, U. S.
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2010). This makes gold suitable for coating to make a reliable interfacial connection. Gold is
used as coating on fine pitch electronics to prevent corrosion (Smith, Shin et al. 2006). The
previous process to deposit gold is through electroplating, nowadays inkjet printing is
available for electronics finish. The process can also be done under N, sintering and with
nanoparticle to make the surface finish denser (Jang, Cho et al. 2011). Gold is also used as
a protective coating on silver to prevent electro migration. (Smith, Shin et al. 2006). Another
use of gold ink is in sensors that provide cheap, reusable, and point-of-care diagnostic
devices (Ihalainen, Majumdar et al. 2013) and as a gold electrode coated with carbon for
electro analytical use (Garcia-Gonzéalez, Fernandez-Abedul et al. 2015).

2.1.1.4 Aluminium i Al

Aluminium is another conductive material than can be used as filler material in conductive

film because of its conductivity of 3 . 7 & 6 X tm. Aluminium oxidise rapidly at a rate
faster than copper, and therefore formulation is very hard to attain and the process of
formulation becomes complex. Oxidation of aluminium can be avoided by using
hydrocarbons solvents, low precursor concentration and processing in an inert atmosphere.
Al undergoes rapid oxidation in air (~100 picoseconds) with formation of a dense thin
amorphous non-conductive A 3O3 layer (2-6 nm) that results in loss of electrical conductivity

and makes aluminium difficult to use for conductive ink formulations.

Only very recently, Al inks, which can be used at atmospheric pressure as printable
formulations and not as part of a modified CVD process, have been claimed. Curtis et al.
[212] printed amine coordination complexes of alane, H3zA | Ry, and trialkyl aluminum
compounds (R3A ) on a silicon substrate of a solar cell heated to temperature greater than
about 140 °C, under inert N, atmosphere. Rockenberger et al. [213] refers to a broad range
of aluminum compounds, stabilized with donor ligands and capable of decomposition at
temperature around 100 °C. The process is anticipating the expected use of printing and
curing under inert conditions. The aluminum contact layer was printed on silicon substrate
heated to 150 °C - 200 °C in inert atmosphere, Argon(Ar) or Nitrogen (N,), with the use of
organometallic Al compound (amine complex or alane) (Bonea, Brodeala et al. 2012). The
aluminium paste was used as back emitter conductor in solar panels at 50 um thickness,
that requires two passing, screen print (R. Woehl, J. Krause et al. 2011) Silicone glasses
were added to a aluminium paste to make up a back contact of solar panel. The experiment
reported an increase of 1.34 % in conversion efficiency from 16.01 % to 17.35 %. (Chiu,
Cheng et al. 2014)

Study has been made in order to ink jet this material in micro sized particle. Nanometre

sized Aluminium particle causes a ring effect of the material. This is because surface tension
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forces the particle outwards, and stays out of the circle to create circle line when the ink
dries. The result of using Electrohydrodynamic pulsed-inkjet EHD inkjet printer that can
accommodate inks with larger size Al particle, with ink particle loading of 1- 10 % by weight
(Kang, Lee et al. 2011). There has not been much interest on using aluminium paste, maybe
because of oxidation and hazard of the material when handled in powder format. The

material readily oxides in air, the oxide creation form a protection for further oxidation.

2.1.1.5 Carbon

In 1958, carbon paste was introduced by Ralph Adams of Arkansas University to function as

electrode. The paste was a mixture of graphite powder and adhesive ( Gvancar a, Vytras
2009). Carbon has high thermal and electrical conductivity that has made other carbon

containing materials such as graphite, carbon black and carbon nanotube (CNT) used as

conductive fillers (Lebedev, Gefle et al. 2015). The conductivity of carbonis1 . 2 & x?

mL. Graphite platelets and carbon black have been mixed together to form carbon ink.

Carbon black, because of its submicron particle size, fills void between platelets to create

dense films. The final electrical, mechanical and processing ability of the ink depends on the

carbon black and graphite ratio (Jewell, Hamblyn et al. 2013). Screen printed fine lines can

be achieved using | ow particle |l oading. Sheet r
achieved using screen printing method (Jewell, Hamblyn et al. 2013).

Mercury (Hg) was banned by The European Union as a sensing material for heavy metals

and carbon is seen as a replacement. Carbon sensors can detect Lead, Cadmium and

Copper in water (Honeychurch, Al-Berezanchi et al. 2011). The carbon paste used was
electrode, sensor, and detector ( Gvancar a, Vyt r Gagbon éstusea &s.filler2 0 0 9 )
material in conductive film to create printed electrodes and resistors (Pudas, Halonen et al.
2005),(Subramanian, Chang et al. 2008),(Unander, Nilsson 2009). The application of carbon

has been limited to certain applications because it has a high sheet resistivity value of 55

Y/ sq compared to silver with 0. (Kawihara d¢lodgepet! i ed u :
al. 2014). Although carbon has a high resistivity value, it is cheap, light and chemically stable

which means it does not corrode and is not easily affected by humidity (Unander, Nilsson

2009). Therefore, this material remains attractive for conductive film application. One of the
improvements is the electrical properties of this material. Double filler method, mixing high
conductivity filler material such as silver to low conductivity material such as carbon, has

been incorporated to increase its electrical resistivity (Lebedev, Gefle et al. 2015). Carbon is

also mixed with conductive polymer in order to produce anti-static coating (Omastova,

Chodak et al. 1999). The flexographically printed sensor with carbon-based ink (RH4) did

not deteriote at 20 % to 90 % relative humidity test (Unander, Nilsson 2009).
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2.1.1.6 Carbon nanotube (CNT)

Carbon nanotubes are sheets of graphene rolled into cylinders, and are a recent form of
carbon that was identified in 1991 by Sumio lijima of NEC, Japan. Single wall carbon
nanotubes (SWCNTs) and multiwalled CNTs (MWCNTS) are the type of nanotubes are
shown in Figure 2 (Jing Li, J. K. Lumpp 2006). SWCNTs are composed of a single shell of
graphene and typically have diameters ranging from 0.4 to 4 nm (Cummins, Desmulliez
2012). MWCNTs are composed of multiple, concentric shells of graphene and can have
diameters ranging from several to tens of nanometres. SWCNTSs can be rolled up in multiple
ways, which can lead to some having semiconducting properties and others having metallic
properties (Cummins, Desmulliez 2012). SWCNTSs are usually produced by chemical vapour
deposition using metal catalysts, but other growth techniques are available in the form of arc
discharge, and laser ablation (Cummins, Desmulliez 2012, Jones, Lu et al. 2010) The
metallic properties of MWCNTs are due to its roll direction (Cummins, Desmulliez 2012).
Although, the inner tube of MWCNT has less contribution to its current carrying capability
(Kamyshny, Magdassi 2014).

SWCNT MWCNT
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Figure 2 lllustration of a multiwalled carbon nanotube

The diameter could be from 1-50 nm and up to few mm in length and capped with fullerene
dome consisting of five or six member rings (Njuguna 2013). Properties of CNT can be

modified by attaching molecules to functionalize the nano-tube.
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Figure 3 lllustration of carbon nanotube with different degree of twist

The chiral structures that forms the CNT (Njuguna 2013) functionalize the nano-tube to
adjust its properties are shown in Figure 3. CNTs are chiral structures with a degree of twist
such that the graphite rings join into cylinders (Jing Li, J. K. Lumpp 2006). The zigzag tubes
are narrow gap semiconductors. The electrical properties can be varied and determined by

the chirality, diameter of the tube, detailed curvature and local environment.(Katzir, Yochelis
et al. 2014) CNT has electrical conductivity of 1 . 0 4 6 Xt m?. Its thermal conductivity is

6600 WAnlAK and Youngdés modulus |lays around 1 TPa.
ranges from 30 GPa to 1 TPa. The density of MWCNT depends on its chirality and is is 2.6

g/cm® while SWCNT ranges from 1.33 to 1.40 g A ¢3nJing Li, J. K. Lumpp 2006). The
environmental performance of CNT filed paste was tested on thermal cycling (-40 ° C/ 125
°C) for 1000 h, elevated temperature +65 °C for 30 minutes and low temperature storage -
12 °C 10 cycles, and the performance of CNT revealed that it can withstand harsh
conditions. The SEM analysis did not reveal any significant changes in their microstructure

(Janeczek, Jakubowska et al. 2012).

2.1.1.7 Nickel - Ni

Highly conductive metals may have one or more of the following characteristics such as
expensive, chemical reactivity, electro migration, corrosion and oxidation that limits their use
in high volume applications as a conductive film conductive filler (Lin, Zhong 2008). Nickel is
one of these highly conductive materials used as conductive filler in conductive film that has
its own negative traits. Though a cheaper alternative to silver and gold in terms of
interconnect, tests show that accelerated aging results in surface corrosion and oxidation

(Li, Wong 2006b). This eventually led to instability of its electrical conductivity performance.
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The accelerated testing was based on high-temperature and high humidity conditions (Li,
Wong 2006b).

Nickel being inexpensive still attracts researchers to pursue its use in the conductive film
world. It is compatible to conductive film processes such as inkjet printing and screen
printing. Nickel ink that can be used in inkjet printing is a mixture of Ni salt, complex agent in
a low molar mass and a reducing solvent. There has been work on sintering of nickel paste
to form conductive lines using flash light irradiation. A mixture of nanoparticle sizes between
5 nm to 500 nm shows sintering. Nickel sintered using flash irradiation techniques produced
a 76.34 €q cm resistivity, the electrical
electrodes and super capacitors (Park, Kim 2014).

In order to be used in fine pitch interconnection at lower cost, polymeric particles are coated
with mixture of Nickel and Gold (NiAu) (Li, Wong 2006b). Nickel alloy was used as a
sacrificial layer to reduce the effect of galvanic corrosion on active metal. Galvanic corrosion
occurs when a metal undergoes accelerated corrosion due to the presence of a corrosive
electrolyte and an electrical contact with a non-metallic or a more noble material. . Nickel is
used to coat silver to prevent electro migration ( Li,Y. 2006) or by replacing the silver entirely
with nickel conductive filler ( Pudas,M. 2005).

2.1.2 Substrates for conductive film

The choice of substrate is important to conductive film as it can influence the thermal
performance of the conductive film (Janeczek,K. 2012). The curing temperature and
sintering temperature depends on the substrate glass transition temperature for polymer
materials such as Poly(ethylene terephthalate) (PET), Polyethylene-naphthalate (PEN)

, and Polyimide (PI). Meanwhile paper and textiles main parameter of interest is the
roughness and smoothness. The roughness and porosity will affect the electrical properties
of the cured conductive film. The surface area increases as the roughness increases, and
this causes the resistivity to increase. Paste tends to be absorb if the material is porous.
With the same amount of ink, the porous substrate will result in higher resistivity than with
the less porous substrate. Discussed in this chapter are the common substrates in
conductive film that are compatible to conductive film. There is no limitation in selection of
substrate material for conductive film, however proper consideration must be taken in order
improve the final cured electrical properties. The curing temperature is based mostly on the
substrate, and increasing the curing temperature will increase the conductivity of the

conductive ink.
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2.1.2.1 Poly(ethylene terephthalate) (PET)

Poly(ethylene terephthalate) (PET) is very popular substrate in conductive film because it is
low cost, can be transparent, light weight, flexible, and robust ( Homola,T. 2014, Woerle,J.
2011). This substrate is also compatible with large area roll to roll processing. However, PET
has a low surface energy that results in a low surface wettability, poor adhesion to coatings
and low printing properties. PET therefore requires surface treatment prior to any printing
process (Homola,T. 2014). Several plasma treatments including ambient air plasma are
available to increase the surface energy of PET films that is also applicable to roll-to-roll
substrates (Homola,T. 2014).

2.1.2.2 Polyethylene-naphthalate (PEN)
Another widely used substrate in conductive film, besides PET is the polyethylene-
naphthalate (PEN) because of optical transparency, smooth surface and excellent barrier

properties (Zacharatos,F. 2016). In addition, it has high stiffness, mechanical strength,

chemical resistance, low thermal shrinkage (0.4% in 75 A’Cﬁ'rl) (Tsay,C.-Y. 2013; 341
Zacharatos,F. 2016; 150 Janeczek,K. 2012), and thermal barrier compared to other
polymers such as polyethylene terephthalate (PET) (Montanino,M. 2015). But above all, it is
the glass transition of 120 °C that is slightly better than PET that is only around 112 °C. PEN
can even reachmechanical stability between 180 ° to 200 °C when it is categoryed to extra
heat treatment (Yakimets, Barink et al. 2010). Using PEN as a substrate increases the hall
mobility and electrical resistivity of Zinc Oxide (ZnO) coatings. ZnO has semiconducting
ability and applications in chemical sensors, optical detectors, photovoltaic and transistors
were realised (Tsay,C.-Y. 2013).

PEN substrate is compatible with solvent cleaning with acetone and isopropyl to remove
surface residue. Wettability can be improved by using UV-Ozone treatment for 5 minutes UV
Ozone decreases the water contact angle to about 34 ° after surface treatment. This
promoted good wetting and adhesion (Montanino,M. 2015). The substrate was used in
production of RFID antennas (Janeczek,K. 2012), polymer solar cells (Montanino,M. 2015),
transistors, semiconductor films through spin coating (Tsay,C.-Y. 2013), flexible displays

and sensors , and wearable medical applications (Zacharatos,F. 2016).

2.1.2.3 Polyimide (PI)

Polyimide is famous for high temperature properties, low dielectric constants, inertness to
solvents, and long-term stability. Patented by Dupont in the 1950s, this was followed by
commercial polyimide film introduced by Dupont in the late 1960s (Ghosh, M.K. 1996). This
material has glass transition (Tg) of 400 °C and is compatible not only to conductive film but

also with microelectronics processing (Zacharatos,F. 2016). Because of its high glass
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transition, conductive ink can be cured at higher temperature. In order to improve or optimize
the process, laser direct writing of conductive silver ink was administered. And the result was
guite astonishing. Laser direct writing managed to achieve 4 times the bulk resistivity of the
silver (Cai,Z. 2011). Substrate preparation for polyimide can be done using acetone and
methanol bath in an ultrasonic cleaner for 10 minutes. The surface can also be activated to
increase the adhesion of printing using Argon plasma for further 10 minutes ( Xu,Jun 2011).
Other processes to increase wettability on polymer substrates include corona discharges,
ultraviolet irradiation, and electron bombardment (Goo,Yong-Sung 2010)

2.1.2.4 Paper

Paper is another popular substrate because of its abundance, cost and it is light in terms of
weight. The most important characteristics of using paper as a substrate are because of its
end of life processing. Paper can be recycled by deinking, more so metals can be recovered
either by incineration or separation technique. These improve the life cycle assessment of its

overall economic performance ( Dogome,Kazutomo 2013;250 Maattanen,Anni 2010).

Special coatings are necessary to lessen the paper roughness and surface energy. The
formulation of these special coatings is not general and is special to individual substrates
based on their intended application (Denneulin,Aurore 2008) . The surface roughness,
absorption and porosity are the main factors that affect the electrical conductivity of coatings
on paper. The print thickness value needs to be larger than the size of the pores in the
paper to form a conductive path (Maattanen,Anni 2010). Paper surface layers with small
pore sizes and high porosities produced highly conductive, narrow silver tracks because of
quick ink absorption, as observed in photo-quality ink-jet paper. Furthermore, the surface
roughness induces a high resistance to peel-off force at the expense of conductivity, and this
improvement in the peel-off resistance is considered to be achieved because of the anchor
effect of silver nanoparticle inks which fall into dents present on the rough paper surfaces
(Dogome,Kazutomo 2013). When the absorption and surface roughness is low, it is
appropriate to match the surface energy of the substrate to that of the ink to improve the

print resolution and conductivity (Ohlund,Thomas 2012) .

The level of conductivity and print resolution using paper as a substrate can be altered by
pre-treating the paper. The level of conductivity of coatings on pre-treated paper can even
match that of a polymer film that is traditionally used in electronic industry. The treatments
are a suspension primer to improve smoothness, surface energy and absorption to that of
polyethylene terephthalate (PET). Paper soaked in fluorinated polymer solution, a dissolved

polymer solution, can affect surface energies of the paper. This causes the paper to be
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hydrophobic and provide silver tracks with improved electrical conductivity and better print
resolution. UV curing varnish, meanwhile, affects conductivity by smoothening substrate

roughness ( Denneulin,Aurore 2011).

2.1.3 Materials summary

The conductive filler used in conductive film is based on its bulk electrical properties.
Conductive metals have been a material of choice as filler materials for conductive film
because of its conductivity. Silver (Kamyshny, Magdassi 2014, Franey, Graedel et al. 1984,
Gilleo 1995, Li, Moon et al. 2004, Perelaer, Klokkenburg et al. 2009, Felba 2011, Roberson,
Wicker et al. 2012, Falat, Platek et al. 2012, Ten Cate, Gaspar et al. 2014), copper (Salam,
Lai et al. 2011), gold, aluminium (Kamyshny, Magdassi 2014) and nickel (Lin, Zhong 2008)
are the metals that are commonly used in conductive film. Metal conductive filler might be an
obvious choice to achieve high conductive printed structure; however each has its own
disadvantage too. Silver is susceptible to electromigration preventing it be used widely (Li,
Wong 2006). Gold does not oxidise making it suitable for coating and interfacial connection
(Li, Moon et al. 2004, Perelaer, J., and Schubert, U. S. 2010). The high cost of the gold is
limiting factor for it be used in wide scale application (Li, Wong 2006b). Copper, aluminium
and nickel are much cheaper alternative but it oxidises rapidly in air which forms an
insulating barrier on its surface (Kamyshny, Magdassi 2014). Additional process is needed
along with inert atmospheric condition for copper and nickel to be printed (Salam, Lai et al.
2011, Perelaer, Smith et al. 2010). Carbon is another conductive material for conductive
paste which was introduced in 1958. Carbon can be in a form of graphite, carbon black and
carbon nanotube (Lebedev, Gefle et al. 2015). Carbon black is a mixture of graphite platelets
and submicron particle size, fill the void and between platelets . Identified in 1991, carbon
nanotubes (CNT) are rolled graphite in to single or multiwall cylinders (Lebedev, Gefle et al.
2015). CNT can withstand harsh condition and behaves either metallic or semiconductor

depending on chirality (Cummins, Desmulliez 2012).

The materials for substrate of the conductive film are either made out of plastic, paper or
textile. The plastic are polyethylene terephthalate (PET), PEN and Polyimide. The plastic
substrate differs mainly on the glass transition (Tg) and cost. Somehow, the cost of the
plastic substrate is proportional to its glass transition. PET is the cheapest among the group
and also has the lowest glass transition of 112 °C (Yakimets, Barink et al. 2010). PEN is
known for optical transparency, smooth surface and excellent barrier properties. It has Tg of
120 °C (Yakimets, Barink et al. 2010). Ozone treatment was used to improve the wettability
of this substrate (Montanino, De Girolamo Del Mauro et al. 2015). Polyimide was patented
by dupont in 1950 has a high Tg of 400 °C (Zacharatos, Makrygianni et al. 2016, Ghosh,
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Mittal 1996). Other properties of polymide are low dielectric constants inertness to solvents
and long-term stability. Paper is cheap because it is abundant in nature. It is lightweight and
recyclable making it attractive for conductive film (Maattanen, lhalainen et al. 2010, Dogome,
Enomae et al. 2013). Paper has the requirement for pre-treatment to improve surface

roughness, similar to coatings made on photo quality paper (Dogome, Enomae et al. 2013).

2.2 Printing Processes

The aim of conductive film printing process literature review is to determine a suitable
printing process that will produce a consistent conductive film. Printing process such as
screen printing, press roller, and inkjet was studied. The printing process is simple as
compared to the vacuum processing and subtractive processing technique. The complexity
of printing of conductive film is caused by formulation of the paste to be used by different
printing process. The conductive ink used by inkjet printing is not compatible with screen

printing process because each process requires certain type of ink viscosity.

The printing of conductive film requires transferring of conductive paste from the ink
reservoir to substrate to create an electronic device and interconnect. There are several
factors to consider in each every print process. They are particle loading, and viscosity.
Screen printing was the only process that was used extensively in this thesis. Screen
printing of conductive film is an established printing process. In addition, the changing print

design is relatively easier as compared to press roller printing.

Pressed roller printing means that a roller that contains an image will be transferred to the
substrate by impression. Web speed is the term use to quantify the substrate travel speed in
roll to roll printing. This type of printing technique is fast and preferred by the industrial scale
manufacturing. However, for small scale and research purposes, to change print design will
be costly and time consuming. The screen printing technique comes in second to pressed
roller printing in terms of printing speed and ease of pattern change. The third technique is
inkjet printing, which is flexible in terms of changing the design pattern. This is also cost
effective for ink consumption as it only consumes the ink it needs. However this is very slow

since it is printing line by line.
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2.2.1 Screen Printing

Screen printing is an ancient technique which the Chinese and Egyptians utilised. The main
application is in graphic art to make product more attractive. The company called Dupont de
Nemours manufactured the first silver screen-printing paste in 1939. This is when the
application of screen printing in electronics begun. The initial applications of screen printed
devices were mica capacitors, carbon film resistors, conductive patterns on alumina
substrates, and insulating films (Ménil,F. 2005). There was a rapid growth of screen printing
activities to create electronic devices in the 1950s. Printed circuits were made on alumina
substrates to create stacked wafer modules. 10-15 years ago, screen printing activities were
concentrated on electronic circuits. Commercial pastes that can withstand higher
temperature, normally above 150 °C, were developed. The thick film hybrid circuit has had a
constant growth primarily because of the invention of the transistor and subsequently the
integrated circuit (IC). The growth of screen printed electronic devices, however, declined at
the beginning of nineties because of the increase in integrated circuits functionality and
increase in density of surface mount technology (SMT). Nowadays, the application of screen
printing in electronics is less obvious. It can be seen now in heating resistors, and gas
sensors for the automotive industry (Ménil,F. 2005). The screen printing process can be
transformed into a large scale and roll to roll process by using rotary screen printing. The
screen is attached to a circular frame while the squeegee is inside to spread the ink. The

substrate is fed between the rotary screen and the supporting roller (Krebs,F.C. 2009).

Screen printing has numerous process parameters that can affect the final cured properties.
The parameters that are important to take note of are mesh count, mesh diameter, print
speed and emulsion thickness. The print speed is programmed to the automatic screen

printer. The screen parameters are important figures that are set by screen producer.

In order to print in high resolution the value of mesh count needs to be associated with a

small wire diameter (Debeda-Hickel,H. 2005). The print speed has an effect on the
resistance value of the cured conductive film. Increasing the print speed from 50 mm&? to

200 mm4&! increases the resistance by 8% (Salam,B. 2011). The uniformity and print
tolerance are also affected by changing the print speed. There is a 21 % improvement in
print uniformity just by changing the speed from 50 mm &* to 150 m A™. The print tolerance
obtained was 10 % when the print speed was 200 m A1, although increasing the print speed
will not improve the tolerance even further

The emulsion thickness affects the final cured thickness of the paste. Increasing the

emulsion thickness will cause the thickness of the cured paste to increase (Debeda-
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Hickel,H. 2005;Hobby,A. 1990). Printing with a thin emulsion screen will also produce high
resolution structures. (Hobby,A. 1990).

The process of screen printing involves a mask with a structure that contains the design to
be transferred to the substrate. The screens are made out of polymer material, stainless
steel or silicon. Popular polymers used as screen fibres are nylon and polyester. Each of
which have advantage and disadvantages. Mesh made out of polyester is often called
polymesh screen (Hyun, Secor et al. 2015, Kim, Kim et al. 2010). The factors to consider in
choosing the right material in screen printing electronics are its tensile strength, stiffness,
moisture absorption, cost and print resolution. In order to produce high tensile strength and
stiffness, screen filament requires being high tenacity. Meanwhile, low shock resistance is
due to low resilience fibres. In terms of moisture absorption, mesh made out polyester and
stainless steel performs very well. Moreover, polyester elasticity is greater than nylon and
therefore has higher reproducible rate. Nylon is another popular polymer material used as
screen mesh. It can produce 50 k to 100 k impressions, thanks to its high elongation rate,
while the stainless steel can only perform 5 k impression. However, Nylon absorbs moisture
and this greatly affect its application as screen fibre in printing electronics. The polyester
screen represents the best compromise between lack of resilience of the stainless steel and
high elongation of the nylon. The cheapest among the screens is the polyester screen.
Although stainless steel produces high resolution structures, it is costly and only available in
higher gauge meshes. The frame where the screen is attached is either made out of wood,

aluminium alloy or plastic (Dubey,G.C. 1974).

Screen printing technology in printed electronic produces both the wiring interconnect, and
interface and electronic devices. Screen printed devices include chemical (Ménil,F. 2005),
and physical sensors, heating resistors, varistors, and capacitors (Debeda-Hickel,H. 2005).
Silk-screen process was formed to make circuit patterns in the fabric (Kim,Y. 2010), fuel cell
printing, (Rotureau,D. 2005;388 Ménil,F. 2005) and thermoelectric generator (Cao,Z. 2013).
Screen printing of transparent conductors such as PEDOT:PSS, silver or silver-aluminium

are commercially available screen printable ink formulations in solar cells (Krebs,F.C. 2009).

2.2.2 Press roller printing of electronics

One of the many attractions of conductive film is that it can be processed using roll to roll

printing. The roll to roll printing technology can achieve 3 0 miAh to 100 mAni h,
depending on the process, which is an obvious advantage for large area and high

throughput printing (Cantatore 2012).
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2.2.2.1 Flexography
Flexography is an improvement of letter press or rubber stamp that uses a flexible
elastomeric plate. This type of printing is widely used on non-porous substrate for food

packaging, but is also compatible with plastic, metallic films and paper substrates.

Plate roller

Anilox
Substrate

Impression
roller

Ink reservoir

Figure 4 The diagram of flexography printer

The diagram of a basic flexography printer is shown in Figure 4. The main parts of
flexography include ink reservoir, anilox roller, plate roller and the impression roller. The ink
reservoir contains the ink to be deposited on the substrate. The anilox roller contains
microcavities to fix volume ink transfer from ink reservoir to the plate roller. The plate roller
contains the features on a raised surface, and transfers the ink from the anilox roller to the
substrate. The impression roller presses the substrate to the plate roller that will transfer the
ink to the substrate.

Photolithography techniques and laser engraving are the technology used to create the
flexible elastomeric plate that is wrapped around the plate roller. Structure that has fine
features is the result of ink development and elastomeric plate for pattern transfer. The
following are the impact forces involved in flexography printing. Anilox force (F,) is the force
applied when the anilox roller is brought in contact to the print plate to transfer ink in the
anilox cavity to the raised surface of flexo plate. Print Force (F,) is required when flexo plate

is to transfer the ink on the patterned surface onto substrate.

The effect of low print pressure is less spreading of ink and increase in variation of print
structure. Increasing anilox force will cause the line width to increase by at least 25 % at low

print force and 6% at high print force. Line width could be increased if more anilox force and
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print force is applied. Anilox roller will pick more ink if pressure is increased. The elastomeric
plate attached on the surface of the flexography plate deforms if the contact force is
increased causing the ink to spread. A hollow effect in the centre of the lines could happen
when excessive contact force is applied. This is mainly caused by the deformation of the
plate. The majority of the ink squeezed to the edges of the patterned features on the plate
(Keng,L.B. 2011).

2.2.2.2 Gravure printing

Gravure printing system consists of engraved gravure cylinder, doctor blade, impression
roller and ink pan. The gravure cells that are engraved on the surface of the gravure cylinder
transfers the ink from the pan to the substrate. The rotation of the gravure cylinder in the ink

pan causes the gravure cells to be filled with ink.

Impression
roller
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Figure 5 Basic structure of gravure printing technique

Shown in Figure 5 are the basic components of the gravure printing technique. The doctor
blade removes excess ink from the gravure cylinder. The impression roller presses the
substrate to the gravure cylinder that causes the ink from the gravure cells to be transferred
to the substrate (Narakathu, Reddy et al. 2011).

2.2.3 Inkjet printing

Ink jet printing is line by line printing of structures using a drop of ink. This process is
therefore has slower print speed of 20 m&h (Cui, Zhou et al. )compared to roll to roll
printing, however this is a process of choice for small scale printing. Inkjet printing is
susceptible to nozzle clogging. The development of ink that is compatible to inkjet printing
that is not particle based has been achieved (Dang, Dung Dang et al. 2013). Large particle is
the main cause of nozzle clogging in inkjet printing. Ink jet printing can be categorised by two

main types. First is the continuous ink jet and the second is drop on demand. Inkjet printing
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is the process of choice in small scale printing because print structure can be changed in an

instant.

2.2.3.1 Continuous Ink Jet (C1J)
A continuous stream of droplets that is uniformly sized and spaced is forced out of the inkjet

nozzle. The ink is pumped out of the ink reservoir into ink jet nozzle. Droplets are being form
by the transducer that is driven by the signal from the controller. Each droplet is charged by
an electrode that is connected to the charge driver.

Driver Transducer

Inkjet
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) A Deflection
Ink reservoir ° plates
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Print direction

Figure 6 Schematic of continuous type ink-jet system

The continuous type ink-jet system is shown in Figure 6. The charged droplets can be
steered to the desired location and those that are not charged will hit the gutter and be used
for recycling. IBM produced the first commercial CIJ printer in 1976. This type of inkjet is
complex and the recycled ink degrades when it is exposed to the ambient condition (55
Cummins,G. 2012).

2.2.3.2 Drop on Demand (DOD) Inkjet
Inkjet printing starts with the creation of a design layer, a rectangular matrix that is a black

and white bitmap design file. Drop on demand inkjet is an alternative process to continuous
inkjet. This type of inkjet is much simpler than its CIJ counterpart because it removes the
requirement for droplet charging, deflection and ink recirculation. Radio Corporation first
used this type of inkjet in 1940 in the form of a fax machine but unfortunately did not achieve

commercial production.
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Figure 7 Schematic of a drop-on-demand ink-jet system

The schematic of drop-on-demand ink-jet system is shown in Figure 7 (55 Cummins,G.
2012). Different types of drop on demand ink jet are categorised by the orientation and
process of producing droplets. The different drop on demand ink jets are squeeze, bend
mode, push mode, thermal, electrostatic and Inktillegent ®. In the squeeze mode approach
transient pressure waves are formed during the application of voltage to a piezoelectric disc.
The mechanical deflection of the piezoelectric disc will cause droplets to be ejected out of
the print nozzle. The thermal print head uses a heating element to form an air bubble. The
bubble changes the volume of the ink chamber thereby forcing ink out of the nozzle.
Electrostatic ink jet printing uses the charge on the ink to form droplets. Inktillegent uses an
atomiser to create tiny droplets that are carried to the nozzle by a stream of air. Inktillegent is
similar to aerosol technology. Drop on demand print head - Squeeze mode - Electrostatic

The electrostatic printer is suitable for highly viscous thick film ink. The ink reservoir has a
conductive nozzle that is weakly pressurized. The pressure together with gravitational pull
forms a convex meniscus at the tip of the nozzle. The size and shape of the meniscus
contributes to the print quality. The nozzle is connected to high voltage potential while the
substrate is connected to the ground. This connection will create a high electrostatic field to

form a droplet. The ink flow depends on the potential of applied voltage.
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Figure 8 Schematic of electrostatic thick-film printing

The schematic of electrostatic thick-film printing is shown in Figure 8. The ink ejection is
determined by two forces such as electric force and surface force. Electric force is produced
by the application of high voltage, further increase of the potential will lead to overcoming the
surface force resulting in ink ejection. High electrostatic stress located at the bottom tip of
the droplet pulls down the tip of the droplet even further to form an ink cone. The highest
stress point is located at the tip of the ink cone. The droplets travel from the high electrical
potential to the low electrical potential on the substrate along the electric field lines. The
highest concentration of the ink ejection is along the shortest field line, thus leading to the
thicker spray from the tip of the cone.

A certain voltage called critical voltage is when the induced electric force equals the surface
force of the ink at the tip of the ink cone. The critical voltage is dependent on the shape of
the nozzle, the ink solvent and humidity of air, which affects the electrical resistivity of air. If
the electric force is larger than the surface force of the ink, ink ejection occurs. A high
electrical voltage is applied to the nozzle and the substrate is grounded. The applied voltage
is increased until it overcomes the surface tension of the ink, where the ejection of droplets
is produced. Further increase in voltage will increase the rate of ejection and will cause
corona discharge will occur. Semi-spherical droplets at the tip of the nozzle form due to the
pressure inside the reservoir and due to gravitational force. High electrostatic stress forms at
the bottom tip of the droplet because it is a sharper point and positioned close to the

grounded substrate. The high electrostatic stress pulls down the ink to form droplets.

Electrostatic printing is affected by cone formation at the nozzle, the voltage, the

pressure, and the distance between the nozzle and the substrate. The ink meniscus at the
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tip of the nozzle is dependent on ink viscosity, applied voltage, nozzle diameter, and the

pressure inside the ink channel.

Critically
Stable

A

Figure 9 The shape of droplets in the electrostatic print nozzle

Unstable Stable

Convex shaped meniscus has a high probability to stop ink flow and a high chance of ink
drift occurring. In the critically stable case represented by a triangle shaped meniscus the
chance of stoppage depends on external factors. The concave shaped meniscus is provides
stable printing and unlikely to stop ink flow unless great force is applied.

The instability of the print is dependent on the size and thickness of the convex meniscus as
shown in Figure 9. The pressure inside the ink chamber has an effect on the meniscus
formation and print quality. Right amount of pressure will cause convex meniscus, while high
pressure will result in ink to drift and low little pressure will prevent formation of any
meniscus. It was found out that the pressure and voltage potential are indirectly dependent
parameter. There is a certain pressure at different voltages that produces clear defined print.
Electric field is formed when voltage is applied between the nozzle and the substrate. These

cause the ejection of ink droplets to the substrate.

Tests have been performed on the amount of voltage to be applied between the nozzle and
the substrate. Application of high voltage will cause corona discharge, and low voltage will
prevent the formation of droplets, the voltage was set between 3 k to 4 kV to produce best
result. Electric field is also affected by the distance between the nozzle and the substrate,

and external influences that reflect in print quality and repeatability.
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Aerodynamic drag resistance is proportion to the distance between the nozzle and the
substrate. The velocity and direction of the droplet is affected by aerodynamic drag. The
following are the drawbacks of using this type of printer. Water based ink that is low
resistivity is difficult to implement while it is easier to print high resistivity solvent based ink.
The dielectric property of the substrate should low for best result. Metallic substrate causes

corona discharge. Plastic substrate cause severe haze (Teng, Mostafa et al. 1990).

2.2.3.3 Drop on demand print head - Inktelligent
The aerosol is produced by the AAtomisero

movement of the aerosol to the printhead. Ultrasonic source or high velocity air stream can
produce aerosol that has a diameter of 1 um to 5 um. The sheath gas in the print head
focuses the aerosol beam and prevents the nozzle from clogging.
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Figure 10 The aerosol jet technology developed by Optomec, Inc.

The schematic of the Inktelligent system is shown in Figure 10. The printed suspension
needs to be at viscosity range of 0.7 to 1000 mPa and patrticle size of 1 um. The aerosol jet
printing is effective if the suspension has viscosity of 0.7 to 1000 mPa and the particle size is
1 um or less in diameter. The minimum line width of around 10 pum can be used to print on
both planar and non-planar surface. This printing technique can print an entire device
structure, from substrate, conductive structure, and protective layer of polymer to protect the
metal structure from the elements (435 Maiwald,M. 2010).

2.2.4 Process summary
The ancient printing technique of screen printing still continues to be develop into high speed

and roll to roll printing (Krebs 2009). This perhaps is the reason why the first silver
conductive paste developed by DuPont in 1939 is based on this process (Ménil, Debéda et

al. 2005). The important parameters in screen printing are the mesh count, mesh diameter,
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print speed and emulsion thickness. Mesh count and mesh diameter is associated with print
resolution (Debeda-Hickel, Lucat et al. 2005). Print speed affects the final resistivity of the
print and print quality. Print emulsion affects the print thickness. The material for screen is
based on number of impression and the quality it brings to the final product. Screens are
made out of either polymer material or metal. Polymer material can make more impression

and cheaper than metal, however metal can provide high resolution print (Dubey 1974).

The roll to roll printing is the process of choice for large scale, and high speed
manufacturing. The speed on which the substrate travels through the printer is called web
speed. Roll to roll printers differs mainly on the plate roller which contains the print design.
Flexography is like a rolled rubber stamp while the on the gravure has engraved roller. On
the flexographic roller, ink sits on top of the rubber feature wrapped around the plate roller
(Keng, Lai et al. 2011). The gravure printer carries the ink through the gravure cells
(Narakathu, Reddy et al. 2011).

Inkjet printer is very cost effective because there is no requirement for template changes and
mask design. The circuit designer will be able to print the design straight substrate of choice,
making it very cost effective process. This is a process of choice for small scale and
research purposes. The drawback of using inkjet printing is that the nozzle tends to clog
easily. This is due to the viscosity of the liquid and the particle size. The two main category
of ink jet printer is the drop on demand and continuous printing. Drop on demand is an
improvement of continuous inkjet printer because the ink is not exposed to the environment
which prevents it from degrading. The inkjet types are based on the position of the
orientation of the piezoelectric device. Other variations of inkjet printer are based on

electrostatics and aerosol deposition (Cummins, Desmulliez 2012).

The printing process used in conductive film varies from manufacturing scale to laboratory
scale. Press roller printing produces conductive film in manufacturing scale. However, the
changing print design will be time consuming. The inkjet printing offers a flexible print design
because it does not the requirement of print mask. This printing process is perfect in
laboratory scale; however changing variables such as ink composition will be a problem.
Inkjet printing has tendency to have a problem with nozzle clogging if the ink is not prepared
properly. Screen printing has been the process of choice since the beginning of conductive

film development, hence the first conductive film made out of silver was screen printed.

The novel measurement technique requires a finish product that contains less variation.
Eliminating inconsistency that affects inconsistencies measurement result is a great concern
for this study. Screen printing technique was the process of choice to produce the

conductive film in this thesis because it was found to be an established printing process. The

41



conductive pastes are available with different conductive filler; furthermore automatic printing
equipment can produce a consistent conductive film with less variation. This will satisfy the
purpose of producing a conductive film that will supply a quality product. The application of
measurement technique is, however, not limited to screen printing alone. Therefore, the

knowledge about different printing process is an important aspect of the literature review.
2.3 Measurement in Conductive film

2.3.1 Electrical

The electrical characterisation most performed in conductive film is to measure its resistivity.
However most of the measurements to date were performed on cured conductive film. The
literature search on electrical measurement includes reliability testing, defect detection,
coefficient of thermal expansion of substrate, and resistance measurement. Also included
are the non-contact measurements which are compatible to roll to roll printing of conductive

film.

2.3.1.1 Third Harmonic (TH) testing

Third harmonic measurement is an in-line screening tool that can eliminate failure at early
stage of passive components. The method is fast, low cost and convenient. A pure sine
wave contains a fundamental frequency or first harmonic. The amplitude of the series of
harmonics is much less as compared to the fundamental frequency. Distortion is expressed
as the ratio of the sum of all higher harmonics over fundamental frequency. Measurement of

the distortion of the third harmonic is enough to represent the higher harmonics.

TH measurement is performed by forcing an AC Voltage on first harmonic and measuring
the third harmonic component of the signal. The resulting measurement will be able to
detect in homogeneities in thin-film layers, holes or other defects on surfaces, insufficient or
incomplete trim cuts and contact resistance. Third Harmonic technique was first
implemented in the early 1960s. The purpose of the measurement is to remove weak parts
in the circuit that will cause failure and thereby increase the reliability of the product. It has
been found out in the 1980s that the method has superior ability in detecting defects on
cylindrical SMD called metal electrode face bonded (MELF). The optimized 100% linearity
screening was made possible because of the release of equipment called CLT1 with rapid
testing capability on that period. Advanced non-linearity testing equipment has the capability
to make measurements on single components or as 100% in-line screening e.g. Danbridge
CLT10.
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One paper by Kwon (448 Kwon,D. 2009) discussed the limitations of linearity measurement
with respect to reliability of the component tested. High voltage and pulse load applications
accumulate in different places and are not distributed regularly across application. The
paper introduces another type of testing which uses pulses to characterise the material. The
paper called the technique Super-Screening pulse test which has four parameters which are
1.) Voltage gradient of pulse rise and pulse, 2.)Pulse width , 3.) Pulse Height and 4.) delta
R/R rejection limit. Combination of Third Harmonic and super pulse test resulted in an
excellent defect detection in component. The component that has passed the test has near
perfect quality because it meets all the specification limits and can be used even in harsh
condition. The result was verified by the data taken in harsh automotive application.

The automotive industry applied continuous pulse loading above the component
specification. The initial field report had a high failure rate between 1 parts per million (ppm)
to 10 ppm. After the pulse screening application, there has been no report of failure in the
field .The failure rate went into sub-ppb level even at extreme harsh overload application
(448 Kwon,D. 2009). More information is needed about super pulse screening because
according to this paper that the measurement can be detected using this technique.

The pulse screening was applied to resistor manufacturing industry, meanwhile third
harmonic measurement has been a mature technology that has potential to be applied in

conductive film manufacturing technique.

2.3.1.2 Eddy currents

Eddy currents can be used to measure conductive material over non-ferrous material such
as paint or aluminium. A frequency higher than 10 MHz is used to make the surface of the
instrument near to conduction level. The assignment of AC signal frequency is based on the
amount of inductance it will create. The AC signal is applied to the coil creating an

alternating magnetic field (Jerance, Bednar et al. 2013).

Primary coil ~ Pick up coil

———————————

Eddy
Current

Conductive material

Figure 11 Eddy current measurement
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The magnetic field creates eddy currents on the surface of the sample as shown in Figure 11
The amount of eddy current depends on the distance between coil and sample, type of
material and sample thickness. The eddy current creates an opposing magnetic field which
is detected by either the same coil (360 Jerance,N. 2013) or by another sensing coil (468 -
Uchino,K.) . The eddy current will cause the reduction in inductance. The distance between
the target and the coil is about half of the diameter of the coil. The advantage of using eddy
current is that it is non-contact measurement and therefore causes no wear and tear, it is
insensitive to dirt and humidity, high temperature range, and has no requirement for
magnetic materials (360 Jerance,N. 2013).

Eddy current sensing technique is a hon-destructive testing (NDT) method of testing that can
be used in defect detection of metallic, non-metallic, magnetic and non-magnetic pipes used
in petrochemical plants and power-generation sites (351 Fenniri,H. 1994; 360 Jerance,N.
2013; 362 Chen,X. 2007; 363 Robinson,D. 2000). Furthermore, the eddy current
measurement can be applied to both ferromagnetic and non-ferromagnetic materials.
Ferromagnetic materials contain iron, nickel, cobalt and their alloys. The relative permeability
of this materials ranges from one hundred to two hundreds (Garcia-Martin, Gémez-Gil et al.
2011). Meanwhile, pulse eddy current can measure metal parameters such as thickness,
conductivity, corrosion and sub-surface crack measurements (361 He,Y. 2010). Flexible
eddy current sensor arrays can be used in irregular shapes surface, or gap between curved
surfaces (360 Jerance,N. 2013; 362 Chen,X. 2007). Other uses of eddy current can be seen

in a variety of applications as proximity sensors (362 Chen,X. 2007).

2.3.1.3 Capacitance
A highly sensitive capacitance-change (CC) technique was used to measure the coefficient

of thermal expansion (CTE) (Tong, Saenger et al. 1993). A Kapton Polymide with CTE value

of 81 +/- 4 pp MAS was used and tested over the range of 50 °C to 150 °C. The
measurement was correlated with Fabry-Perot laser interferometer and thermomechanical
analysis. The equipment was developed to measure z-directional CTE of 5-mil-thick Kapton
H film supplied by Dupont Company. The highly sensitive two-terminal capacitance change
measurement technique uses two fused quartz plates. The plates contain square electrodes
that are connected to the capacitance meter. The electrodes space is equalled to the
thickness of the polymer film that is being measured. The thickness of the polymer creates
an air gap between the electrodes. If there are any changes in the thickness of the film it will
be reflected in the capacitance measurement. The sandwiched electrodes with the polymer

film in the middle are placed on the hotplate. The sample is subjected to thermal cycling, that

44



creates change in the thickness of the film in z-direction. The measured capacitance

provides the calculation for z-directional CTE and thickness of the film.

The measurement of CTE discussed in the paper was Fabry-Perot laser interferometry. The
sample with an opening on the centre was sandwiched by beam splitter and a reflective
substrate. The air gap created by the hole in the sample was beamed through by a low-
power HeNe laser. While the material is undergoing thickness variation due to thermal
cycling, the top and bottom surfaces interfering reflections is causing phase change. The
change in phase causes oscillation on reflected intensity. Therefore, the film thickness can
be calculated through reflected intensity. A single layer is enough for the laser interferometer
measurement due to its sensitivity. The TMA needs 5 layer of film in order to measure CTE.
The sensitivity of capacitor change measurement is 3 x 10 > m. CC can be used to detect
metal stress using cantilever beam, metal strains during tensile testing, and on polymers

with thickness exceeding 1 cm, and thin film poly(vinylidene fluoride) films.

2.3.1.4 Resistance measurement

In terms of electrical measurement, the resistance and resistivity are the most important
parameters. Often times, the measured resistance will be converted to resistivity and then it
will be compared to the bulk resistivity of the conductive material (Salam, Lai et al. 2011).

If the material is made out of double filler, meaning that two kinds of conductive material
were used (Lebedev, Gefle et al. 2015); the resistivity will then be compared to the material

with lowest resistivity value.

2.3.1.5 DC Resistance measurement
There are two main types of DC resistance measurements. They are two and four wires
measurement. Four wires measurement is better DC resistance measurement because it

eliminates the lead resistance.
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Figure 12 Two wires DC resistance measurement (Ballou 2015)

The two wires DC resistance measurement is shown in Figure 12. The measured resistance

can be calculated by the formula,
=n=Rpyt+ 2 | RLead )

Where R is the r es\,ssthe measured voltage land $is theXyrrent. The
equation 2 shows that the measured resistance includes the resistance lead. Two wires DC
resistance measurements have a problem with the measurement of low resistance devices
because of addition of lead resistance. At low resistance, more current will pass through
R L e antich will cause the voltage drop across it to increase. The voltage reading will be
significantly affected by the voltage drop across the RLead that the voltage drops across the

device under test (DUT) voltage (6 ).

Digital multi-meter

Source HI/L RLead

Sense HI -\/\/\/\/éerﬂ)l(pﬁ\ ‘
[

%De\rice
Lead v/ under
(T I El\zl "I" resistance  Jut test

Test current (1)

\
_(j W
Sense LO
O—— W
Source LO RLead

Figure 13 Four wire DC resistance measurement (Ballou 2015)
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Where R is the r esV,sidthermeasurdd noltagenamds| is(th¥ fusrent in
ampere (A) and Vg4 s the voltage across the DUT. The four wire DC Resistance
measurement setup is shown in Figure 13. The equation 3 shows the how to determine the
value of resistance under test. On four wire measurement technique, the current is force on
device under test on a separate pair of wire known as force terminal. Voltage is measured
on the other pair of wire known as sense terminal. The voltmeter V,, measures the voltage
across the device under test V4, The current passing the voltmeter is in pA range
compared to the current that pass through the device under test. The voltage drop on
voltmeter test lead is negligible and therefore the error is small regardless of the resistance
of device under test (Ballou 2015).

2.3.1.6 Wheatstone Bridge DC Resistance Measurement

The accurate resistance measurement of the test setup is due to the measurement of
voltage rather than resistance. The test configuration consists of four resistors. Two of
which, R1 and R2, are fixed and have equal value. The DUT is placed in the position of Rx

while R3 is a potentiometer which is adjusted until the galvanometer G indicates zero.

R1 R3

R2 Rx

B
1]
Figure 14 Wheatston bridge diagram (Bird 2003)

The Wheatstone bridge test configuration is shown in Figure 14. These will mean that no
current is flowing to the meter, and will make the bridge balanced. The voltage between

point A and point B is also equal when the bridge is balanced
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The Wheatstone bridge formula is given by equation 4. Where R xis the unknown resistance,
R1and R 2are two fixed resistors and Yo is the potentiometer all expressed in ohms
( Y(Bird 2003).

2.3.1.7 Corona charger

Corona charger provides a surface charge to the surface of the material. The travelling
motion of the surface charge was measured by surface potential detectors. The surface
resistivity of the material is dependent on the travelling speed of the surface charge. This

concept creates a non-contact measurement technique (Sugimoto,T. 2012).

The detector, a cylindrical body, is made out of corona-charger, induction probe A, B and
surface potential probe C. Probe A, B and C are measuring probes that are attached to the
body of the cylinder. Corona charge was created using needle electrode on the middle
connected to high positive DC voltage power supply and a ring electrode with diameter of
4mm is connected to the ground. The distance of probe A, B and C from the charger is 20,
44, and 72 mm respectively. The distance between the sample and the cylinder is Imm. An
oscilloscope is directly connected to Probe A and B which are electrically isolated. The
surface potential probe C is available commercially (Sugimoto,T. 2012).

The samples were supplied by corona ions which are high in potential energy. A potential
difference was generated because of the creation of high surface charge near the corona
generator with respect to surrounding areas. The surface charge will flow towards lower
surface charge potential. The sample that was used in the paper was conducting polymer on
different sheet resistivity. The measurement technique was consistent with the contact type

measurement tester (Sugimoto, Abe et al. 2012).

2.3.1.8 Colorimetry

Colorimetry is non-contact measurement which has been used to determine the degree of
cure in conductive film. It was used to characterise conductive film on flexible polyethylene
terephthalate substrate in order to represent sheet resistance. The significant shift in a* and
b* color represent the change of conductivity of the material during sintering process. The
value of a* and b* shows the greenness or redness and yellowness of the colour as shown
in Figure 15. The explanation for this phenomenon is stated in the Lorenz-Mie theory of
electromagnetic scattering. This measurement technique can be applied on roll to roll
conductive film manufacturing that uses nanoparticle conductive ink (Cherrington, Claypole
et al. 2012).
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Colorimetry is a well establish method in the graphics printing industry as a quality control
tool. The colorimetry measurement result correlates to the sheet resistivity of printed
nanopatrticle silver ink. This measurement technique was developed by the printing industry
to detect colour changes. Colorimetry technique is applied in emulsion of colour products,

the effect of weathering in coated strip steel, waste discoloration, and dental discoloration

assessment.
L* ,
A White
b*
Gray axis Yellowness

<
«

Greenness

a*
Redness

v Black

Figure 15 The CIELAB axes

The reflectance spectra are translated into a series of colour coordinate values that signifies
a 3D colour space to be able to quantify any shift in colour. The CIEL*a*b* (CIELAB) as
defined by International Commision on lllumination (Commision Internation al e d 6 Ec |
the most complete colour space visible to human eye. CIELAB was a device independent

model to be used as a reference.

The three coordinates of CIELAB are a*, b* and L*. The a* coordinate denotes the position
between red and green as shown in Figure 15. Green is indicated by negative value while
red is positive value. The b* coordinate is the coordinates between yellow and blue, on
which blue is negative value and yellow is the positive value. L* represents the lightness of

color the yields L*=0 as black and L*=100 signifies white color.

The relationship between the three colour space coordinates (a*,b* and L*) and sheet
resistance is that high resistance produces very negative a* and positive b* value. Low sheet
resistance measurement will generate almost zero a* value and a reduced b* value.
Meanwhile, L* has no correlation to sheet resistance. The experiment shows that low

resistance sheet produces green colour which signifies best sintered silver. Damaged or
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cracked track has positive a* value which mean an increased resistance. The data in the
experiment shows that the yellow colour is the result of the resistance decreasing and the

sintering of the ink.

The change of colour during sintering is due to the agglomeration of silver nanopatrticles to
create a continuous film. The formation of continuous film produces a green/yellow colour
that can be explained by Lorenz-Mie theory of electromagnetic (EM) scattering. Gold and
Silver nanoparticles exhibit similar absorption of electromagnetic range of 500nm and 600nm
which corresponds to green and yellow during sintering. Sintering will remove the green
color and reduce the yellow color,, during this time EM scattering stops because the particle

forms a continuous film.

This method measures indirectly the electrical performance of Conductive film by using
Colorimetry and CIELAB Industry standard. The sintering of silver ink result a change in a*
and b* coordinates (Cherrington, Claypole et al. 2012).

2.3.1.9 IV Measurement
The current T voltage (IV) measurement setup enable the sweeping of applied voltage
across the sample while the current is being monitored. Improvement in conductivity was

discovered on specially treated silver conductive adhesive.

—*Power supply {

1 *Voltmeter{ 1

—*Ammeter H Device under test*—

Figure 16 IV sweep measurement setup

The (IV) sweep measurement setup is shown in Figure 16. IV sweep can be performed by
sweeping voltage and measurement current or sweeping current and measuring voltage.
The resistance decreased while the maintaining its current rating (Li, Wong 2006a). IV
measurement was performed on the sample that was environmentally aged on conductive
adhesives (Kim,J.-W. 2008).
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2.3.1.10 Time Domain Reflectometry (TDR)

Time Domain Reflectometry (TDR) is measurement of impedance mismatches and
discontinuities by detection of discreet peaks and their location. In order to make TDR
measurement, impulse or step signal is sent through the transmission lines in which it
creates a reflected signal caused by impedance mismatches. TDR measurement is
expressed in reflection coefficient which is the ratio of reflected signal over transmitted signal
on the same port (449 Kang,J.S. 2010). The number and shape of the reflected signals

characterise the impedance mismatch in the transmission line.

Transmission
line

Impedance
mismatch

Pulse
generator

Matched

Oscilloscope Load

Figure 17 TDR basic components

The basic components of a TDR system are shown in Figure 17. A pulse generator creates
an excitation to the transmission line. The signal will be split to an oscilloscope and the other
will travel up to the matched load. The oscilloscope will display the pulse created by the
pulse generator and a second pulse is the signal reflected by the wire (Lacoste 2009).

Another way of performing TDR is using a network analyser that sweeps a certain frequency
range to get the reflection coefficient. The result in frequency domain is inversed Fourier
transformed to produce a result in the time domain (Kang,J.S. 2010). Time Domain
Reflectometry (TDR) profile and frequency characterisation h used in conductive film that
uses textile as a substrate. The frequency characteristics of transmission line were
measured using vector network analyser (VNA) up to 3 GHz (Kim,Y. 2010). TDR reflection
coefficient was determined using 500 MHz to 6.7 GHz frequency band because current

commercial product operates in this region (Kang,J.S. 2010).

2.3.2 Mechanical and temperature testing
The mechanical test in this section includes different test platforms to measure stiffness or
Youngb6s modul us, Tg)l flexibidity, bending sapabilityoamd témperature of

conductive film.
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2.3.2.1 Vibration testing

Vibration analysis adopting wave approach has been used to obtain dynamic properties of
inkjet-printed thin films on flexible polyimide (PI). The sample was fabricated by depositing
Ag- nanoparticle suspension on plasma-treated Pl substrate and sintered at different
temperature. The sample was cut into 30 mm length and 0.6 mm width by pico-second laser
pulse cutting and was used as the cantilever in the vibration test. The type of sample cutting
and preparation used were precise cutting tool and the cleaning involved and the activation
of surface would produce a better result. The sample was vibrated at one end on the tip and
positioned in horizontal orientation. The effect of the gravity and self-loading will therefore be
avoided. The bend stiffness and loss factor will be obtained by measuring the frequency
through exciting the base of the sampl e.
will be possible through these characteristics. Vibration testing was used to investigate the
effect of sintering and film thickness on the dynamic properties. Nano-indentation was used
as reference to correlate vibration measurement result. It was found out that the sintering
temperature has greater ef fect than film
(Park,J. 2009).

2.3.2.2 Bend testing

This simple bend test setup contains two parallel positioning plates that can reach small radii
of curvature. One plate is stationary and one is moving. The test provide two types of test.
First it causes stress on the outside curvature of the bent, while strain on the inner part of the

curvature. The radii of the curvature are the half of the distance between the plates.

Moving plate

\
! Radii of curvature

Stationary plate

Figure 18 Bend test setup

One mechanical bend test setup is shown in Figure 18. The mechanical reliability and
flexibility of a cured photoresist film was assessed through static and dynamic mechanical
bending (Briand,D. 2011).
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2.3.2.3 Shear Testing

Shear forces are unaligned forces that are being pushed in opposite directions. Shear
testing aimed to measure the shear strength properties of materials (Coughlan,F.M. 2006).
Two identical object were stuck together by the material under test, and then pulled in
opposite direction. The standard test method is included in American Society for Testing and
Materials (ASTM) D1002-94 Adhesive Lap Joint Shear Testing.

1.6 mm Adhesive

| e

[ - |

T [ ]
Test grip area |

254
mm

T

:>

—| 25.4 € L 254
MM | 63.5 mm => 63.5 mm =>{ MM

€«— 127 + L mm

«—— 177.8 + L mm

Figure 19 The sample dimension based shear standard method

The test setup for shear testing is shown in Figure 19. Some of the important recommended
parameters are the overlap length (L), test grip area, and the load test parameter. The
overlap length (L) is 1.62 mm for most metal. The length of grip should be 25.4 mm for the
testing machine to clamp the sample securely. The shear test load is 8 0 & A
100 ckry dquivalent of 1.2 kpsi i 1.4 kpsi of shear per area per min and should be
applied until the sample fail (Chanda, Roy 2008).

2.3.2.4 Dynamic Mechanical Analyser (DMA)

Dynamic Mechanical Analyser (DMA) works by applying oscillating force to the sample and
measuring its response (Jeong,W.-J. 2005). The oscillating force is called the stress and
represent ed b yTherésponse gf the mdterialito the oscillating force is called

the strain 2. The force motor i ntroduces stress
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Force motor

DMA chassis
Driveshaft

Insulating disk
<— Sample

Figure 20 Basic components of a dynamic mechanical analysis (DMA)

The schematic of a dynamic mechanical analysis is shown in Figure 20. The Linear Variable

Differential Transformer (LVDT) measures the displacement of the driveshaft. The measured

stress and strain are plotted.

Stress (o)

E=Initial slope = aly

The

of ten

mater i

\ 4

Strain (y)

Figure 21 The ratio between stress and strain

al
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0s stiffness or i ts resi

to as its Youngds modul us

ratio between the stress-strain curves as shown in Figure 21. Modulus is an indicator of

material performance in real world. The advantage of using DMA over other method is that a

range of temperature and frequency can be swept. Aside from determination of modulus,

DMA is effective in testing any change in glass transition of a polymer (Wunderle, Kallmayer

et al. 2008). The polymer change from rubbery to glass happens during glass transition.
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Several decade drops in modulus happens during glass transition. When a product reaches

the field in with wrong glass transition, catastrophic failure will occur (Menard 2008).

2.3.2.5 Thermo mechanical analysis (TMA)

The purpose of the thermo mechanical analysis is to measure the dimensional and
mechanical property of a material as a function of temperature. High magnitude of force and
temperature can be applied to the device under test. The sample is placed in the furnace

that is heated at certain range of temperature.

Force motor

<«— Driveshaft

LvDT —)l I
f

Thermocouple

Purge gas
N, or He

Sample
Furnace

Figure 22 Basic components of TMA

The basic configuration of thermo mechanical analysis equipment is shown in Figure 22
(Menard 2008). While the sample is being heated, a load is applied to the sample and its
response is measured by LVDT detector. Thermocouple placed inside the furnace monitor
the temperature. TMA measurements result will provide data coefficient of thermal
expansion and glass transition calculations (Harper 2006). The anisotropic conductive
adhesive coefficient of thermal expansion (CTE) were measured by thermo-mechanical
analysis (TMA) under dry condition and cure shrinkage was measured by mercury volume

Dilatometer (Wunderle, Kallmayer et al. 2008).

2.3.2.6 Thermo gravimetric analysis (TGA)
The thermo gravimetric analysis can provide important information about the thermal
stability, evaporate rate and of solvent loss. The microbalance measures the weight of the

sample while the furnace is heated at a range of temperature (Sperling 2015).
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Figure 23 Basic component of a TGA

The basic components of TGA are shown in Figure 23. Particle loading of a conductive
paste can be determined using TGA by the removing of organic solvent. The evaporation of
the solvent used in conductive film can be measured using TGA (Kim, Chung 2002). In
addition to compositional details, TGA can also determine the thermal stability of a material
(McCauley, - Weiss 2013).

2.3.2.7 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a process of determining the difference in heat
flow rate between the reference and the sample. The instrument that performs the
measurement is called the differential scanning calorimeter. The two main types of DSCs are
called heat flux and power compensated. DSC is useful in determining the curing

temperature of conductive ink (Jeong, Nishikawa et al. 2005).

Figure 24 Components of heat flux DSC

56
































































































































































































































































































