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Abstract

Point-of-care testing (POCT) is an emerging technology which can lead to an eruptive change
of lifestyle and medication of population against the traditional medical laboratory. Since living
organisms are intrinsically flexible and malleable, the flexible substrate is a necessity for
successful integration of electronics in biological systems that do not cause discomfort during
prolonged use. Isotropic conductive adhesives (ICAs) are attractive to wearable POCT devices
because ICAs are environmentally friendly and allow a lower processing temperature than
soldering which protects heat-sensitive components. Vertical interconnections and optical
interconnections are considered as the technologies to realise the miniaturised high-
performance devices for the future applications. This thesis focused on the multifunctional
integration to enable both electrical and optical vertical interconnections through one via hole
that can be fabricated in flexible substrates. The functional properties of the via and their
response to the external loadings which are likely encountered in the POCT devices are the

primary concerns of this PhD project.

In this thesis, the research of curing effect on via performance was first conducted by studying
the relationship between curing conditions and material properties. Based on differential
scanning calorimetry (DSC) analysis results, two-parameter autocatalytic model (Sestak-
Berggren model) was established as the most suitable curing process description of our typical
ICA composed of epoxy-based binders and Ag filler particles. A link between curing conditions
and the mechanical properties of ICAs was established based on the DMA experiments. A
series of test vehicles containing vias filled with ICAs were cured under varying conditions. The
electrical resistance of the ICA filled vias were measured before testing and in real time during
thermal cycling tests, damp heat tests and bending tests. A simplified model was derived to
represent rivet-shaped vias in the flexible printed circuit boards (FPCBs) based on the
assumption of homogenous ICAs. An equation was thus proposed to evaluate the resistance of
the model. Vias with different cap sizes were also tested, and the equation was validated.

Those samples were divided into three groups for thermal cycling test, damp heat ageing test



and bending test. Finite element analysis (FEA) was used to aid better understanding of the
electrical conduction mechanisms. Based on theoretical equation and simulation model, the
fistula-shape ICA via was fabricated in flexible PCB. Its hollow nature provides the space for
integrations of optical or fluidic circuits. Resistance measurements and reliability tests proved
that carefully designed and manufactured small bores in vias did not comprise the performance.
Test vehicles with optoelectrical vias were made through two different approaches to prove the
feasibility of multifunctional vertical interconnections in flexible substrates. A case study was
carried out on reflection Photoplethysmography (rPPG) sensors manufacturing, using a
specially designed optoelectronic system. ICA-based low-temperature manufacture processes
were developed to enable the integration of these flexible but delicate substrates and
components. In the manufacturing routes, a modified stencil printing setup, which merges two
printing-curing steps (vias forming and components bonding) into one step, was developed to
save both time and energy. The assembled probes showed the outstanding performance in

functional and physiological tests.

The results from this thesis are anticipated to facilitate the understanding of ICA via conduction
mechanism and provide an applicable tool to optimise the design and manufacturing of

optoelectrical vias.

Keywords: Point-of-care testing, flexible substrate, vertical interconnections, Isotropic

conductive adhesives, optical vias
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Chapter 1 Introduction

1.1 Research background

1.1.1 Flexible electronics in POCT device

Point-of-care testing (POCT) also called near-patient testing or out-of-laboratory testing. It is an
analytical test undertaken at or near the site of a patient where is far from a hospital laboratory
[1]. POCT aims to improve medical and economic outcomes and to shorten turnaround time
(time from test order to patient treatment) [1]. POCT comes to use mainly due to the traditional
diagnostic laboratory cannot meet the increasing demand by both the well and the sick to
manage their health and feel good, by monitoring a variety of functions of the human body and

activities related data (speed and acceleration) in daily lives, or during recovery from illness [1—

3]. There are different kinds of POCT devices (Fig.1. 1), from networked bench-top multi-

analyte instruments to simple hand-held glucose meters [2—4]. Light-weight and deformable

flexible electronic circuits play an essential and critical role in the development of conformable
sensors, bendable displays and other dynamic flexing applications. Many topics related to
applications were researched, like multilayer flexible polymer circuit fabrication [5], integration
of monitoring, recording and wireless communication functions on flexible substrates [6, 7].
Furthermore, a Paper-Based Frequency ldentification (RFID) enabled sensing device was
demonstrated by Georgia Institute of Technology [8]. There are both great needs and
challenges for flexible electronics in POCT devices when it comes to integration into everyday
items as well as miniaturising and shaping to fit the human body. POCT is expected to provide
accurate, precise, and reliable results similar to the traditional laboratory testing that it is
intended to replace [3, 9]. Therefore, the trend toward miniaturisation must be coupled with
increased reliability of performance. Adding calibration and noise reduction modules [9]
increases the packaging density and requires reliable fine pitch interconnections. The low-
temperature manufacturing process is needed to maintain the performance of heat-sensitive

sensing elements, such as electrodes in a uric acid test strip (80°C) [10], electrochemical



biosensors (60°C) for nitrite quantification [11], and a polymer field effect transistor (65°C) for

pH measurement [12].

HANDHELD

BENCHTOP (NEAR-PATIENT)
Fig.1l. 1 Schematic catalogue of Point-of-Care Testing devices

1.1.2 Vias in flexible electronics

In electronic circuits, a via (path or road in Latin) is a conductive connection between different
layers through a small opening in insulating layers. Therefore, via is also considered as the
abbreviation for vertical interconnect access. There are limitations in interconnect density,
bandwidth, signal integrity and thermal management with conventional technology. Vias
enabled three-dimensional integration can effectively reduce the length of the chip to chip

interconnection and help fulfil the call for increasing performance, shrinking size, saving power,

and reducing cost [13-15].

Recently, printed electronics as a new class of flexible electronics are emerging to meet the
growing demands of more flexible biomedical and industrial devices. It is an all-printed system
on a flexible polymer substrate mainly include conductive circuitries, passive components and
functional units such as chemical sensors, organic light emitting diodes (OLED), flexible
displays, organic thin film transistors (OTFTs) and organic photovoltaic (OPV) solar cells [16—

19]. When forming multi-layer conductive circuitry, addictive patterning process such as screen
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printing or inkjet printing is used to print conductive patterns on each layer and fill vias for
vertical interconnection between layers [20]. The vias in flexible substrates combine
components with highly different materials properties: rigid vs. flexible. The electronic contacts
at the interface will be subjected to very high tensile and shear deformations. The practical
utility of vias in the flexible circuit has been developed despite the fact that little is known about
the influence of mechanical stress induced by bending or rolling upon the electrical stability of

the vias.
1.1.3 Isotropically conductive adhesive

Isotropically conductive adhesive (ICA) mainly consists of a polymeric resin (usually epoxy) that
provides mechanical properties such as adhesion and mechanical strength, and conductive
fillers (most commonly silver particles) that conduct electricity. ICA achieves electrical
conductivity during the polymer curing process caused by the shrinkage of polymer binder and
the removing of lubrication layers [21]. ICA is a promising alternative to tin-lead alloys solder. It
equally provides electrical conductivity in all directions like alloy solder and offers many

advantages over conventional solder technology. There are three significant ones:

e  Environmentally friendly: Use of ICAs eliminates Lead and the flux in normal soldering

processes [21]. Silver and epoxy are less toxic than Lead.

e  Fewer processing steps: ICAs do not require flux and cleaning, thus offering a simpler and

cheaper processing [22].

e Lower processing temperature: ICAs have low processing temperatures, usually in the
range of 100-150°C or even room temperature. Such low process temperatures provide
great freedom in design, enabling the use of heat-sensitive and low-cost components and

substrates [22, 23].

Due to these advantages, researchers are trying to apply ICA-based interconnects in POCT
devices. An ICA was used to make the vertical electrical interconnects in the optical sensor
array for wound monitoring [20]. UV-cure ICA was used to achieve room temperature bonding

in a pH sensor [12].



1.1.4 Optical interconnects

Optical sensors are more attractive than their electronic counterparts in POCT applications due
to several advantages: the resistance to harsh environments, the immunity concerning EMI
(electromagnetic interferences), the high sensitivity and the non-contact mechanism [3, 24].
However, the use of optical sensors always implies the integration of a light source, sensors
and electronic circuitry. The cost, size and reliability are the critical packaging problems [25-28]

which hinder the implementation in many possible and practical applications.

1.2 Aim and objectives

Lightweight and thin flexible electronic circuits play an essential and critical role in the
development of wearable miniaturised POCT devices. Conductive paste filling is a
straightforward and effective solution for vertical interconnections in flexible electronics and
embedded electronics. Moreover, optical interconnect is worth researching because of its great

potential for reliable, high-performance optical sensing applications.

This PhD project was focusing on the multifunctional interconnects in flexible substrates to
enable the miniaturisation of combined optical and electronic systems intended for POCT.
Moreover, it was highly concerned that the functional properties of the micro-scale deposits of
materials and their response to the external loadings or inputs to the systems which are likely

encountered in the wearable POCT devices. The aim of this research are defined as below:

To research the integration of electrical and optical via in the flexible circuit by a low-
temperature manufacturing technique, and investigate the performance, thermal reliability and

bending durability of the via.
The detailed objectives to achieve the aim have been given as follow:

e Thoroughly literature review to gain an understanding of POCT technology, flexible

electronics and interconnection technology.

e To research an ICA-based manufacturing technique that enables vertical electrical

interconnection in flexible circuits.



e To develop a theoretical model to explain the effect of different parameters, such as via

diameter, overlap area and thickness, on the electrical performance of via.
o To experimentally verify the factors on electrical performance and reliability of vias.

e To establish a feasible architecture of multifunctional vias, and fabricate optoelectrical

vertical interconnects.

1.3 Structure of the thesis

Based on the research objectives, the structure of the thesis is established and presented in
Fig.1. 2. The relationships between chapters are illustrated in the flow chart. A brief summary of

each chapter is provided below.

Chapter 1 summarises the background of flexible electronics for POCT devices and identifies
challenges and requirements related to interconnection in flexible electronics. The research
aims and objectives are defined by those challenges and requirements. An overview of the

thesis is presented at the end of this chapter.

In Chapter 2, a literature review was undertaken to gain knowledge of flexible electronics and
interconnection technology. Different vertical interconnect technologies are summarised, to
identify the strengths and novel features of the technique developed in this thesis. The

materials, theories and techniques used in following chapters are also reviewed in detail.

Chapter 3 gives an insight into the geometry effect on conduction within the ICA vertical
interconnects. The important geometry factor which would be expected to affect the electrical
resistance of the vias is identified by finite element analysis and theoretical calculation. A whole
set of manufacturing processes was developed to produce the test vehicles. Temperature
cycling test, damp heat test and bending test were conducted to investigate the robustness and

reliability of the vias.

In Chapter 4, the relationship between curing condition and vias performance was researched.
Cure kinetic model of as-received ICA materials was established to guide the design of curing
parameters. Resistances of ICA vias cured under selected conditions were measured before

and in real time during temperature cycling test, damp heat test and bending test.
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Fig.1. 2 Overview of the thesis structure.

The feasibility of multifunctional vertical interconnects in flexible substrates was investigated in
Chapter 5. Firstly, the concept of fistula-shape ICA via was proposed, since its hollow nature
provides the space for integrations of the optical or fluidic circuit. Moreover, finite element
model of fistula-shape ICA via was built to aid the design of vias. Then fistula-shape ICA vias
were manufactured by mechanical drilling into solid vias. Finally, optoelectrical vertical

interconnections were achieved by the integrating optical vias into the fistula-shape ICA vias.

Chapter 6 presents a case study where Photoplethysmography (PPG) sensor using specially
designed optoelectronic sensor was assembled on flexible PCB by ICAs. A low-temperature

manufacture route was established to realise the design and ensure the reliability of



performance. Electrical test and physiological assessments of the optoelectronic sensor are

also presented in this chapter.

Finally, Chapter 7 summarises the main conclusions of the work presented in this thesis and

provides recommendations for future work.



Chapter 2 Literature review

2.1 Point-of-care testing and Photoplethysmography

Point-of-care testing (POCT) also called near-patient testing or out-of-laboratory testing. It is an
analytical test undertaken at or near the site of a patient where is far from a normal hospital
medical laboratory [1]. POCT comes to use mainly due to the traditional diagnostic laboratory
cannot meet the increasing demand by both the well and the sick to be informed and active
participants in their health maintenance and the management of their illnesses [2, 3]. POCT
provides a quick and convenient solution for a variety of clinical settings, for example, the
operating theatre, critical care unit, maternity unit, outpatient clinic, emergency department and
disaster response [2]. It aims to improve medical and economic outcomes, and to shorten
turnaround time (time from test order to patient treatment) [1]. There are different kinds of
POCT devices, from networked bench-top multi-analyte instruments to simple hand-held
glucose meters [2, 3] Table.2.1 shows the different tests that POCT device can conduct.
Delivering reliable results when used correctly by personnel not trained in clinical laboratory
practice is an essential requirement if the POCT devices are used for sports or home care. An
ideal POCT device should be the optimisation of cost, accuracy and reliability, storage and

handling, data quality and medical implications [1].

Table.2. 1 Examples of point-of-care tests

Sample Examples

Whole blood Glucose, troponin |, blood gases, activated clotting time, platelet function
Urine B HCG (pregnancy test), glucose, ketones, nitrites

Faeces Occult blood

Saliva Nicotine metabolites, drugs of abuse

Exhaled breath Ethanol, basic spirometry

Other electrocardiogram, temperature

Source [1]



POCT devices collect clinical parameters through three main detection methods: optical
methods, electrochemical methods, and mass spectrometry methods. Among these methods,
electrochemical and optical methods are the most frequently utilised due to their selectivity and
sensitivity [29, 30]. Not like embedded electrochemical sensors, optical sensors can be non-
contact and reusable, which broaden the application of optical methods. Typical optical
detection methods comprise the light property modulation detections and the direct detection by
monitoring the light properties including fluorescence, absorbance, and luminescence-based

methods [30].

Fig.2. 1 Optical Workstation at Lawrence Livermore National Laboratory, United States [31]

While microscopes, lasers, spectrophotometers, lenses, and filters can be precisely arranged
and aligned in a lab (Fig.2.1) [30, 32, 33], such a system is hard to miniaturise into a low-cost,
portable, and robust device for POCT. Thanks to the rapid development of low-cost and high-
performance optoelectronics like CCD cameras, laser diodes, photodiodes, light emitting
diodes (LED), as well as recent innovations in microfluidic integration and nanoscale materials.
The optical detection methods are becoming more practical for Point-of-Care diagnostics. Many
groups have shown good results with LED-induced fluorescence by incorporating integrated
lenses, waveguides and filters into their microfluidic designs [33]. Onur Mudanyali et al.

demonstrated a compact and lightweight digital rapid-diagnostic-test device based on LED



illumination and cell phone camera. Inserted test strips can be imaged in reflection or

transmission modes [34].

Photoplethysmography (PPG) is a simple and low-cost optical technique which is used to
detect blood volume changes in the microvascular bed of tissue [35]. The basic form of PPG
technology requires only a few optoelectronic components: a light source to illuminate the
tissue (e.g. skin), and a photodetector to measure the small variations in light intensity passing
through or reflected from skin tissue [35, 36]. PPG is most often employed non-invasively and
operates at a red or/and a near infrared wavelength. The most recognised PPG waveform
feature is the peripheral pulse, which is synchronised to each heartbeat [35-37]. While the
absorbance of some tissues (e.g., bone, muscle) is a constant and can be termed as the DC
component of the PPG signal, the absorbance of arterial blood pulsations can be considered as
an AC component. PPG signals reflect the pulsatile action of arteries through the interaction
between oxygenated haemoglobin and photons. These photon-tissue interactions should
present a unigue pattern for each individual [36]. After decades of development, the PPG
device has moved from torch bulb to advanced optoelectronics and has a widespread clinical
application, for example, pulse oximeters, vascular diagnostics and digital beat-to-beat blood
pressure measurement systems [37]. A lot of miniaturised devices using PPG technology have
been developed, like wireless finger clip PPG probe [38], ear-worn heart rate monitoring patch
[39], Ankle Systolic Pressure Measurement cuff [40], wristwatch-type heart rate monitoring
device [41, 42], Finger-Ring PPG sensing device [43]. Moreover, now the PPG technology is

moving on towards the imaging PPG [44—46] and 3D imaging PPG [47].

2.2 Flexible electronics

Flexible electronics are emerging as important applications for future displays [48, 49], robotics

[50], in vivo diagnostics [51-53], advanced therapies [54, 55] and energy harvesting [49, 56].

The materials and technologies behind flexible substrates are an important consideration for
flexible electronics. The use of these substrates can significantly reduce the overall substrate
thickness and weight and most of all they can ease the assembly [4—7], increase the module
compactness and can be applied to a flat, a curved and even to a dynamic surface. The flexible

substrates also open the way to roll-to-roll fabrication techniques [4], increasing the process
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throughput and reducing the cost of fabrication [6, 20]. Besides of the lightweight and
deformability, substrates need to be solvent resistant to survive the standard optical
photolithography process. Additional requirements for substrates include moisture resistance
and low cost (allowing large area, mass production). Table.2.2 compares some of the most
critical properties of some key plastic substrates [57, 58]. One of the main challenges for plastic
as a next generation substrate is the substantially reduced processing temperature window.
The maximum processing temperature, shown in Table.2.2, is related to the glass transition
temperature (Tg) above which inelastic deformation takes place, and the substrate no longer

retains its original dimension.

Table.2. 2 Comparison of plastic substrates.

Twmax (°C) * Material Properties
Polyimide Expensive, high CTE**, good chemical
250 . . .
PI) resistance, orange colour, high moisture
absorption
240 Polyetheretherketone Expensive, good chemical resistance, amber,
(PEEK) low moisture absorption
Polyethersulphone Expensive, good dimensional stability, poor
190 _ .
(PES) solvent resistance, clear, moderate moisture
absorption
Polyethylene  Naphthalate Inexpensive, moderate CTE, good chemical
160
(PEN) resistance, clear, moderate moisture absorption
Polyethylene Terephthalate Inexpensive, moderate CTE, good chemical
120

(PET) resistance, clear, moderate moisture absorption

*Tmax: @ maximum processing temperature, *CTE: the Coefficient of Thermal Expansion

2.3 Electrical vertical interconnects

In electronic circuits, a via is a conductive connection between different layers through a small

opening in insulating layers. Via is also considered as the abbreviation for vertical interconnect
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access. Demands for increasing performance, smaller size, reduced power, and reduced cost
cannot be met with conventional packaging and interconnect technologies. There are
limitations in interconnect density, thermal management, bandwidth, and signal integrity with
conventional technology [59]. Vias enabled three-dimensional integration can effectively reduce
the overall length of interconnects and fulfil the requirements above [60, 61]. There are several
methods of via hole formation, such as mechanical drill or punch [62, 63], laser drill [63—65],
photolithography [66, 67] and plasma-etching [68]. Aside from the variety of methods utilised to
form vias in the dielectric layers, metallisation of these vias can also be accomplished by

several techniques.

The most commonly used via filling technologies in the PCB industry are based upon
electroplating or filling with conductive pastes [14, 61, 69]. The drawback of electrodeposited
copper in the vias is the potential cracking of the very thin copper layer coated on the via
sidewalls[70, 71]. The significant coefficient of thermal expansion (CTE) differences between
barrel copper and the surrounding dielectric material within the plated-through hole (PTH)
results in major reliability concerns under thermal loading. Once the thermo-mechanical
stresses due to the mismatch of the CTE exceeds the limit of the plated barrel copper strength,
failures such as circumferential barrel cracks, land corner cracks and pad lifting occur [69, 70].
Moreover, the environmentally hazardous chemicals are used during such plating processes

[72].

Conductive pastes which use silver or other conductive particles have been used to make solid
vias which electrically interconnect circuit layers. This process is environmentally friendlier than
plated through-hole process, and the cost of facilities is very low [73]. Conductive pastes filled
vias have a relatively high electrical resistance compared with plated through holes because
filled paste has significantly higher resistivity and contact resistance than plated metal layer [72]
[73]. Screen printing is most commonly employed to fill the paste since it is a quick and cost-
effective additive patterning process which is often available from existing PCB producer [62,
73]. Researchers are now put great interest in inkjet printing method in order to miniaturise the

vias and move forward to printed electronics [65, 74, 75].
2.4 Optical interconnects
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Optical signals have got very high carrier frequencies (200-1000 THz for corresponding free-
space wavelengths of 1.5 ym to 300 nm) as opposed to the electrical signals [76—78]. The short
wavelength of light allows the use of dielectric waveguides to guide the optical signal. Therefore,
optics avoid the metal waveguides that are essential for confining the radio-frequency waves of
electrical interconnections and hence also avoid the resistive loss physics that dominates the
propagation loss and distortion of electrical lines [77—-80]. Frequency-dependent cross-talk and
reflection can be avoided by high-speed modulation of optical beams [77, 81]. From a
transmitter to a receiver, the efficiency of optical transmission is affected by connector loss,
splice loss and attenuation in transmission medium [82, 83]. Within the optical material, the
attenuation is caused by absorption (intrinsic and extrinsic absorption), scattering (Rayleigh and
Mie scattering) and bending (macro- and micro- bending) [82]. In principle, all attenuation
mechanisms can be traced back to the multi-length scale structure of the material itself (e.g.
atomic structure, point defects, second-phase inclusions) or structures arising from the

fabrication and design [82, 84, 85]

At the long end of the interconnect hierarchy such as in the long-haul (telecom) and Local Area
Networks (LANSs), the optical fibre has already replaced the electrical cables. However, at the
lower end of the hierarchy such as in the card to card, board to board, chip to chip and on-chip
levels, copper based electrical wires still dominate [76—80]. In the past three decades, various
groups in academic and industries have vigorously researched different ways of implementing
optical interconnection in board-to-board, chip-to-chip and even in intra-chip levels. Figure 2.2
illustrates distance ranges for various interconnects and preferred optical techniques for
implementing them [86]. Although a large number of architectures have been proposed for
optical interconnects, most of them fall into one of the following two categories [78, 87-90], as

follows:

* Free-space Optical Interconnect (FSOI) System

* Guided-wave Optical Interconnect System
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Fig.2. 2 Distance ranges required for various interconnects and preferred optical techniques for

implementing them

In free space optical interconnects, light propagates from source to detector through a bulk
medium. Lenses, mirrors and holograms are the typical passive optical elements to provide a
communication channel for free-space interconnects. Such interconnection has the capacity for
high interconnection density but has disadvantages including the need for 3D alignment
between detectors and signal beams and high diffraction related cross-talk [91]. Free-space
optical interconnections have been found very suitable for chip to chip and board level
interconnects because of (i) the potential to fully utilize the large spatial bandwidth and
parallelism of optics, (i) no mutual interference (light beams can cross in space with no
interference), (iii) flexible networks since they are not connected to physical paths, and most of
all, (iv) the abllity of using simple imaging optics which produces light-power efficiency, very low

signal skew, simpler architectures, and permit chip-like integration [86, 92].

In guided-wave optical interconnects, optical fibres/waveguides integrated into the planar
substrate, are used as the main physical paths for the optical signals to travel on- and off-chip.
Micro-mirrors fabricated at the transmitting/receiving ends may be used to direct the optical
signal from light sources into fibres/waveguides or direct optical signal onto photodetectors [93].
The major drawbacks of fibre/waveguide based systems at the chip to chip and board levels
are the relatively low interconnection density, cross-talk between adjacent waveguides, severe
coupling losses, and losses due to bending and looping of fibre [82, 94]. For integrated

waveguides, an important problem is the coupling of light into and out of the waveguides due to
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reflection loss in each interface. Additionally, the density of a waveguide array is mainly limited
by the coupling-induced cross-talk between adjacent waveguides [78, 95]. Moreover, both fibre-
based and waveguide integrated optical interconnects at the chip to chip and board levels have
very limited interconnectivity and fan-in/fan-out channels since they are much like wires and
require physical paths between every two points. Fortunately, use of submicron size silicon
waveguides using silicon on insulator (SOI) technology [96], and wavelength-division
multiplexing (WDM) [97, 98] can alleviate the problem of density and can provide high

bandwidth required for future generation integrated circuit systems.

2.5 Materials for vias

2.5.1 Electrically conductive adhesives (ECAs)

Electrically conductive adhesive (ECA) is a promising alternative to tin-lead alloys solder [21—
23] and via filler material [72, 73]. They consist of a polymeric resin (e.g. epoxy, silicone, or
polyimide) that provides mechanical properties (e.g. adhesion, mechanical strength, and impact
strength) and conductive fillers (e.g. silver, gold, nickel or copper particles) that conduct
electricity. Electrically conductive adhesives possess many advantages over conventional
solder technology. They are environmentally friendly, require fewer processing steps (reducing
processing cost), and allow a lower processing temperature (enabling the use of heat-sensitive
and low cost components and substrates) and smaller distances between the electrical lines in
circuits (enabling the manufacture of smaller devices), greater creep resistance and energy

damping [21-23, 99, 100].

ECA can be categorised into two main kinds: anisotropic conductive adhesives (ACAS),
sometimes in a film form, called anisotropic conductive film (ACF) and isotropic conductive

adhesives (ICAs), which are shown in Fig.2.3 [21].
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Fig.2. 3 Schematic illustrations of (a) ACA and (b) ICA

The difference between ACA and ICA is based on the percolation theory of conductive filler
loading level. The percolation threshold depends on the shape and size of the fillers, but
typically in the order of 15-25% volume fraction [21]. For ICAs, the loading level of conductive
fillers exceeds the percolation threshold, providing electrical conductivity in all directions. ICAs
achieve electrical conductivity during the polymer curing process caused by the shrinkage of
polymer binder [21, 23]. While for ACA/ACF, the low volume loading is insufficient for inter-
particle contact and prevents conductivity in the X-Y plane of the adhesive. Therefore, they
provide a uni-directional electrical conductivity in the vertical or Z-axis. The conductive particles
in ACAs/ACF bridge the two conductor surface when pressure is applied with heat treatment.
Because of the anisotropy, ACA/ACF may be deposited over the entire contact region, an ultra-
fine pitch interconnection (<0.04 mm) could be achieved easily [21]. Both adhesive types can
be adapted as interconnection materials for surface mount technology processes, such as flip—
chip bonding, chip on glass (COG) and chip on flex (COF) technologies in electronic packaging

industries [21-23].

Main limitations of current ECAs like limited current carrying capability, poor impact resistance,
unstable contact resistance and poor mechanical strength in various climatic and environmental
conditions are major obstacles which prevent ECAs from becoming a general replacement for
solders in electronic applications [21-23, 99—-101]. Recently, some progress has been made in

clarifying the mechanisms underlying the conductivity fatigue and the limited current-carrying
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capability of conductive adhesives. Because galvanic corrosion is the main cause of
conductivity fatigue, oxygen scavengers, corrosion inhibitors, and sacrificial additives (alloys
with lower corrosion potential) have been used to stabilise the contact resistance and improve
the reliability of conductive adhesives [21, 102, 103]. To enhance the current-carrying capability
of conductive adhesives, self-assembled monolayers with high current density were
incorporated into the interface between metal fillers and substrates; the electrical conductivity
and current-carrying capability of the resulting adhesives can compete with those of traditional
solder joints [21, 99]. Another critical property for electronic components is able to withstand
impacts generated by, for example, dropping, strong vibration, or mechanical shock. Most
commercial ICAs have poor impact strength due to their high filler loading [104]. Thus,
components that are assembled with conductive adhesives tend to separate from the substrate
upon being subjected to a sudden shock [101, 104]. The impact strength of conductive
adhesives may be increased by simply decreasing the filler loading [21]. However, such a
process reduces the electrical conductivity of the conductive adhesives due to percolation
threshold. A Recent development was reported that impact performance is closely related to
damping property [105]. Conductive adhesives were developed using resins of low Young’s
modulus to absorb the impact energy developed during the drop [105]. However, the glass
transition temperature (Tg) of these adhesives reduced to below room temperature.
Furthermore, elastomer-modified epoxy resins with enhanced loss modulus (high tan delta
values) were also used to enhance the damping properties and the impact performance of ICAs

[106].

2.5.2 PMMA

Poly (methyl methacrylate) (PMMA), having the IUPAC (International Union of Pure and
Applied Chemistry) name of poly [1-(methoxycarbonyl)- 1-methyl ethylene] from the
hydrocarbon standpoint, and poly (methyl 2-methylpropenoate) from the ester standpoint, is a
synthetic polymer from the methylmethacrylate (MMA) monomer as illustrated in Figure 2.4

[107].
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Fig.2. 4 The structures of MMA and PMMA

PMMA possesses very good optical properties, with a refractive index of 1.490, and a good
degree of compatibility with human tissue [107]. It also has very good thermal stability and is
known to withstand temperatures as high as 100 °C and as low as -70 °C [108]. In the field of
mechanical strength, PMMA has a high Young’s Modulus and a low elongation at breakage
which make it one of the hardest thermoplastics with high scratch resistance [107, 109]. This
polymer has a reasonable resistance to chemicals, being unaffected by the aqueous solution of
most laboratory chemicals. However, it has a low resistance to chlorinated and aromatic

hydrocarbons, esters, or ketones [108, 109].

PMMA is one of the amorphous polymers that belong to the acrylate family. It is a clear,
colourless polymer with a glass transition temperature range of 100 °C to 130 °C, and a density
of 1.20 g/cm3 at room temperature. This polymer melts at 130 °C, with a water absorptivity of
0.3%, moisture absorption at equilibrium of 0.3 to 0.33%, and a linear shrinkage mould of 0.003
to 0.0065 cm/cm [108-110]. Commercial PMMA is the cross-linking mixture of isotactic PMMA/
syndiotactic PMMA, atactic PMMA/ syndiotactic PMMA, and atactic PMMA/ isotactic PMMA.
Sometimes, a copolymer of plasticiser/PMMA, with the highest percentage of PMMA, is used
just to make it more flexible for wider applications. Therefore, the properties of commercial

PMMA, such as glass transition temperature (Tg) and solubility vary widely [111, 112].
2.5.3 Optical fibre

Optical fibre is usually composed of a core material and a cladding material. The optical

property that keeps the signal in the core is total internal reflection caused by a difference in
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optical refractive index between two materials [84, 98]. There are two main types of fibre:
single-mode, with a core diameter of approximately 7um; and multimode, with a core diameter
of 50um or larger [85, 98]. Single-mode fibre has a higher bandwidth than multimode because
the light can only travel in a single mode (or ‘pathway’) within the core. Multimode fibre can
allow tens to hundreds of different modes in one core. The advantage of the smaller core size
is a higher bandwidth for longer-distance transmission or higher data rate while the

disadvantage is more demanding assembly tolerances [82, 85].

Plastic fibre has been available for many years. It has many advantages over the glass like cost
and ease of connection [85], except the optical attenuation (loss per metre) performance. For
example, PMMA plastic fibre has an attenuation of 150 dB/km at 650 nm [82]. So plastic fibre is
not suitable for long-distance use. However, there has been a lot of progress, which may allow
more broad deployment of plastic fibre over short distances, either within the home or to

directly connect integrated circuits [113].

Various loss mechanisms introduce losses in an optical fibre [82], including absorption,
scattering, dispersion and bending. Because the former three are governed by fibre materials,
manufacturing process and light source, they are considered as constants in the testing system.
The cause of fibre bending loss [82] is shown in Fig.2.5. When the fibre is bent, the part of the
optical signal, which no longer meets the total reflection conditions, is transmitted from the fibre
core to the cladding and then lost. It can be divided into macro-bending loss and micro-bending
loss [82]. The macro-bending loss of polymer optical fibre is caused by the bending of the fibre
axis. The micro-bending loss of polymer optical fibre is caused by small-scale bending or
distortions. The micro-bend may be produced in the manufacturing process, which occurs
randomly along the fibre axis. Some micro-bending losses may be temperature related, tensile
related or crush related and they are reversible once the cause is removed. Therefore,
theoretical analysis of micro-bending loss is difficult to make, which has much uncertainty [114,
115]. Taking the feasibility of experimental conditions into account, the following major research

is macro-bending loss, referred to as bending loss.
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ny: fiber core refractive index ;
ny: cladding refractive index;

a: fiber core radius;
R: bending radius

Fig.2. 5 The schematic diagram of macro-bending of optical fibre

According to D.Marcuse’s theory [115], when the bending radius of bending fibre is R, the
bending loss coefficient is:
Jm? 2 W

2&' = I € [__ —R)]
’ eﬂrW};_V‘_ \/EKHI—l(Wa)KmH(Wa) xp 3 }6’2

(when m=0,em=2; when m#0, em=1) 2.1

After the specific fibre and light source are selected, in addition to bending radius R, the other

parameters are constants. D.Marcuse’s formula can be simplified to

exp(B-R
2, = A%
R 2.2
Jru? 2w3
A= and B = — are both constants, which can be

emW3/2V2Ky 1 (Wa) Ky (Wa) 3p2
determined by the selected system.

It can be concluded from Equation 2.2: the bending loss of fibre is inversely proportional to the

bending radius.

2.6 Thermal analysis

Defined by ICTAC (the International Confederation for Thermal Analysis and Calorimetry),
Thermogravimetry (TG) is an experimental technigue in which the mass change of a substance

is measured as a function of temperature while the substance is subjected to a controlled
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temperature programme [116]. TG curves are recorded by using a thermobalance [117]. A

schematic illustration of a thermobalance is shown in Fig.2.6.

Electronic microbalance Balance control unit —

Furnace

Temperature programmer

—

Sample and Crucible

Computer —

Fig.2. 6 Schematic diagram of thermobalance system

The reaction represented in TG curve appears to cover a range of temperature, because the
reaction in the solid state is relatively slow and the temperature is always rising with respect to
time. The steepest mass loss is only the point where the reaction is the fastest and doesn’t
indicate the start of the reaction. Ideally, the heating rate should be low so that reaction can
take place over a narrow range of temperature. The sample size should be as small as possible

and should be spread evenly and thinly.

There are, of course, reactions that may involve no mass change. These can be detected by
differential thermal analysis (DTA) and differential scanning calorimetry (DSC). These
techniques are based on a simple concept: to obtain information on thermal changes in a
sample by heating or cooling it along with an inert reference [116]. Fig.2.7 is a schematic
representation of DTA/DSC apparatus. There are four major parts: 1) DTA/DSC sensors and
amplifier, 2) the furnace and its temperature sensor, 3) the programmer and 4) the recorder or

data acquisition device.

21



Furnace

Sample and Reference

— — Sensor and amplifier

Programmer Recorder and Computer

Fig.2. 7 Schematic diagram of DTA/DSC apparatus

The difference between DTA and DSC is the signal obtained from the equipment. The DTA
monitors the difference in temperature between the sample and reference, while the DSC

records the difference in heat flow (power) [116, 117] There are mainly two types of DSC [116]:

Power-compensation: the sample and reference are separated from each other and have
their own individual heaters and temperature sensors. The temperature difference between the

sample and reference is eliminated by supplying differential thermal power.

Heat flux: the sample and the reference are heated by the same heater, and the temperature
difference is measured. Then the temperature difference is converted into a power difference

by the built-in algorithm.

DTA and DSC are qualitative tools but also can be used as a quality analyser for identifying
substances. DTA/DSC is applied to study a wide range of materials (Table 2.3) [116], and
especially useful in the investigation of polymeric materials with curing processes, glass

transitions, crystallinity and melting behaviour and polymerisation [116, 118].
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Table.2. 3 Materials studied by DTA and DSC

Polymers, glasses and ceramics Oils, fats and waxes

Clays and minerals Coal, lignite and wood

Liquid crystals Explosives, propellants and pyrotechnics
Pharmaceuticals Biological materials

Metals and alloys Nature products

Catalysts

2.7 Summary

POCT as an emerging technology can lead to an eruptive change of lifestyle and medication of
population against the traditional medical laboratory. Since living organisms are intrinsically
flexible and malleable, flexibility is a necessity for successful integration of electronics in
biological systems. Flexible electronics reduce overall sizes, weights, and enable conformal
shapes of health care devices that do not cause discomfort during long-term use. The photonic
components included in the POCT system can enable the miniaturisation of optical detection,
while the flexible circuit expands its applications. Having all components integrated on one
flexible substrate, the detection platform can be bent into 3D structure directly and changed for

different application easily by adjusting the angle and distance of components.

Vertical interconnections increase the package density enormously, and optical
interconnections break the limits of the electrical circuit. Both technologies will become more

and more important with the increasing demands on performance in the future.

Electrically conductive adhesive is identified as a promising material to develop a low-
temperature processing technique which can protect flexible substrates, plastic fibres and

dedicate optoelectronics.
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Chapter 3 Geometry effect on electrical

performance of ICA vias

3.1 Introduction

In this chapter, a whole set of manufacturing processes was developed to produce the test
vehicles. Stencil printing was used for ICA via formation because it was a rapid and flexible
deposition method in lab and can be adopted into industrial manufacture. Finite element
analysis and theoretical calculation were used to describe the relationship between resistance
and via geometry. ICA filled vias were made into flexible PCBs (FPCBSs) to research a geometry
effect on the resistance of vias. Temperature cycling test, damp heat test and bending test

were conducted to investigate the robustness and reliability of the vertical interconnections.

3.2 Experimental and modelling details

3.2.1 Numerical modelling of ICA vias

It can be concluded from previous researches [21-23] that silver particles form a complicated
network in the ICA filled via. Thus the model simplification is needed in order to calculate of the
via resistance by finite element analysis (FEA). All the silver particles were assumed spheres,

and only the bulk resistance was considered:
nRZXHXpr,CA=§T[r3prgXN 3.1

Where R is the radius of the via hole, H is the height of the via hole, r is the radius of the silver
sphere, p;c4 is the density of ICA, p,, is the density of the silver, w is the silver weight
percentage. When set r = 2.5um = 0.0025mm, the number of sphere can be calculated from

equation 3.1, N = 479.

As shown in Fig.3.1, 500 spheres were distributed randomly within a cylindrical space
(diameter: 0.05mm, height: 0.09mm) by Matlab (The MathWorks, Inc.) programming
(Appendices 1), and their coordinates were recorded in the database. Then APDL command

stream (Appendices 2) was used to input the coordinates of the spheres into the FEA software
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ANSYS (ANSYS, Inc.) and generate the model (Fig.3. 2). Considering the deformation of

contacted particles, the centre distance between each two spheres is set to be larger than the

90% of sphere diameter

Randorm Spheres generated by Matlab (500)

01~
008t
0OE-f.
£
E Do
Fo00d .
0.02 -
D"-\-\.
0.0z
¥/mm Smm
Fig.3. 1 lllustration of random spheres
Table.3. 1 Parameters in the model
Dimensions (mm)
Parts quantity Width Height Diameter
Length (L)

(W) (H) (D)
copper 2 1.05 0.40 0.018 —
substrate 1 2.00 1.00 0.054 —

Via hole 1 — — 0.09 0.05
particle 500 — — — 0.0025
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Fig.3. 2 ANSYS model of random spheres via fill

There were some problems in parts union, which stopped the simulation. Thus two models
(Fig.3.25) contained fewer particles chains were built to illustrate the basic concept. The top

copper track was added a 0.5V load and the bottom track is grounded.

Simplified models were built by assuming ICA as a homogeneous material. As shown in Fig.3.3,
only conductive parts, copper track and ICA fill, were taken into modelling. Moreover, a 1um
thick layer of high resistivity material was added between the ICA fill and copper track to

represent the interface resistance.
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Fig.3. 3 Simplified models of FPCB vertical interconnection and close-up views of the interface

layer, a) no-cap model, b) single-cap model, c) double-caps model.

Table.3. 2 Dimensions of the simplified model

Dimensions (mm)

Parts
Length (L) Width (W) Height (H) Diameter(D)
Copper track 1.500 1.000 0.035 —
Via hole — — 0.130 0.200
0.400/0.600/
ICA cap — — 0.080
0.800
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The geometry information of the model is listed in Table.3.2. Finite element analysis (FEA) in
this chapter focuses on electrical properties of via fill. To simplify FE modelling and calculation,
the simulations were conducted in the AC/DC Physics Module of COMSOL Multiphysics

(COMSOL Inc.). Table.3.3 lists necessary material properties for FEA.

Table.3. 3 Electrical properties of materials

Materials Conductivity (S/m) Relative permittivity
Copper 5.998e7 1
ICA 1.449e5 1
Interface layer 1.450e3 1
a

05

Fig.3. 4 a) The terminal end of copper track, b) the ground end of copper track

In a real condition, the current flow into one end of a copper track and flow out from one end of
the other track. Hence, a 0.5A current was applied at the terminal end of the copper track
(Fig.3.4 a). The free tetrahedral element was used to mesh irregular shapes precisely. In this

research, the via fill was the main part of the investigation, and current crowding happens at
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contacting part between copper and via fill. Therefore, ICA fill and interface should be meshed

much finer than others (Fig.3.5,3.6).
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Fig.3. 5 The mesh of via fill
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Fig.3. 6 The mesh of copper track
The PCB of test vehicle for vertical electrical connection was manufactured by the subtractive
29

method (Fig.3. 7). 130 um thick double-sided copper clad Pl laminate was used as the FPCB

substrate; its copper thickness is 35 um.

3.2.2 Testing vehicle



Clean the copper laminate Design the artwork
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Dry film lamination
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Fig.3. 7 Subtractive PCB manufacture processes

The unexposed part of a dry film is dissolved in developer because the photosensitive layer in
the dry film is negative. Therefore, the photomask was printed as a negative plot of the artwork
(Fig.3. 8). The exposure, development, etching, dry film stripping and rinse processes were
carried within a multifunctional PCB manufacture machine (Fig.3. 9), model: STR-FIl (STR

Electronics Tech. Co., Ltd. China)

Fig.3. 8 a) Bottom photomask, b) copper laminate with dry film after exposure (bottom), c) top

photomask, d) copper laminate with dry film after exposure (top)
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Fig.3. 9 PCB manufacture machines

Fig.3. 10 Desired patterns were etched away (a: bottom side, b: top side), the trapped air bubble

broke the trace pattern (c: after lamination, d: after development, e: after etching)

Dry film lamination was crucial to the FPCB manufacture. The exposed dry film would be
washed away during the development or etching due to the poor adhesion (Fig.3. 10.a and b).
Wrinkles and trapped air bubbles could break the patterns (Fig.3. 10.c, d and e). Changing the
exposure time or the development temperature could not fix the above problems. To improve
the adhesion, after attaching the dry films to the copper laminates, they were put on a heating
stage, swept by a rubber blade at 50 °C. The FPCB was redesigned smaller to gain a better

control of the wrinkles and bubbles during manual dry film lamination. The number of vias was
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reduced to 20, and the pattern area was only one-third of the first design (Fig.3.11.a). Later the
number of vias was reduced further to improve stencil printing and gain the area for test lead

(Fig.3.11.b). The optimised exposure time is 100 seconds, and the temperature of developer

solution was at 35 °C.

~

.

Fig.3. 12 a) Numerical control drilling machine, b) a close look at fixture board
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Alignments holes (®0.9 mm) and via holes ($0.2 mm) were drill by a nhumerical control drilling
machine (Fig.3.12.a), DCM 3030 (Hunan Create Technology Co., Ltd.). The FPCBs were put
on the fixture board and matched the alignment pattern, and then the rectangle ring board

covered and fixed the FPCB. (Fig.3.12.b)
3.2.3 Adhesive deposition by stencil printing

Right before the vias filling, an ICA strip (0.2 mm wide, 0.2 mm thick) was printed on the
resistivity test board for resistivity calibration (Fig.3.13). The test strip was cured at 100 °C for

10 minutes.

Fig.3. 13 ICA strip printed on the resistivity test board, L=5mm

There were three stencil printing arrangements: the first one was to form a cap around the via
by printing from one side (Fig.3.14. A), the second one was to form caps on each side by print
from both sides (Fig.3.14. B), the last one was to ensure ICA only contacts the side wall of the

copper track by post-scrape.

\

Fig.3. 14 Via structures formed by different stencil printing arrangement, A) single cap B) double

ICA

caps C) no cap
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PET stencil, drilled by numerical control drilling machine, was first tried. The stencil and FPCB
were aligned and fixed on the mounting plate by two alignment pins (Fig.3.15). Then a metal

blade covered by plastic tape was used to print the ICA.

Fig.3. 15 The PET stencil and FPCB fixed on the mounting plate

The test vehicles manufactured by the PET stencil printing were not completely electrical
connected. Several series of the vias were picked out and measured by a multimeter. The

average resistances are listed in Table.3.4.

Table.3. 4 The average resistances of vias

Stencil printing Stencil Stencil aperture Stencil aperture
arrangement thickness ®0.4 mm @®0.6 mm
0.1 mm 84 mQ 58 mQ
Double side printing
0.2 mm 213 mQ 70 mQ
0.1 mm 104 mQ 104 mQ
Single side printing
0.2 mm 250 mQ 163 mQ

It could be concluded that the resistances of vias with the ICA caps on both sides are lower
than the resistances of vias with only one cap. The resistances of the vias formed by ®©0.6 mm

stencil aperture were lower than the vias formed by ®0.4 mm stencil aperture.

The printing quality also affected the resistance of the vias. The PET stencil was easily warped
during the printing, which caused the misalignment. Misalignment between the stencil and

FPCB would lead to partially filled vias which owned much larger resistance (Fig.3.16). The
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burrs at the stencil opening, generated during the mechanical drilling, reduced the ICA
deposition. These abnormal points had been ruled out when calculating the average resistance.
Most ICA was left in the 0.2 mm thick stencil apertures during printing because of the high
aspect ratio and rough aperture wall. Therefore, the resistances of the vias filled by 0.2 mm

thick stencil were larger and varied.

Fig.3. 16 Optical image of partially filled vias: a) top side of a via printed by 0.1 mm thick stencil,
(50X), b) bottom side of a via printed by 0.1 mm thick stencil (200X), c) top side of a via printed by
0.2 mm thick stencil (200X), d) bottom side of a via printed by 0.2 mm thick stencil (200X)

In order to improve the printing quality, laser drilled stainless steel stencils were adopted
(Fig.3.17). There were four alignment pins on the mounting plate to ensure the alignment

between the FPCB and stencil.
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Fig.3. 17 a) Stainless steel stencil, b) mounting stage

Reduction in the number of vias in each test vehicle increased the yield of complete deposition
in stencil printing. Together with the mounting plate, the stainless steel stencil with 0.2 mm
aperture was successfully used in vias filling (Fig.3.18). Four stainless steel stencils with
different thickness (T) and aperture diameters (®) were used to make the trial test vehicles. All

test vehicles were electrical connected; their overall resistances are listed in Table.3.5.

Fig.3. 18 Vias filled by 0.1 mm thick stainless steel stencil with 0.2 mm aperture

Table.3. 5 The overall resistances of test vehicles made by stainless steel stencils

Stencil size Stencil aperture ®=0.2 mm Stencil aperture ®=0.6 mm

Printing
Thickness Thickness Thickness Thickness
arrangement T=0.1 mm T=0.12 mm T=0.1 mm T=0.12 mm
Double caps 1.754 Q 2.460 Q 1.402 Q 2.404 Q
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It can be seen from Table.3.5, the 0.1 mm thick stencil provided a better ICA deposition under
our available techniques. According to the above trials and analysis, a batch of test vehicles
was made for following tests using the 0.1 mm thick stainless steel stencil with different

apertures (®0.4 mm, ® 0.6 mm and ® 0.8 mm).
3.2.4 Testing equipment and techniques

> Electrical test

The resistance of the vias was measured by using Kelvin Four-terminal sensing (KFTS) method
(Fig.3.19). The current source is Keithley 2260A 30-36, Its current accuracy is 0.1%+5mA. The
voltage sensor is a digital multimeter (TH1952, Tonghui Electronic Co., Ltd.) with the accuracy

of 0.5%+1digit.

Fig.3. 19 Theoretical illustration of Kelvin Four-terminal sensing
» Thermal cycling

As shown in Fig.3.20, the test vehicles were put in the air-to-air temperature cycle test chamber
(NT531A, Kusumoto Chemicals Corporation ETAC Division, Japan) for thermal shock cycling.
A connection reliability evaluation system (MLR22, Kusumoto Chemicals Corporation ETAC
Division, Japan) was connected to the test vehicles to monitor the resistances. The thermal
shock operation was programmed to do the cyclic shift between -40°C and 125 °C, upper and

lower soak times are 30 minutes, corresponding to BS ISO 16525-7.
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» Damp heat, steady state testing

The test vehicles were kept in the environment of 85 °C and 85% relative humidity (Fig.3.21), in

accordance with BS ISO 16525-7. Via resistances were monitored twice a day.
» Bending test

Bending experiments were performed by flexing the samples around cylinders having radii of
100 and 5 mm, respectively. Test vehicles were bent to the cylinders and recovered, count as
one bending cycle. There were five bending strategies: one cycle and standing for resistance
stabilisation, five cycles in a row, ten cycles in a row, forty cycles in a row and fifty cycles in a

row. The resistance of the circuit was monitored simultaneously.

Fig.3. 20 Temperature cycle test system
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Fig.3. 21 85 °C/85RH test chamber and the digital multimeter with a computer for real-time

recording

3.3 Results and discussions

3.3.1 Electrical simulations of ICA vias

As shown in the Fig.3.22, Significant voltage drop appear on the top copper track when the
conduction channels increase to three. It's because the resistance of the ICA part decreased
and the voltage ratio of the whole circuit become smaller. The current density increased at the
particles connected to several branch conduction channels or the particles connected the main
connection channel and the copper track. Although the conductive network is randomly
connected, electrons always tend to pass through the path of the lowest resistance. Generally,
the resistance of shorter particles chain is lower because of less particle and inter-particle
resistances. Therefore, current in ICA vias would exhibit similar characteristics like in

homogeneous conductive material.
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Fig.3. 22 a) Electrical potential of two channels model, b) Electrical current density of two channels
model in vectors, c) Electrical potential of three channels model, d) Electrical current density of

three channels model in vectors
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Fig.3. 23 Electrical potential diagram of the whole model (no cap)

Fig.3.23 shows the electrical potential in homogeneous via fill. There was a voltage drop from

the edge to centre in a horizontal plane, and the voltage gradient in vertical direction increased
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from the centre to edge. The resistivity of the ICA was much higher than the copper trace,
resulting in an effective iso-potential Cu land. Combining current density analysis (Fig.3.24), it
could be concluded that the current density increases rapidly around the ICA-copper contact

area and most current flow through the outer tubular part of the ICA fill.
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Fig.3. 24 Electrical current density of the whole model (no cap)
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Fig.3. 25 Electrical current density distributions in via fill
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Fig.3. 26 a) Electrical current density of the whole via fill, b) x-z cross-section of the via fill

The resistance of model was calculated by the software built-in equation and the via resistance
versus cap diameter was plotted in Fig.3.27. Simulation results reveal that cap structure can
ease the current crowding and reduce the total resistance. Such geometry effect was significant

from no cap to 0.4mm and faded away from @0.4mm to $0.8mm
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Fig.3. 27 Computational resistance versus cap diameter

3.3.2 Theoretical calculation of ICA vias resistance

Fig.3. 28 Schematic illustration of ICA vertical interconnection in FPCB

As shown in Fig.3.28, the current transfer from the top circuit to the bottom circuit through an

ICA filled via. The total resistance of the via is
R = Rfill + Rtop + Rypottom 3.2

Ry is the resistance of ICA fill, R, and Ry,o0m are the interface resistances between metal

pads and ICA fill. R¢;;, is decided by the resistivity of the ICA and the geometry of ICA fill. The
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interface resistances is affected by several factors, such as contact area, properties of contact

surface and process conditions [21, 106, 119, 120].

The rivet-shaped via (Fig.3.29.a) was transformed into regular resistors in series (Fig.3.29.b).

\4

A

F 3
\4

Fig.3. 29 Schematic illustration of via’s equivalent model

In order to focus on how the via geometry affects via resistance, the interface resistance was

set as a constant value (no cap: 50 mQ, single cap: 37 m{, double caps: 24 mQ) according to

simulation results. Therefore the total resistance of the via is
R= Rfill + Rinterface

The resistance of ICA fill could be calculated by Eq.3.4:

l l l
—1+p><—2+p><—3

Rfill=R1+R2+R3=pr1 AZ A3

3.3

3.4

Where p is the resistivity of ICA, A is cross-sectional area of the resistor, [ is the length of the

resistor. The cross-section area of R; and R; is defined as the contact area between ICA and
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copper track. The length of these resistors is defined as the centre distance between two ends.

The resistor R, is a cylinder in the middle of the via hole, thus:

nD? nd?

A1=A3=T—T+T[dt 3.5

D/ _d/ d 2 2 2 2

2 2 t D t
S = RO R BT

v ( 2 +4> T2 2) T2
A _TL’d2 3.7
2= -
l,=H-2t 3.8

Where D is the outer diameter of the ICA cap, d is the diameter of the via hole, t is thickness of
the copper track, and H is the thickness of the FPCB. By combining Eq.3.4, Eq.3.5, Eq.3.6,

Eq.3.7 and Eq.3.8, EQ.3.3 can be presented as:

\J H2t \] 2

7'tD2 T[dz miz +7[D2 miz +Rinterface 3.9

In this research, all the FPCBs were the same thus the only variable in the model was the cap
size of the via. PCB thickness H=0.13mm, copper track thickness t=0.035mm, via hole

diameter d=0.2mm, ICA resistivity p = 0.0069() - mm. Therefore:

A, = 0.031mm?

l, = 0.06mm

Then the resistance of via was calculated using Eq.3.9. (Table. 3.6)
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Table.3. 6 The calculated resistance of via with different geometries

Geometry A; (mm?) Az (mm?) I (mm)  Rpy (Q) R (Q)
No cap 0.022 0.022 0.053 0.047 0.097
®0.4 mm S§’ 0.116 0.022 0.102 0.036 0.073
®0.6 mm S 0.273 0.022 0.151 0.034 0.071
®0.4 mm D’ 0.116 0.116 0.102 0.025 0.049
®0.6 mmD 0.273 0.273 0.151 0.021 0.045
®0.8 mmD 0.493 0.493 0.201 0.019 0.043

*S represents Single cap; D represents Double caps.
3.3.3 Resistances of ICA vias with different geometry

Vias with 0.4mm, 0.6mm and 0.8mm diameter caps and without caps were fabricated for the

resistance test.
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Fig.3. 30 The box charts of experimental vias resistances

Finer vias require better manufacturing process control that the lab can’t achieve. Therefore the
resistances of no cap and 0.4mm-caps vias are more dispersive (Fig.3.30). Both the calculated

and experimental results agree the same pattern: the vias resistances decrease while the cap
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diameter increases, and the decline in resistance is significant at the beginning then slows

down (Fig.3.31).
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Fig.3. 31 a) Theoretical via resistances verse cap diameter, b) Average via resistances of test

vehicles verse cap diameter

The above calculation and experiments prove that the ICA caps can significantly increase the
conductivity of the via, especially double caps structure. Larger cap area introduces more
parallel current paths, but the resistances in long paths are high. As a result, the increase of
cap area increases the conductivity, while the gain is diminishing. These findings could help

achieve a balance between PCB design, performance and cost.
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3.3.4 Thermal cycling and damp heat ageing

The change of test vehicles resistance for different geometry vias as a result of the temperature

cycling test is shown in Figure 3.32.
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Fig.3. 32 Evolution of via resistance as a function of time exposed to temperatures cycles
alternating between -40°C and 125°C. a) no cap, b) ®0.4 mm double caps, C) ®0.6 mm single cap,
d) ®0.6 mm double caps

Since the change of copper track resistance is the same in temperature cycles, the changes of
test vehicle resistance represent the changes of via resistance. The vias with double caps were
steadiest, and the vias with no cap were increased and fluctuated. This can be explained by the
CTE mismatch of the FPCB and ICA, the crack and detachment tend to grow along the
interface between the copper and ICA, while the caps can stabilise the deterioration. The
decrease in resistance can be explained by a beneficial post-curing effect on ICA, induced by

the prolonged exposure to high temperature.

As shown in Fig. 3.33, a similar pattern can also be observed in 85°C /85RH damp heat test.

Vias with no cap or single cap are more vulnerable to thermal stress.
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Fig.3. 33 Resistance evolution as a function of time at 85°C/85% RH

3.3.5 Mechanical bending

The resistances of test vehicles changed slightly after bending around ®100mm cylinder for
3000 times (Fig.3.34). The ICA vias exhibited reasonable lifetime in this test. To accelerate the
bending test and observe obvious changes in resistance, the other series of test vehicles were
flexed around ®5mm cylinder in order to induce more mechanical stress. Firstly, a 30 mm long
copper track on the FPCB was tested to set a baseline. As shown in Fig.3.35, such small radius

bending of FPCB didn’t affect the resistance of the copper circuit.
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Fig.3. 35 Real-time resistance recording of copper track bending test

As shown in Fig.3.36, the resistance of vias increased immediately when occur to bending,
represented by the peaks in real-time recordings. The resistance dropped sharply right after the
bending and then decreased slowly to a certain value which is higher than the value before

bending. The immediate increase in resistance was caused by the crack formation in the ICA or
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the delamination between the ICA and the copper track which broke the conductive network
and reduced the conductive paths. The recovery behaviour can be explained by the self-heal
ability of ICA vias, and the accumulation of unhealable damages resulted in the eventual
increase of resistance. Similar patterns were also observed when bending other test vehicles

(Fig.3.37-3.40).
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Fig.3. 36 The resistance of test vehicle with double 0.6mm-caps vias. The test vehicle was bent
once and left for recovery, then repeated 9 times. Then it was bent 5 times and left for recovery,
then repeated 3 times. The following are 10 times and 50 times bending. Blue box: a) bend once, b)

ten times in arow
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Fig.3. 37 The resistance of test vehicle with double 0.8mm-caps vias. The test vehicle was bent
once and left for recovery, then bent 5 times and left for recovery, then bent 10 times and left for

recovery. The following are 40 times and 50 times bending
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Fig.3. 38 The resistance of test vehicle with single 0.6mm-cap vias. The test vehicle was bent once
and left for recovery, then bent 5 times and left for recovery, then bent 10 times and left for

recovery. The final operation is 40 times bending.
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Fig.3. 39 The resistance of test vehicle with double 0.4mm-caps vias. The test vehicle was bent
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Fig.3. 40 The resistance of test vehicle with single 0.4mm-cap vias. The test vehicle was bent once
and left for recovery, then bent 5 times in arow and left for recovery, finally bent 10 times in a row

and left for recovery.
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The resistance increments of test vehicles were differed after same bending cycles because of
different initial resistance. Therefore, the percentages of resistance increase are compared in
Table.3.7. It can be concluded that vias with large cap area and double caps structure

performed better in bending.

Table.3. 7 The percentage of resistance increase of test vehicles after bending

Number of times

1 6 16 56 106
@®0.8mm Double caps 3.8% 16% 26.3% 51% 63%
@®0.6mm Double caps 1.8% 7.8% 20% 50.5% 100.3%
@®0.6mm Single cap 11.3% 40% 69.3% 137.3% —
@®0.4mm Double caps* 122% 562.3% 840.2% — —
@®0.4mm Single cap 25.5% 83.8% 117.2% — —

* Loose contacts of one via joint in the test vehicle dramatically increased the total resistance

after bending.

3.4 conclusions

The manufacture processes of test vehicles are developed and optimised to ensure the
uniformity of ICA vias. A simplified model was built to represent rivet-shaped vias in the FPCBs.
An equation was proposed to calculate the via fill resistance using geometry parameters. The
relationship between the via resistance and cap size of the via was discussed. Vias with
different cap sizes were fabricated and tested to validate the equation. The vias resistances
decreased while the cap diameter increases, and the decline rate in resistance slowed down
after the cap diameter overpass a certain value, like 0.5mm for researched test vehicles. For
same cap size, the resistance of via with caps on both sides was lower than that with only one
cap. Further work on contact resistance is needed to minimise the difference between

theoretical and experimental result. Furthermore, those samples were divided into three groups
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for thermal cycling test, damp heat ageing test and bending test. The results show that the via

with large cap and double caps structure performed better under thermal or mechanical load.
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Chapter 4 Curing effect on electrical

performance of ICA vias

4.1 Introduction

In this chapter, the relationship between curing condition and vias performance was researched.
Firstly, the ICA material itself was tested. The curing behaviour of the ICA was examined using
differential scanning calorimetry (DSC) and thermogravimetry (TG)-differential thermal analysis
(DTA). The degree of conversion of the ICA was estimated based on the DSC measurements.
The glass transition temperature (Tg) and modulus of the ICA were measured by the dynamic
mechanical analyser (DMA). Then the vias under different curing conditions were made and

subjected to thermal shock test, heat and humidity ageing test and bending test.

4.2 Equipment and experimental details

4.2.1 Materials

The ICA used in this research is CircuitWorks Conductive Epoxy (CW2400). It is a two-part
silver epoxy: Part A contains silver and epoxy resin, bisphenol-A-epichlorohydrin (number

average molecular weight < 700, CAS No. 25068-38-6), Part B contains silver and hardener,

2-piperazin-1-ylethylamine (CAS N0.140-31-8).

4.2.2 Characterization of ICAs

4.2.2.1 Thermogravimetry-differential thermal analysis (TG-DTA)

Since the suggested pot life is 8-10 Minutes at 25°C after mixing, equal amounts (1:1) by
weight of Part A and Part B were mixed thoroughly for 2 minutes and immediately tipped into
the AlzOs ceramic crucible to run the test. The mass of the ICA in the crucible was 17.84mg.
TG-DTA machine is NETZSCH STA449 F3. The sample was heated in a nitrogen atmosphere

from 40°C to 200°C at a linear rate of 10 °C/min.
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Fig.4. 1 TG-DTA machine NETZSCH STA449 F3

4.2.2.2 Differential scanning calorimetry (DSC)

DSC measures the energy absorption of a sample as it is subjected to a specified thermal
profile [121]. The amount of heat contained in a material at any given time is known as its
enthalpy. As additional thermal energy is supplied to the material, its enthalpy will increase. The
rapid change in sample’s enthalpy at a transition (i.e. melting, decomposition, curing, etc.) will
cause a change in the amount of energy needed to be delivered which would appear in a DSC
scan [117, 121]. Therefore, DSC measurements were utilised to monitor the cure of ICAs. The
calorimetric measurements were performed with a Pyris Diamond DSC (PerkinElmer
Instruments) supported by a PerkineElmer computer for data acquisition. The samples were
prepared in the same way as TG-DTA test but tipped in aluminium pans. Experiments were
conducted from 40 °C to 200 °C with different heating rates (5, 15 and 30 °C/min) in a nitrogen
flow of 40 mL/min. The sample and reference are separated from each other and have their
individual heaters and temperature sensors. The temperature difference between the sample
and reference is eliminated by supplying differential thermal power [118]. This unique power

compensation approach yields true heat flow measurements.

In the application of DSC technique, the conversion percentage is determined as

az( AH; )x100 41

AHotal
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The reaction rate, da/dt, is proportional to heat flow:

da _ (dH/dt)
dt AHtotal

4.2

Where, dH/dt is the heat flow rate at time t. AH, represents the partial heat of the cure at

time t and AH,,.; is the total heat of the cure.

The reaction rate in kinetic analysis can also be described as:

S= K@) = Aex (

dat

E
_E) f(@) 4.3
Where K(T) is a temperature-dependent reaction rate constant, f(a) is dependent kinetic

model function, A is the pre-exponential factor, E is activation energy, R is the universal gas

constant, and T is the temperature in Kelvin.

—
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Fig.4. 2 Pyris Diamond DSC

4.2.2.3 Dynamic mechanical analyser (DMA)

Test samples were cured under three different conditions: 100 °C for 6 minutes, 100 °C for 10
minutes, and 150 °C for 6 minutes. The dimensions of the cylindrical samples are 0.95mm high
and 6mm in diameter. Diamond DMA (PerkinElmer Instruments) was used to obtain the
storage modulus and loss factor (tan 8) of the specimens. Compression mode was applied with

heating rate 2 °C /min from 25 to 200 °C at a single oscillation frequency 1 Hz.
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Fig.4. 3 Diamond DMA

4.2.2.4 Field Emission Gun Scanning Electron Microscopy (FEGSEM)
Scanning electron microscope (SEM) was employed to reveal the structure and status of ICAs

which were cured under different conditions.
4.2.3 Experiments on ICA filled vias

All the test vehicles with same via geometry, double ®0.6 mm caps, were made by stencil
printing. They were cured under different temperatures and time periods: 50°C for 6 minutes,
50°C for 10 minutes, 100°C for 6 minutes, 100°C for 10 minutes and 150°C for 6minutes.
Resistance measurement, thermal cycling test, damp heat test and bending test were also

conducted following the methods described in Chapter 3.

4.3 Results and discussion

4.3.1 Weight fractions of Ag in ICAs

Since the volume percentages of the studied ICA are not given in the datasheet, they have to

be calculated.
Pica = SG X pyap = 2.85 g/cm?

Where SG is the specific gravity of the ICA, SG=2.85 (Appendices 3), py2o Was the density of

water at 4°C, py,0 = 1 g/cm?
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The volume percentage can be calculated with the rule of mixture for densities of composite

materials:
Pica = pAg X VAg + ppoly X Vpoly 4.4
Ppoly = pA;pB = 1.08 g/cm?

pag = 10.49 g/cm? [122]

Where p, is the density of polymer in Part A [123], pg is the density of polymer in Part B [124].

Therefore, V,, = 18.8% and V,,,,, = 81.2%, corresponding weight fractions (wt%) are 69.2%

and 30.8% respectively.
4.3.2 Curing kinetics of ICAs

Figure 4.4 shows the results of TG-DTA scans of the uncured ICA. The right ordinate scale
indicates mass loss in percent of original mass. An exothermic peak (peak max: ~110°C) due
to the curing reaction of the ICA can be observed in the temperature range between 85 °C and

150 °C in the DTA curve.
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Fig.4. 4 TG-DTA curves of ICA sample under a heating rate of 10 °C/min
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Table.4. 1 Impact of vaporisation in TG-DTA scan

Temperature Mass reduction Heat of Heat absorption Impact on
range (°C) vaporisation of Ag-epoxy thermal
(kJd/kg) (kJ/kg) profile
40-150 0.40% 1.80 51.81 3.47%
150-180 0.60% 2.70 14.13 19.11%
180-200 0.95% 4.28 9.42 45.44%

Note: Specific heat capacity of Ag: 0.235 kJ/kg [125], specific heat capacity of epoxy: 0.100

kJ/kg [125]. The specific heat of vaporisation: 450 kJ/kg [126]. Specific heat capacity of Ag-

epoxy was calculated according to weight fractions: 0.471 kJ/kg.

A decrease in weight of the ICA was observed in the TG curve. This decrement in weight (<2 %)
was caused by the vaporisation of water and additives that are contained in the ICA. As shown
in Table 4.1, the vaporisation had a neglectable impact [127] on the thermal profile when the
temperature was rising from 40°C to 150 °C. Though the impact became significant after 180
°C, the DSC analysis wouldn’t be affected as the cure reaction was already finished after 150

°C.

According to DSC curves obtained at different heating rates, the initial curing temperature (T;),
the peak temperature (T,), the finishing temperature (T¢), the curing reaction range, duration
and the change in enthalpy (AH) are summarised in Table 4.1. The analysis is based on the
theory that the heat generated during the reaction is equal to the total area under the heat flow

versus time curve.
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Table.4.

2 Curing characteristics evaluated from DSC curves

Heating Curing Curing AH
T; (°C) T,(°C) T¢(°C)
rate @ range (°C)  duration (min) (J/9)
5 °C/min 32.91 73.61 121.02 88.11 17.6 26.66
15 °C/min 36.15 90.76 141.27 105.12 7 26.01
30 °C/min 54.52 104 174.43 119.91 4 27.42

To eliminate the influence of heating rate, the data were linear fitted (Fig.4.5), then T;, T,,, and

T; of the ICA can be determined by extrapolating to @ = 0. The extrapolated T;, T,,, and Ty were

26.3 °C, 69.6°C and 109.9 °C respectively. T; is near room temperature, which proves that the

studied ICA could be a room-temperature curing adhesive. The curing reaction can be carried

out at low temperature over long periods of time, or performed at high temperature within a

short period of time. The conversion of ICA in DSC scanning was calculated as a function of

time and plotted in Fig.4.6.
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Fig.4. 5 Plots of characteristic cure temperatures for ICA at different heating rates.
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Fig.4. 6 Fractional conversion as a function of time, heating rate: a) 5 °C/min, b) 15 °C/min and c)

30 °C/min

Firstly, the ICA curing is assumed as a nth-order reaction [117, 128].

Nth-order kinetic:

f@=0-a)"

4.5

Where n is the reaction order, (1 — a) represents the uncured epoxy, thus, the reaction rate

depends the concentration of epoxy functional groups in ICAs.

The combination of Kissinger method and Crane method is a way to rapidly determine the

reaction order n and the kinetic equation. The apparent activation energy E, can be estimated

by Kissinger method:
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Where @ is the heating rate, T, is the peak temperature and R is the gas constant, 8.314 J mol*

K-1. The peak temperatures at different heating rates are identified from DSC curves.
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-9.2 + Residual  0.00838
Sum of
Pearson's r -0.9917
Adj. R-Squ 0.96725
-9.4 Value Standard
n D Intercep 10.422 2.57681
- Slope -7115.2 918.021
NFQ -9.6
=
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Fig.4. 7 The linear fit of 1“% versus Tl
14 P

%2 and the intercept equals lnz—R . Therefore,
a

The slope of lnT(i2 versus Ti in the Fig.4.7 equals — B

p p

E, = —R x —7115.2 = 59.2 k] mol~!
Eq
A = el0H2 x == 2.4 x 108

Then the reaction order n is calculated by substituting the apparent activation energy E, into

Crane equation:

d(In @) Eq 4.8

The slope of In @ versus Ti is -7824.36 (Fig.4.8), thus
14

59200

n=8314x 782436 OOt
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Fig.4. 9 Comparison of experimental (thick line) and calculated (thin line) DSC curve
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According to the parameters calculated above, the nth-order cure kinetic equation is presented

as:

da 2.4 x108
—=24x
dt exp

( 59200

) (- 49

The DSC curve calculated by nth-order cure kinetic equation is quite different from the
experimental DSC curve (Fig.4.9). The nth-order kinetic model can’t describe this ICA curing
process properly. Therefore Malek method [117, 129, 130] is used to determine the kinetic

model.

In Malek method, the apparent activation energy E, is determined by iso-conversional method.

Using the logarithmic form of the kinetic equation (Eq.4.3)

da Eq
lnz—ln[Af(a)] - 4.10

For each given «, the slope of lni—f versus 1/T determines the value of E,.

In(dai/dt)

T T T T T T T T T T T T 1
0.0025 0.0026 0.0027 0.0028 0.0029 0.0030 0.0031
1T

Fig.4. 10 The plot of lni—‘: versus 1/T, (A) a=0.8, (c) a=0.7, (m) a=0.6, (o) a=0.5, (V) a=0.4, (A) a=0.3,
(o) 0=0.2
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Fig.4. 11Dependencies of the activation energy E, on conversion a
The activation energy E, depends not only on temperature but also on the reaction mechanism
and the diffusion rate of reactive groups [131]. As shown in Fig.4.11, E, varies with the extent
of conversion a. The initial activation energy E, was very low because the initial viscosity of the
mixture was very low. Low viscosity leads to better mixing and hence better reaction. An
increase in E, was observed with the elevation of conversion. Then, E, kept steady with
increasing in conversion, as the autocatalytic effect grew important. The OH groups generated
by the epoxy-amine reaction lead to the autocatalysis which lower the activation energy [127,
131]. In high conversion region, E, gradually increased due to the high diffusion resistance, as
the aggregating silver particles start to decrease the mobility of polymer and the molecular

weights increased continually. The average value of E, was calculated to be 50.69 kJ/mol.

Two special functions, y(a) and z(«), are introduced in the determination of the kinetic model
function f(a).

y(a) = (Z—f) e” 4.11

z(a) = n(x) (d—“) z 412

at) o
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Where x = E,;/RT is the reduced activation energy, and w(x) is an approximation of the

temperature integral. The rational expression is

3 2
x°+18x“+88x+96
4.13

m(x) =
() x%+20x3+120x2+240x+120

»  5°C/min
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+ 30°C/min

1.0
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Fig.4. 12 Variation of y(a) function versus conversion
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Fig.4. 13 Variation of z(a) function versus conversion

68



The functions y(a) and z(a) reach the maxima at a,, and a;a, respectively. ap is the

fractional conversion at the peak of DSC curves. As shown in Table 4.2, the values of a,, are

lower than the values of ap, and the values of a;o are lower than 0.632. These criteria indicate

that the kinetic data can be described by the Sestak-Berggren model.

Table.4. 3 Characteristic values obtained from y(a), z(a) and DSC curves

Heating rate @ o
ay ap ap
(°C/min)
5 0.025 0.567 0.502
15 0.024 0.609 0.559
30 0.082 0.563 0.399

Sestak-Berggren model is a two-parameter autocatalytic kinetic model:

fl@)=a™1 -a)" 4.14
where m and n are the kinetic exponents.
The kinetic exponent ratio, p=m/n, is calculated by using Eq.4.15:

p=—r 415

.
Kinetic exponent n can be obtained using Eq.4.16. and then m = pn.
In[(da/dt)e*] =InA +nln[aP(1 — a)] 4.16

As shown in Fig.4.14, the slope is n and the intercept is InA.
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Table.4. 4 The kinetic parameters evaluated for the curing of ICA

Heating rate @

eCmin) E, (kd/mol) InA m n
5 11.72 0.023 0.899
15 11.92 0.022 0.897
50.69
30 11.69 0.048 0.941
Mean 11.78 0.031 0.912

Based on the parameters obtained above, the kinetic equation is delivered:

2% — 1,306 x 10° exp (—

_ 50690\ 0.031(q _ ,0.912
i )a 1-a 4.17

RT

. . . d . .
This equation expresses the rate of conversion (d—':) as a function of conversion a and

temperature T. (1 — a)®°12 represents the reaction catalysed by the groups initially present and
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consumed by the reaction. «%%3! indicates reaction products act as catalysts for the continuing
reaction associated with the autocatalysis by the -OH groups generated by the epoxy amine

reaction [127, 131].

The correctness of the kinetic model is verified by comparing experimental curves and
calculated curves in the plot of da/dt versus temperature. It is observed in Fig.4.15 that the two-

parameter Sestak-Berggren model well describes the studied curing process.

0.010 4

0.008

0.006

da/dt

2 I . | Y |
300 350 400 450
Temperature (K)

Fig.4. 15 Comparison of experimental (dot lines) and calculated (solid lines) DSC curves
(A 15°C/min and e 30°C/min)
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Fig.4. 16 Conversion vs. curing time at different temperatures (Blue line: 150 °C, Red line: 100 °C,
Black line: 50°C)

The kinetic equation can be used in roughly predicting the cure time at a given temperature
(isothermal curing). Three cure temperatures (50, 100, and 150 °C) were chose for this study.
As shown in Fig.4.16, it would take much more time to reach a certain conversion level when

lower the curing temperature since the curing reaction is also a thermally activated process.

4.3.3 Mechanical properties of ICAs

The storage and loss modulus of ICAs shown in Table.4.4 are gained from DMA curves
(Fig.4.17. A and B). The glass transition temperature (Tg) is determined by the peak position of

tans curves (Fig.4.17.C).

Table.4. 5 Storage, loss modulus and Tg, according to DMA test, Tq values at 1 Hz.

Storage modulus Loss modulus
Curing condition T4 (°C)
(MPa) (MPa)
6 min @ 100°C 40.9 15.8 57.0
10 min @ 100°C 71.4 17.9 61.8
6 min @ 150°C 46.7 9.5 58.2
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Fig.4. 17 DMA curves: a) Storage modulus E’, b) Loss modulus E”, c) Loss factor tand
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Since the mechanical strength is mainly provided by epoxy binders, the SEM photos of cured
epoxy in ICA were taken for analysis. It can be seen from the SEM images, the epoxy resin
cured at 100 °C for 6 minutes was in scaly structure (Fig.4.18. a). This kind of ICA is weak
because the epoxy network formation is incomplete. After increasing the conversion level by
prolonging the curing time, a dense epoxy network was formed (Fig.4.18. b) and the storage
modulus increased. Some tiny holes in epoxy resin can be seen in the ICA sample cured at 150
°C for 6minutes (Fig.4.18.c). This is because the internal stress of epoxy resin was too high as
it was over-shrinkage under high temperature and long curing time. These defects decrease

the mechanical strength.

l.nugh)ugh
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— Mig= 2000KX WO = 17.1 rhen LUnivcrsily

Silver particles

Epoxy resin
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u Loughborough

University

Fig.4. 18 SEM photos of ICA samples cured under different conditions. a) 6 min @ 100°C, b) 10
min @ 100°C, c) 6 min @ 150°C
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4.3.4 Resistances of ICA vias under different curing conditions
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Curing conditions

Fig.4. 19 Average via resistances of test vehicles

As shown in Fig.4.19, 100 °C and 6 minutes are the most economic curing parameters, saving
both time and energy. The SEM photos (Fig.4.20) prove that the conductive particles were
aggregated and formed more electrical contacts by the shrinkage of epoxy when increasing
cure temperature and time. The closer contacts decreased the ICA resistivity thus lowered the

via resistance.
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Fig.4. 20 Scanning Electron Microscope (SEM) photos of ICA samples cured under different
conditions: a) 10 min @ 50°C, b) 6 min @ 100°C, ¢) 10 min @ 100°C, d) 6 min @ 150°C

4.3.5 Thermal cycling and damp heat ageing
The samples were post-cured at the hot stage of thermal cycles. Thus a decrease in resistance
was observed at the early stage of the thermal shock test. For samples cured below 125 °C,

higher the conversion level, lower the post-cure effect (Fig.4.21. a, b and c¢). The samples cured

above 125 °C were affected slightly (Fig.4.21. d).
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Fig.4. 21 Evolution of via resistance as a function of time exposed to temperatures cycles

alternating between -40°C and 125°C. a) curing at 50°C for 10 minutes, b) curing at 100°C for 6

minutes, ¢) curing at 100°C for 10 minutes, d) curing at 150°C for 6 minutes

A similar pattern could also be observed in 85°C /85RH damp heat test. There was a significant

post-cure effect on vias cured at 50°C. Despite the different start resistance, vias cured at 50°C

for 6 or 10 minutes reached the similar resistance after 20 hours ageing.
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Fig.4. 22 Resistance evolution as a function of time at 85°C/85% RH
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4.3.6 Mechanical bending

The resistance increments of test vehicle cured at 50 °C were much bigger than the test
vehicles cured at 100 °C and 150 °C. It agrees with the material research above that the
incomplete cured epoxy is weak and sparse particles network is vulnerable. Although the
mechanical property of ICA cued at 100 °C was better, the resistance increments of vias cured
at 100 °C in bending tests were larger than the vias cured at 150 °C. It because the Ag particles
were more closely contacted in the vias cured at 150 °C, which weaken the impact of tiny

cracks in epoxy.
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Fig.4. 23 Bending test of test vehicle cured at 100°C for 10min. (1,5,10,50 times in a row)
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Fig.4. 24 Bending test of test vehicle cured at 150°C for 6min. (1,5,10,40,50 times in a row)
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Fig.4. 25 Bending test of test vehicle cured at 50°C for 10min. (1,5,10 times in a row)
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4.4 Conclusions

Firstly, DSC analysis was used to build the cure kinetic model capable of predicting the cure
schedule at a given temperature for this typical ICA composed of epoxy-based binders and Ag
filler particles. Two-parameter autocatalytic model (Sestak-Berggren model) was established as
the most suitable description of the studied curing process. Based on the theoretical analysis
and the practical curing process, the varying curing processes were set as: 10 minutes @ 50°C,

6 minutes @ 100 °C, 10 minutes @ 100 °C, 6 minutes @ 150 °C.

Then, a series of test vehicles with ICA vias were cured follow the above curing processes. The
electrical resistance of via decreases significantly when ICA conversion level is rising. In
consideration of conductivity, process time and temperature, 100 °C and 6 minutes are the

optimised curing temperature and time for the studied ICA.

Furthermore, DMA was used to investigate the effect of curing conditions on the mechanical
properties of ICAs. Combining with the SEM images of the epoxy structure, it was identified that

samples cured at 100 °C for 10 minutes possessed best mechanical properties.

Finally, the reliability of ICA vias was studied using thermal cycling test, damp heat test and
bending test. Resistances of the vias were measured before testing and in real time during
testing. During thermal tests, the vias cured at higher temperature had superior reliability
compared to the vias cured at a lower temperature. Reliability of vias cured at 50 °C was
extremely poor in bending test due to the low conversion. Besides the polymer binders’
properties, the nature of Ag particles’ distribution and connection were found to affect the vias

resistance during bending.
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Chapter 5 Multifunctional vias in flexible

PCBs

5.1 Introduction

The investigation of multifunctional vertical interconnects in flexible substrates was presented in
this chapter. Firstly, finite element (FE) model of ICA via was used to help better understanding
of the electrical conduction mechanisms. Then a fistula-shape ICA via was developed. Its
hollow nature provides the space for integrations of the optical or fluidic circuit. Two techniques

were investigated and proved feasible to fabricate optoelectrical vias in flexible PCB.

5.2 Design and verify of fistula-shape via in FPCBs

5.2.1 Methods

5.2.1.1 FE model of fistula-shape ICA via

Based on the theory established above, fistula-shape vias was proposed to enable
multifunction without compromising electrical conductivity. Firstly, models of fistula-shape ICA
vias were built in COMSOL Multiphysics (COMSOL Inc.). Only conductive parts were built and
meshed in order to save the computing time. Model geometry and mesh settings are listed in

Table 5.1 and Table 5.2.

Table.5. 1 Dimensions of model

Dimensions (mm)

Parts
Length (L) Width (W) Height (H) Diameter(D)
Copper track 1.00 1.00 0.035 —
Via — — 0.13 0.6
ICA cap — — 0.1 0.8
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Table.5. 2 Mesh settings

Maximum
Setting Maximum Minimum Curvature Predefined
element
Name element size element size factor size
growth rate

Value 0.02 2.0E-4 0.2 1.3 Extremely fine

Fig.5. 1 Meshed model of ICA vias: a) solid, b) inner bore ®0.25mm, c) inner bore ®0.3mm, d) inner
bore ®0.4mm.

Fig.5. 2 a) Current input cross-section in top copper track, b) current output cross-section in

bottom copper track
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As shown in Fig.5. 2, 0.5 A current was added on top copper track. The electrical conductivity

of ICA was set as 1e5 S/m, and the electrical conductivity of copper was set to be 5.998e7 S/m.

5.2.1.2 Manufacture and tests of fistula-shape via

Fistula-shape vias were made by drilling into the premade rivet-shape ICA vias. The size
parameters were the same as the simulation models. All samples were mechanically drilled by
@0.25 mm drill, and then the bores of some samples were enlarged by 0.3 mm and ®0.4 mm
drill. Resistances of vias were recorded before and after drilling. Temperature cycling test,

damp heat test and bending test have been conducted to evaluate the reliability.

5.2.2 Results and discussion

5.2.2.1 Finite element analysis of electrical potential distribution and resistance

Multislice: Electric potential (V) Multislice: Electric potential (V)

a A 4.21x107 b A 429x107
x107 x107

Multislice: Electric potential (V) Multislice: Electric potential (V)

C A 4.36x107 d A 47x107
x10™ %107

40

35 - —
30
25
20

q 15

10

5

Yo

Fig.5. 3 The electric potential of ICA vias: a) solid, b) inner bore ®0.25mm, c) inner bore ®0.3mm, d)

inner bore ®0.4mm.
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Electric potential is shown in multislice style (Fig.5. 3), it can be seen that the potential

distribution didn’t change much when small bore formed in the middle of the via.

The resistance of model was calculated by the software built-in equation and the via resistance
versus bore size was plotted in Fig.5.4. The increase of slope, from 0.83 mQ/mm? to 3.11

mQ/mm?, indicates that the impact on resistance grew larger when the bore size increased.
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Fig.5. 4 Resistance versus bore opening area

5.2.2.2 Experimental results

Resistances of vias before and after drilling were listed in Table.5. 3. Considering the accuracy
of the multimeter in four terminals mode is + 8 mQ, the formation of ®0.25 mm and ®0.3 mm
bores in the centre solid vias had a neglectable influence on resistances. And notable
increases appeared when the bore diameter increased to 0.4 mm. These experimental results
fit the prediction in simulations. Moreover, finer alignment is required when drilling larger the
bore. Like in Sample E (Fig5. 5), off-centre drilling broke one side of the ICA wall and

significantly increased the via resistance.
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Table.5. 3 Resistances of vias before and after drilling

Bore diameter

0 0.25 mm 0.3 mm 0.4 mm
Vias

Via 1&2 58 mQ 57 mQ — —

Via 3&4 45 mQ 43 mQ — —
Sample A

Via 5&6 61 mQ 60 mQ — —

Via 7&8 53 mQ 54 mQ — —

Via 1&2 58 mQ 58 mQ — —

Via 384 43 mQ 42 mQ — —
Sample B

Via 5&6 60 mQ 61 mQ — —

Via 7&8 50 mQ 50 mQ — —

Via 1&2 32 mQ 32 mQ — —

Via 384 30 mQ 28 mQ — —
Sample C

Via 5&6 26 mQ 24 mQ — —

Via 7&8 28 mQ 41 mQ —_ —_

Via 1&2 65 mQ 66 mQ 66 mQ 76 mQ

Via 3&4 37 mQ 37 mQ 40 mQ 49 mQ
Sample D

Via 5&6 38 mQ 37 mQ 46 mQ 56 mQ

Via 7&8 30 mQ 30 mQ 30 mQ 33 mQ

Via 1&2 44 mQ 45 mQ 49 mQ 67 mQ

Via 3&4 38 mQ 38 mQ 40 mQ 45 mQ
Sample E

Via 5&6 36 mQ 39 mQ 40 mQ 43 mQ

Via 7&8 39 mQ 39 mQ 42 mQ 58 mQ

Via 1&2 18 mQ 15 mQ 17 mQ 22 mQ

Via 3&4 26 mQ 25 mQ 25 mQ 32 mQ
Sample F

Via 5&6 26 mQ 26 mQ 26 mQ 33 mQ

Via 7&8 41 mQ 38 mQ 38 mQ 49 mQ
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Fig.5. 5 Cross-section of Via 1 in Sample E (bore diameter 0.4mm)

Sample A went through damp heat test together with other solid via samples. As shown in Fig.5.
6, fistula-shape vias exhibited the same behaviour as the solid vias in damp heat test. No

deterioration was observed.
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Fig.5. 6 Resistance evolution of test vehicle solid and fistula double-caps vias as a function of time
at 85 °C/85% RH

Temperature cycling test was conducted on another two samples with ©0.25 mm (Sample B)
and ®©0.4mm (Sample D) bores. It can be concluded from Fig.5. 7, the performance of fistula-
shape vias was the same as solid vias under cyclic thermal load. The vias with ®0.4mm bores

were affected less by post-cure effect due to there was less ICA in the vias.
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Fig.5. 7 Evolution of test vehicle resistance as a function of time exposed to temperatures cycles
alternating between -40 °C and 125 °C.

Bending experiments were performed on the rest two samples, C and F, by flexing the samples
around ® 5 mm cylinder. The total resistance of vias with ® 0.25mm bores increased 103.45%
after 106 times bending, which is similar to solid ® 0.6mm-caps vias (103.5%). While the total
resistance of vias with ® 0.4mm bores increased more rapidly, it increased 105.85% after 56

times bending.
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5.3 Investigation on optoelectrical vias in FPCBs

5.3.1 Optical interconnection formed by PMMA via fill

Opto-electrical vias can be achieved by forming optical vias within the fistula-shape ICA vias. In
this research, optical waveguides and vias were formed in one step by depositing polymethyl
methacrylate (PMMA) solution, using a motor assisted micro-syringe extrusion deposition

system (MAM-II, Fochif, China).

In order to form a thin and uniform waveguide, PMMA solution should be high concentration
and homogeneously dissolved. The greater the viscosity of solution the higher aspect ratio can
be achieved [132]. Meanwhile, the viscosity is limited by the aperture of deposition needle. In
this experiment, the PMMA solution should be able to pass through ®0.2mm needle by syringe
pushing. PMMA is soluble in strong polar solvents. Therefore Dimethyl Formamide (DMF) and
Tetrahydrofuran (THF) were chosen. Due to the low boiling points of DMF (149-156 °C) and
THF (67 °C), we can firstly prepare a dilute solution of uniformly dissolved PMMA and then

adjust the viscosity by volatilizing the THF. Specific preparation steps:
1. Put 20 g dry PMMA grains into 200 ml mixture of THF and DMF (volume ratio 4: 1).
2. Stirred by a magnetic mixer for 120 minutes and ultrasonic dispersion for 30minutes.
3. Allowed to stand for solvent volatilization.

The higher the boiling point of the solvent, the higher the temperature required for volatilization
and the slower the evaporation speed. During the heat treatment, a dense PMMA film will
appear rapidly on the surface of waveguide under high temperature, which hinders the solvent
from evaporating. Small bubbles formed inside the waveguide by remained solvent will cause
scattering loss. Therefore, after deposition, the test vehicles were left at room temperature (29
°C) for 1 hour. Then test vehicles were moved into the oven, and the heating profile was set as
20 °C/hour to 70 °C, then 60 °C/hour to 160 °C and kept for 10 minutes. The micro bores and

bubbles were significantly reduced by slow and low-temperature evaporation.
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=11 FrecForm Fabrication Systen

Fig.5. 9 a) MAM-II FreeForm Fabrication System

b) PMMA traces printed on flexible PCB with fistula-shape ICA vias

Fig.5. 10 Optical microscope image of an optoelectrical via

As shown in Fig.5.9b and Fig.5.10, the optical waveguides were successfully deposited on the
flexible PCB, and the vias were fully filled. Feasibility of adding optical function by additive
manufacturing was proved. However, the PMMA track delaminated from flexible PCB once

occurred to bending. Future works on surface treatment are needed to solve adhesion problem.
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5.3.2 Optical interconnection formed by PMMA fibre

A cheap and quick method to realise both optical and electrical vertical connection was
proposed that the ready-made optical fibre can be used as a waveguide. As shown in Fig.5.11,

there are several ways to integrate the optical fibre into a via hole.

(a) ¥

B pcB

B Optical fibre

D

Fig.5. 11 The schematic diagram of three different optical fibre integration arrangements. D: the
diameter of via hole, t: the thickness of PCB, R: Bending radius of the optical fibre midline, ¢: the

diameter of the optical fibre, h: the stand-out height

By Inserting a quarter circle of the fibre in the via hole (Fig.5. 11.a), the fibre can be attached to
the top surface of the layer right after it jumping out the via hole. The stand-out height h= ¢, the
diameter of via hole Dmin= 0.5¢+R. This design can minimise the stand-out height which is ideal
for layer stacking but requires a large via hole. Another design (Fig.5. 11.b) is putting the fibre
vertically through the via hole and leaving the bending curve over the top surface of the layer.
The stand-out height h= 0.5¢+R, the diameter of via hole Dmin= ¢. This design can be use on

the top layer of the PCB without any other layers or components stacking on.

To miniaturise the device, the designs mentioned above would limit the bending radius of the
fibre to a small value. Therefore, the third design (Fig.5. 11.c) is proposed. It is a trade-off
between the diameter of via hole and stand-out height. By adjusting the position of the fibre, a

reasonable size of D and h can be obtained together with a much larger bending radius.
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5.3.2.1 Preliminary experiments of optical fibre bending loss

The entire testing system (Fig.5. 12) consists of three parts: a light emitting diode (LED) with
the light source driving part, optical fibore sample and data acquisition part. A high-performance
green LED (HLMP-1540, Hewlett Packard Ltd.) was selected, and the drive current was
controlled by adjusting a variable resistor. The peak wavelength of the LED is 565nm, and the
bulb diameter is 3mm. A Silicon Photodiode (PD) for the Visible Spectral Range (BPW 21,
OSRAM Opto Semiconductors Ltd) was employed to detect the output light from the optical
fibre. The photovoltages were obtained from the readings of a directly connected voltage meter.
The optical fibre was bent into a curvature by two fixtures, one end of the fibre is attached to
the LED and the other end is attached to the PD. The LED, PD and optical fibre were fixed on a
stage (Fig.3) and put in a black box to reduce the influence of environmental light during the

test.

Optical fibre LED

Photodiode 5V

50KQ

Fig.5. 12 The schematic diagram of optical fibre loss testing

A PMMA fibre was cut 115 mm long. Then its two ends were polished to be flat, and the final
length is 114.5 mm. The fibre was manufactured with a curvature; the curve radius is 171 mm
without any external force. The diameter of the fibre is 3 mm. The PMMA core was covered

with two layers of PVC insulating tape, which served as a cladding layer.

The environment temperature was 20 °C. The LED drive current started from 0.4 mA, and the
current increment is 0.2 mA for each step between 0.4mA and 3mA. From 3 mA to 4.5 mA, the
increment is 0.5 mA. Firstly, the LED was placed directly to the photodiode to get a set of
references. Then the fibre was placed between the LED and photodiode with different curvature

to measure the output changes under the same input variations (Fig.5. 13) :

92



Model A: The fibre was bent to be straight.

Model B: The fibre was held with its original shape (Fig.5.28. a).
Model C: The fibre was bent to a curve of 58mm radius (Fig. 5.28.b)
Model D: The fibre was bent to a curve of 35mm radius (Fig. 5.28.c)

Model E: The fibre was bent to a curve of 26.6mm radius (Fig. 5.28.d)

/

J

APR

Fig.5. 13 Photos of different bending setups for optical fibre: (a) bending radius: 171mm, bending
angle: 39°, (b) bending radius: 58mm, bending angle: 104.5°, (c) bending radius: 35mm, bending
angle: 164.5°, (d) bending radius: 26.6mm, bending angle: 185°
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Fig.5. 14 The photovoltages of different models under different LED drive current.

Photodiode output voltage is proportional to the light power that photodiode absorbed, so it can
be represented as the output power of the fibre. Similarly, the input power is represented by the
photodiode output voltage when LED illuminated the photodiode directly. It can be seen from
Fig.5.15.a; the Model C had a higher output. The Model B was similar to the Model C, which
suggests the bending loss would be stable in a certain bending radius range, like 171mm-
58mm in this case. When the bending radius reduced to 35mm, the output power decreased
significantly. And the output power decreased further when the bending radius reduced to
26.6mm. Under the same experiment system and input conditions, the decrease of output
power means the increase of bending loss. So it is proven that the smaller the bending radius,
the bigger the bending loss. There was an exception that the straight fibre has a very big
bending loss, this may because the fibre is made with a curvature. The microbending and
inhomogeneities of the fibre increased when straightening the fibre. Thus material quality is

important and should be considered in the first place in installation.
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Fig.5. 15 a) Fibre output versus input, b) the transmission efficiency of different models under

different input power

The transmission efficiency of tested fibres was defined as the ratio of output power (fibre-
output voltage reading) to input power (LED-output voltage reading). As shown in Fig.5.15.b,

the efficiency was quite low at the beginning, and then increased with the rise of LED output,
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and remained relatively stable after LED output voltage reached 396 mV. This indicates that
this optical fibre performs poorly under low light intensity and may not be suitable for working in

low-light applications, such as sensing low-light-emitting samples.

These results also agree with the normal fibre installation recommendation [84], which suggest
the bending radius should not be less than 15 times of the cable diameter to maintain the
performance. In this case, the cable diameter was similar to the core diameter. Table 5.4 shows
the ratio of bending radius to core diameter, the bending radii of Model B and C are more than

15 times of the core diameter, while the Model D and E are less.

Table.5. 4 the ratio of bending radius to core diameter

Model B C D E

Ratio 57 19.3 11.7 8.9

5.3.2.2 Integration with flexible PCB
High-performance plastic optical fibre CK-10 (MITSUBISHI RAYON CO., LTD) was used in this
experiment. The diameter of PMMA core is 240 um, and the cladding layer is 5 um thick

fluorinated polymer.

Fig.5. 16 a) Top view of an optoelectrical via, b) cross-section of an optoelectrical via.

Three 280mm long Fibres were cut and inserted through ICA via holes (Fig.5.16), and their
ends were polished and mounted in connectors. (Fig.5.17) A visible Laser diode (2008368,
LASER COMPONENTS) with a typical wavelength of 655nm was selected as the light source.

The power supply to the laser diode was regulated and adapted by an external resistor in Laser
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driver (2011660, LASER COMPONENTS). Silicon Photodiode (S5973, HAMAMATSU) is

employed to detect the output light from the optical fibre. The input power of fibre was set

constant: 325 mV. The operating environment temperature was at 18 °C. The photovoltages

were obtained from the readings of a directly connected multimeter and recorded in Table 5.5.

Photodiode

Fibre and connector FPCB Laserdiode Laserdriver

€

Fig.5. 17 Test system for optoelectrical via integrated in flexible PCB (FPCB)

Table.5. 5 Fibre output in photovoltages (mV)

Test vehicle A Test vehicle B Test vehicle C

Unconstrained 274.4 266.4 267.9
Before
Bending | tegrated — 254.3 256.7

5 times 274.3 253.6 230.9

10 times 274.5 252.4 229.5
Bending

20 times 274.4 251.5 236.0

50 times 274.0 249.6 230.0
After

274.4 266.5 256.7

Bending

The fibre in test vehicle A was unconstrained and bent to ®40 mm cylinder. The fibres in test

vehicle B and C were fixed on FPCB, and its minimum bending radius was 0.7 mm. Test

vehicle B was flexed to the same cylinder as test vehicle A. While the test vehicle C was flexed
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to @5 mm cylinder. It can be concluded that the optical loss increment is around 0.2 dB after
integrating PMMA fibre as an optical via. This kind of optical via is sensitive to dynamic bending
because the inherent curve of the fibre is more easily deformed. That also explains why test
vehicle A remained stable while test vehicle B changed slightly during ®40 mm cylinder

bending test. The changes in fibre output increased when bending radius reduced to ®5 mm.

5.4 Conclusions

Finite element model of ICA via was used to help better understanding of the electrical
conduction mechanisms. The simulations suggested that electrical current in ICA vias would
exhibit similar characteristics like in homogeneous conductive material and most current flow

through the outer tubular part of the ICA fill.

Based on theoretical equation and simulation model, the fistula-shape ICA via was developed.
Its hollow nature provides the space for integrations of the optical or fluidic circuit. Resistance
measurement and reliability tests proved that carefully designed and manufactured small bores
in vias will not comprise the performance. In this study, the recommendation of bore diameter in

@0.6 mm rivet-shaped via is 0.3 mm max.

This research has demonstrated the feasibility of multifunctional vertical interconnects in
flexible substrates. Test vehicles with optoelectrical vias were made through two different

approaches to prove the concept.

Direct writing, an additive manufacture method, was used to fill the via hole and forming the
planar waveguide on the substrate in one process. It is a quick and flexible way to form optical
vertical interconnects, but the quality of the waveguide highly depends on the capability of

manufacturing facilities.

On the other hand, plastic optical fibre integration required no high-end equipment. Ready-
made fibres are easy to access. In this study, ©0.25 mm PMMA fibre (core diameter 0.24 mm)
was integrated through fistula-shape ICA vias. After installation, the minimum bending radius of
the fibre is 0.7 mm, and the optical loss increment is around 0.2 dB which is acceptable. The
downside of this method is that the curved fibre occupied a lot of space, thus increase the

height of the whole package. This structure was also sensitive to bending.
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Chapter 6  Validation of ICA
interconnections through PPG probe

manufacturing

6.1 Introduction

As indicated by World Health Organization (WHO), continuous monitoring is one of the effective
means to not only assess physiological status that is related to these diseases but also provide
indications of disease progression and make it easier to manage daily based medicine and
therapy [133, 134]. A simple and cost-effective optical technique, photoplethysmography (PPG),
is often employed non-invasively to monitor blood volume changes for physiological
assessment. The PPG system mainly consists two parts: light sources for the illumination of the
skin tissue, and photosensors for the measurement of light intensity variations [35, 37]. A novel
reflection-mode photoplethysmography (rPPG) probe was developed and trial-manufactured in
the project. This probe can be integrated into POCT device for in-vivo and non-invasive

physiological assessment.

The light-weight flexible polymer film was used to make the PPG patch probe user-comfortable
and well fitting. The polymer substrate and key parts of the probe (surface-mount light emitting
diodes (LEDs) and photodiodes) were all heat sensitive. Thus an ICA-based low-temperature
manufacture process was established to realise the probe design referring to previous research
outcome. The interconnections were validated through functional tests and “proof of concept”
using. In prototype Type One, the photodiode and LEDs were mounted on a flexible circuit to
achieve sensitivity, stability, and user comfort. Based on the success of the first prototype,
double-sided flexible circuits and ICA vias were utilised to improve the performance in probe

Type Two.
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6.2 Methods and experimental setup

6.2.1 Substrate materials selection

Compared to conventional Polyimide (PI) film, Polyethylene Terephthalate (PET) film and
Polyethylene Naphthalate (PEN) film are cheaper but less thermal stable. The warpage and
shrinkage of the FPCB would cause the dislocation of components that affects the accuracy of
the photonic system and induce stress that affects reliability. Therefore, the thermal dimension
stability was set as a selection criterion. The dimension shrinkage after manufacture processes

should be less than 1% and the smaller, the better. There were two candidates:

a) Polyethylene Terephthalate (PET) film with electrodeposited copper (GTS 5560),

b) Polyethylene Naphthalate (PEN) film with electrodeposited copper (GTS 5670).

The thicknesses of the film and copper are 125 um and 35 um, respectively.

Two laminates were made into specimens (Fig.6.1) by selectively removing a photoresist
coating and etching the unwanted copper. A heating test was carried on the specimens to
investigate the thermal dimensional stability of the materials. Due to the shape of the board and
copper pattern, the strains mainly concentrated in one axial direction. Dimension change was
measured by the distance change from point A to point B. The original distance between A and

Bis 43.5 mm.

Fig.6. 1 The photo of a test specimen

In the heating test, the specimens were placed unconstrained in an oven. The heating profile
was divided into three stages. The first stage was the common ICA curing condition, and the
temperature was elevated in the followed two stages to test the capability of alloy soldering

(Fig.6.2).
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Fig.6. 2 Heating profile for Thermal dimension stability test, stage 1: 0~7 mins, stage 2: 7~9 mins,

stage 3: 9 mins~

The heating test repeated three times. In the first test, the specimens were taken out for
dimension measurement right after stage 1 and then put back. Same operations were done

right after stage 2 in the second test, and right after stage 3 in the third test.
6.2.2 Architecture design

Probe Type One was a basic version to explore the feasibility of the design and manufacture.
The copper track was made 2 mm wide to secure the conductivity and components alignment.
The photodiode (PD) is OSRAM, BPW 34 S and light-emitting diodes (LEDs) are in SMD0603
type package. The probe Type Two is based on Type One, a larger PD (HAMAMATSU,
S10357-01) is used to increase sensitivity. The number of LEDs is also doubled and located
symmetrically to improve the performance. In order to accommodate more components in a
smaller patch, the copper track width was reduced to 0.5 mm and a double-side circuit design

was adopted. Electrical vias were used to connect the two circuit layers.

PCB design software: DesignSpark PCB 5.0 was used to design the PCB architecture and
output the Gerber file for FPCB fabrication. First of all, the centre to centre distance between
LED and PD is fixed to ensure the probe’s function. When locating the components, the actual
size of the component and its contact pad size are also taken into consideration, thus leaving
enough space for copper traces. After components placement, all the components are
connected in right order, followed by wires adjustment to achieve optimised electrical

performance. There are several tips for wiring arrangement [135, 136]:

1. The signal traces should be as short and direct as possible.
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2. Avoiding sharp angle turns. Using round turns or two 45-degree bends instead.

3. Position polarised parts (i.e. diodes, and electrolytic caps) with the positive leads all
having the same orientation.

4. Avoiding parallel traces to reduce parasitic current. It's better to have vertical traces on

one side and horizontal traces on the other for double side circuit.

6.2.3 Manufacture process

6.2.3.1 Probe Type One

a. The FPCB was fixed on a rigid FR-4 board by the tape
c. Isotropic conductive adhesive (ICA) paste was deposited on connection pads.

b. A flip-chip bonding machine was employed in components mounting (Fig.6.3). The
components are picked and placed pneumatically with the optical microscope (Leica WILD M3Z)

aided component positioning.

Fig.6. 3 Flip-chip bonding machine.

d. The FPCB was placed into the oven for adhesive curing. A thermal couple was put on the
PCB to monitor the actual temperature at bonding area. The curing oven is the JEM-310 Batch
Reflow System (Fig.6.4) which is programmable and auto temperature control. The heating

profile was optimised with the condition of maintaining the ICA at 100 °C for 10 minutes.
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Fig.6. 4 JEM-310 Batch Reflow System

e. After the bonding of photodiode, LEDs and I/O wires, a foam ring was mounted around the
photodiode to isolate the direct light from LEDs; then the LEDs were covered by diffusion film.

Finally, the whole probe was covered by a thick layer of foam.

6.2.3.2 Probe Type Two

In addition to via hole formation and filling, the manufacturing procedure of probe Type Two
was the same as the Type one. After forming the circuit pattern, ® 0.7 mm vias were
mechanically drilled through the board and filled with ICA. After curing, the top circuit and

bottom circuit were vertically connected by these ICA filled vias (Path B in Fig.6.5).

The stencil was made from 0.35 mm plastic board by mechanically drilling. When filling the vias
from one side, some ECA paste would leave on the holder board and form voids at the other
side. To solve this problem, two identical stencils were attached on both sides of the PCB
(Fig.6.6), so the vias could be fully filled by squeezing the adhesive with a blade manually from

only one side.
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Via curing
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Fig.6. 5 Manufacturing procedures of rPPG patch probe Type Two

Stencils

Fig.6. 6 a) Stencils arrangement: the two stencils were fixed by adhesive tape after alignment, b) a

sketch of cross-sectional stencil printing setup

A simplified manufacturing process (Path A in Fig.6.5) was developed based on double stencils.
The schematic process flow is presented in Fig.6.7. The principle was relatively simple: the
stencils and FPCB are aligned by alignment pins (1). The ICA is deposited on the pads and in
the vias by blade squeezing from the top (2). Removing the top stencil (3) and mounting

components (4). Removing bottom stencil and curing (5).
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Fig.6. 7 Schematic illustration of Path A

6.2.4 Functional test setup

6.2.4.1 Cylindrical Bending Test

A simple bending test was carried out after the rPPG patch probe was fully manufactured and
packaged. The probe was bent over a 25 mm radius cylinder and recovered in the frequency of
20 cycles per minute in a room environment (Fig.6.8). The forward voltage drop was measured

by the diode function on a multimeter (10XL, WAVETEK Ltd.).

Probe \

|

Fig.6. 8 A sketch of bending test setup: the probe is pushed manually to fit the curve of a cylinder

6.2.4.2 Validation through physiological test
As shown in Fig.6.9, the probe’s signals were captured by a 4-channel PPG board (DISCO4,

Dialog Devices Ltd., UK). The analog-to-digital conversion for these captured PPG signals was
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implemented by a data acquisition board (USB-6009, National Instruments Co., USA), and the
control software of the PPG board was performed by LabView 7.1 (National Instruments Co.,

USA).

Probe DISCO4 USB—6009

Fig.6. 9 Experimental setups of assessment system (rPPG probe Type One)

Type Two is compared with a commercial probe to validate its performance. Both the prototype
probe patch and a commercial forehead contact pulse oximetry sensor (Nellcor™ Max-Fast™,
COVIDIEN) were placed on the participant’s forehead (Fig.6.10). So the signals from two
probes were captured simultaneously. During the signal recording, the participant sat still for 5

minutes.

DISCO4 USB—6009

Fig.6. 10 Physiological assessment setup, A) the commercial forehead contact pulse oximetry
sensor, Nellcor™ Max-Fast™, COVIDIEN, B) the rPPG probe Type Two

6.3 Results and discussion

6.3.1 Probe manufacture

The dimension shrinkage of each specimen was listed in Table.6.1, and Fig.6.11 shows the
photos taken before heating and after each heating stage. The deformation and shrinkage of

the substrate will cause the dislocation of components and induce thermal stress thus affect the
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probe’s accuracy and reliability. The PEN laminate was more stable than the PET laminate
during the heating stages. Therefore, PEN copper laminate was chosen because of better

accuracy and reliability of FPCB.

Table.6. 1 Transverse dimension shrinkage of test specimens

After stage 1  After stage 2  After stage 3

PEN 0.5% 1.1% 5.7%

PET 5.1% 17.2% 81.6%

Fig.6. 11 Photos of specimen deformation after each heating stage. A: Before heating, B: After
stage 1, C: After stage 2, D: After stage 3.

Most currently commercial lead-free solders, such as tin/silver (Sn/Ag), tin/silver/copper
(Sn/Ag/Cu), have higher melting temperatures (Tm of Sn/Ag and Sn/Ag/Cu are 217 and 221 °C,
respectively) than of the conventional tin—lead eutectic solder (183 °C) [137]. According to the
temperature limits identified above, the lead-free solder technology is not suitable for
manufacturing the rPPG probe based on PEN substrates. Moreover, the processing window for
LED/PD soldering is very narrow, which increase the requirements and cost of components

mounting. Compared to the soldering technology, ICAs offer numerous advantages, such as
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environmental friendliness, fewer processing steps, and most important advantage in our
application, lower processing temperature. Based on previous research (Chapter 4), the curing

temperature can be as low as 100°C.

The layout of Type One and Type Two are shown below (Fig.6.12 and 6.13). The tolerance of
the centre-to-centre distance between the photodiode and LED is the radius of photodiode’s
sensitive area. In probe Type One, the photodiode has a relatively small sensing area. Thus the
LEDs are placed very close to the photodiode outer package, causing inconvenience in
component-mounting and photodiode-isolating. In the upgrade version - Type Two, bigger
sensitive area photodiode was used to gain more PCB design freedom and reduce the impact

from PCB fabrication inaccuracy and mounting misalignment.

Fig.6. 12 The sketch of Type One probe’s circuit. The big block in the middle represents the

photodiode, and the four blocks around it are LEDs.
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Fig.6. 13 The layout of the double-side PCB for probe Type Two. The dark (red) tracks are on the

top side, and the light (white) tracks are on the bottom side

Different sizes of apertures were tested. (Fig.6.14) The ECA needs to be spread around the
vias on both sides to gain mechanical strength and electrical conductivity, so the apertures will
be bigger than the vias to form solid connections. However, the big hole will consume more
adhesive, otherwise, form a hollow. The gap between stencil and PCB caused spreading which
would form a short between adjacent lines. The optimal size in this study is 1.2mm in diameter.
There is a shift when drilling the holes manually which caused an alignment problem. The ECA

would be blocked when the aperture was placed away from the vias (Fig.6.15).

Fig.6. 14 Different sizes of the stencil apertures
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Fig.6. 15 Stencil printing results

A new set of stencils were made by drilling $1 mm holes in 150 um thick PET copper laminates.

Fig.6.16 shows that reducing the thickness of the stencil would enable finer printing feature.

The bottom diameter of this via cap is 0.88 mm.

Fig.6. 16 Top view image of a via plug made by 150um thick stencil

Fig.6. 17 a) Flexible printed circuit board (top side) and a one-pound coin, b) packaged rPPG

sensor
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6.3.2 Functional test

The bending test preliminarily proved that the ICA bonding could provide reasonable lifetime for
biomedical monitoring applications. As shown in Table 6.2, the electrical property of each loop
in Type Two probe remained the same after 100 cycles. After connecting this probe to

assessment system, all LEDs worked properly, and the photodiode received meaningful signals.

(Fig.6.18)
Table.6. 2 Forward voltage drop of each component’s channel
Channel
Red LED Infrared LED Photodiode
Cycles
Before bending 1.661V 1.480V 0.551V
After 20 cycles 1661V 1.480V 0.551V
After 100 cycles 1661V 1479V 0.549V

Avq“ N (q“‘/\ \ M
VY

Fig.6. 18 Work status test after 100 bending cycles, a) a photo of Type Two probe in dark room, b)

probe’s signals and driven currents in control software
The probe Type One was attached to a thumb of the participant. Its signals (Fig.6.19) are clear,
but the waveform is not ideal, so we can only get the heart rate of the participant. Some signal
segments of probe Type Two are shown in the Fig.6.20, the solid lines are prototype’s signals,

and the dot lines are signals from the commercial one. The overall shape of the curves is the
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same which indicate the prototype has the same accuracy level as the commercial one. And
thanks to the special selective components and reasonable manufacturing, the current
consumption of the probe Type Two (21.76 mA) is only 39.8% of the commercial one (54.7 mA).
Besides, the symmetrical ring-like LEDs arrangement would give the prototype probe a better
motion cancellation [138, 139]. Physiological assessment result shows that the mild assembly
processes based on the ICAs can protect the delicate components and substrates, thus fully

achieve the probe’s design.

Amplitude

o . . . 3 .
Time (s)

Fig.6. 19 A segment of signals generated from the probe Type One
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Fig.6. 20 The waveform of signals when staying still. The Y-axis is the amplitude of the signal, and
the X-axis is the time. pPPGi= infrared LED channel of the prototype, pPPGr=red LED channel of
the prototype, cPPGi= infrared LED channel of the commercial probe, cPPGr=red LED channel of

the commercial probe.

6.4 Conclusions

PEN film is a light-weight flexible and cheap substrate that helps to make rPPG patch probe
user-comfortable and well fitting. High efficient and sensitive photodiode and LED ensure the
probe high performance. But conventional soldering may degrade the substrate and
components. The assembled probes in this research are all functional and show the
outstanding performance, which demonstrated the feasibility of bonding optoelectronics and
flexible substrates together by electrically conductive adhesive under low temperature. ICA-
based low-temperature manufacture processes also enable the integration of other flexible but
delicate components in the future, such as polymer optical fibres, polymer microlens and
printed organic electronics. In the manufacturing routes, a modified stencil printing setup, which

merges two printing-curing steps into one, was developed to save both time and energy.

Based on the works done in this chapter, thinner substrate can be tried for more flexibility and
user-comfort. Smaller aperture size and thinner stencil will be utilised to form fine and neat via

interconnection for further miniaturisation. The double stencil setup can also be transferred to
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an industrial-scale stencil print machine which can provide better control of all the parameters,

e.g. print pressure, print speed and squeeze angle to enhance the printing quality.
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Chapter 7 Conclusions and Future work

7.1 Main conclusions

Based on the presented experimental and modelling results in previous chapters, the main

findings in this research are summarised in this chapter.
7.1.1 Curing effect on vias

The research of curing effect on via performance was first carried out by studying the
relationship between curing conditions and material properties. Based on DSC analysis results,
two-parameter autocatalytic model (Sestak-Berggren model) was established as the most
suitable curing process description of our typical ICA composed of epoxy-based binders and Ag

filler particles. The conversion level of studied ICA in an isothermal cure schedule was

50690

predicted by the kinetic equation: Z—f =1.306 x 10° exp (— o

)a0-031(1 — a)?912, Based on the

theoretical analysis, the varying curing conditions were selected. Samples cured at 100 °C or
150 °C was near full conversion which ensured electrical conductivity. While samples cured at
50 °C for 10 minutes exhibited poor conductivity due to the low conversion level. Therefore,
ultra-low temperature cure process for the ICA required long processing time to achieve
satisfied conversion level. Further, a link between curing conditions and the mechanical
properties of ICAs was found by DMA experiments. At low conversion level, the elastic modulus
of ICA increases while the conversion level rises. When the conversion is approaching 100%,
the elastic modulus of ICA may decrease. Combining with the SEM images of epoxy structure,

it was identified that samples cured at 100 °C for 10 minutes owned best mechanical properties.

A series of test vehicles with ICA vias were cured follow the above curing processes. The
electrical resistance of via decreases significantly when ICA conversion level is rising. In
consideration of conductivity, process time and temperature, 100 °C and 6 minutes were the
optimised curing temperature and time for the studied ICA. Resistances of the vias were
measured before testing and in real time during thermal cycling tests, damp heat tests and
bending tests. During thermal tests, the vias cured at higher temperature had superior reliability

compared to the vias cured at a lower temperature. Reliability of vias cured at 50 °C was
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extremely poor in bending test due to the low conversion. Although the mechanical properties
of ICA cued at 100 °C was better, the resistance increments of vias cured at 100 °C in bending
tests were larger than the vias cured at 150 °C. It because the Ag particles were more closely
contacted in the vias cured at 150 °C, which weaken the impact on resistance caused by tiny

cracks in epoxy.
7.1.2 Geometry effect and fistula-shape via

Finite element model of ICA via was used to aid better understanding of the electrical
conduction mechanisms. The simulations suggested that current in ICA vias would exhibit
similar characteristics like in homogeneous conductive material and most current flew through

the outer tubular part of the ICA fill.

A simplified model was built to represent rivet-shaped vias in the FPCBs based on the
assumption of homogenous ICA. An equation was proposed to calculate the resistance of the
model. In this research, all the FPCBs are the same thus the only variable in the model was the
cap size of the via. Vias with different cap sizes were tested and validated the equation. The
vias resistances dropped sharply from no cap to double caps structure. The vias resistances
kept decreasing while the cap diameter increases, and the decline rate in resistance slowed
down after the cap diameter overpass a certain value, 0.5 mm for the test vehicles in this
research. Furthermore, those samples were divided into three groups for thermal cycling test,
damp heat ageing test and bending test. The results show that the large cap and double caps

structure can improve the reliability.

Based on theoretical equation and simulation model, the fistula-shape ICA via was developed.
Its hollow nature provides the space for integrations of the optical or fluidic circuit. Resistance
measurement and reliability tests proved that carefully designed and manufactured small bores
in vias will not comprise the performance. In this study, the recommendation of bore diameter in

@0.6 mm rivet-shaped via is 0.3 mm max.

116



7.1.3 Multifunctional vertical interconnects

This research has successfully demonstrated the feasibility of multifunctional vertical
interconnects in flexible substrates. Test vehicles with optoelectrical vias were made through

two different approaches to prove the concept.

Direct writing, an additive manufacture method, was used to fill the via hole and forming the
planar waveguide on the substrate in one process. It was a quick and flexible way to form
optical vertical interconnects, but the quality of the waveguide highly depends on the capability

of manufacturing facilities.

On the other hand, plastic optical fibre integration required no high-end equipment. Ready-
made fibres are easy to access. In this study, ©0.25 mm PMMA fibre (core diameter 0.24 mm)
was integrated through fistula-shape ICA vias. After installation, the minimum bending radius of
the fibre is 0.7 mm, and the optical loss increment is around 0.2 dB which is acceptable. The
downside of this method is that the curved fibre occupied a lot of space, thus increase the

height of the whole package.
7.1.4 Case study: reflection PPG probe manufacture

In this research, reflection Photoplethysmography (rPPG) sensors using specially designed
photodiode-LEDs system were assembled on flexible PCBs by ICAs. The PCB substrate, PEN
film, is a light-weight flexible and cheap substrate that helps to make rPPG patch probe user-
comfortable and well fitting. High efficient and sensitive photodiode and LED ensured high
performance of the probe. ICA-based low-temperature manufacture processes were developed
to enable the integration of these flexible but delicate substrate and components. In the
manufacturing routes, a modified stencil printing setup, which merges two printing-curing steps
(vias forming and components bonding) into one step, was developed to save both time and
energy. The assembled probes showed the outstanding performance in functional and
physiological tests. Based on the works done in this case study, the thinner substrate can be
tried for more flexibility and user-comfort. Smaller aperture size and thinner stencil will be
utilised to form fine and neat via interconnection for further miniaturisation. The double stencil

setup can also be transferred to an industrial-scale stencil print machine which can provide
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better control of all the parameters, e.g. print pressure, print speed and squeeze angle to

enhance the printing quality.

7.2 Future works

Due to the limited time and constraints of research facilities, a number of areas have not been
fully investigated. Some new areas worthy of future work have been identified during this

research. Therefore, the recommendations for future work are presented as follows.
7.2.1 Further research on geometry and curing effect

Referring the outcome of the research, the different shape and distribution of fillers may vary
the geometry effect on ICA vias, and the curing effect is linked to binder’s properties. Therefore,
ICAs made from different binders (silicone or other elastic polymers) and fillers (silver-polymer
spheres or nanomaterials) can be studied to gain a comprehensive understanding of geometry
and curing effect on the conductivity and reliability of vias. And long-term reliability tests are

also needed for lifetime analysis.
7.2.2 Additive manufacture for optoelectrical vias

There was only a trial on additive manufacture in this research. Based on the manufacturing
machine, e.g. inkjet printing machine, a lot of technique problems need to be solved. In order to
print a fine optical via, deeper research on solution preparation, substrate surface treatment,
deposition speed and temperature is heeded. The optical performance and reliability of printed

vias can be tested and compared with the vias formed from the optical fibre in this research.
7.2.3 Interactions in multifunctional vias

Different materials were integrated into one via to achieve multifunction. The interactions
between each functional vias when working together and the mechanical behaviours during
bending are worth of further research. For example, the effect of electromagnetic field or
temperature elevation becomes an issue when optoelectrical vias are working under high
current or high-frequency conditions. Finite element analysis would be a powerful tool to assist

such experimental investigation.
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7.2.4 Multifunctional vias in POCT device

Based on the research in this thesis, more complicated POCT device can be enabled by
multifunctional vias in the future. As shown in Fig.7.1, electrical circuits and optical circuits are
built on multi-layered flexible substrates and vertically connected. And the optical waveguide
can also be adopted in sensing systems as the illuminator or receiver which gives more

freedom to the arrangement of photonics.

Photodiode LED

Microfluidic channel

[ Polymer Substrate [ Optical Waveguide
P Electrical Circuit Electrical Conductive Adhesive

I Optoelectronics B sample

Fig.7. 1 A schematic diagram of a POCT device using fibres in sensing and interconnects
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Appendices 1: Flow chart of the

generation of spheres’ locations
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Appendices 2: Flow chart of the ICA via

model generation
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Appendices 3: Specifications of the ICA

used in the work

CHEMTRONICS®
Technical Data Sheet

TDS # CW2400

CircuitWorks® Conductive Epoxy

PRODUCT DESCRIPTION

CircuitWorks" Conductive Epoxy is a two
part, silver epoxy used in prototype, repair

and general conductive bonding
applications,  CW2400 features strong
mechanical  bonds, excellent  electrical

conductivity, and quick room temperature
curing. CircuitWorks® Conductive Epoxy
bonds aggressively to a wide varicty of
materials.
= Two-component product
Simple mixing ratios
Excellent electrical conductivity
= Fasl curing
= High strength bond
= Bonds dissimilar surfaces
=  Operating temperature range from
= _91°C (-131°F) to 100°C (212°F)

TYPICAL APPLICATIONS
CircuitWorks” Conductive Epoxy may be
used for electronics applications including:

» Conductive Bonds Between Heat

Sensitive Components

= Solderless Surface Mount Connections

= Circuit Board Trace Repair

= Static Discharge and Grounding

= Solder Repair

» Conductive Structural Adhcsions

TYPICAL PRODUCT DATA AND
PHYSICAL PROPERTIES

Composition

Material

Specific Gravity
{Parts A & B Mixed)

Cured Compound

Volume Resistivity
Thermal Conductivity
Cal-cm/sec-cm’ -°C
BTU-in/hr-ft” °F

Wim"K

Operating Temperature

Range

Lap Shear
{ASTM D-1002)

Shore Hardness

Adhesion

Cured Flexibility

Chemical Resistance

Moisture Resistance

Typical Thickness
Shelflife

Part A
Part B

Epoxy
Hardener
2.85

<(),001 ohm-cm

3gx 107
11.0
1.6

-131 to 212°F
{-91 to 100°C)

=1200 Ibsdin

=70
Excellent
Excellent
Excellent
Good
5 mil

12 months

Conditions: Store at temperatures below 120° F
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COMPATIBILITY

CircuitWorks”  Conductive  Epoxy  is
generally compatible with most  materials
used in printed circuit board fabrication. As
with any adhesive/scalant, compatibility
with substrate should be determined on a
non-critical arca prior to use.

USAGE INSTRUCTIONS
Read MSDS carclully prior to use,

Cleaning: For best results, clean the board
with one of Chemtronics™ Electro-Wash® or
Pow-R-Wash” cleaners in order to remove
any surface contamination which  may
prevent adeguate material contact,

Mixing: Mix cqual amounts (1:1) by
weight or volume of Part A and Part B, Mix
thoroughly for 2 minutes and apply within 8
minutes,

Thinning: Do not atiempt to thin,

Curing: Curing  times  and  clectrical
conductivity  depend  primarily  on
temperature.  For  fastest curing  times,

maximum conductivity and adhesion, cure
the bond between 150-250°F (65-121°C) for
5-10 minutes, CircuitWorks” Conductive
Epoxy can be room temperature cured at or
above 75°F (25°C), for 4 hours., Maximum
conductivity and bond strength are achieved
in 24 hours. Curing at temperatures below
759 (25°C) will result in a loss of
conductivity and adhesion.

Pot Life: 8-10 Minutes at 75°F (25°C) afler
mixing,
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AVAILABILITY

CW 2400 T 0,25 or, Adhesive &

T/ 0,25 o, Hardener

TECHNICAL & APPLICATION
ASSISTANCE

Chemtronics™ provides a technical hotline 1o
answer  your technical and  application  related
questions. The toll free number is:  1-800-TECH-
401.

NOTE:

This information is believed o be accurmte, 1t is
intended for professional end users having the skills
to evaluate  and  use  the data  properly.
CHEMTRONICS® does not puarantee the accuracy
of the data and assumes no liability in connection
with damages incurred while using it,

MANUFACTURED BY:
ITW CHEMTRONICS™

8125 COBB CENTER DRIVE
KENNESAW, GA 30152

1-770-424-4888 REV. F (04/06)




Conforms to Regulation (EC) No. 1907/2006 (REACH), Annex Il - Europe

SAFETY DATA SHEET

Conductive Epoxy - Part A

1. IDENTIFICATION OF THE SUBSTANCE/MIXTURE AND OF THE
COMPANY/UNDERTAKING

Identification of the substance or mixture

Product name : Conductive Epoxy - Part A
Chemical name o CW2400-A

Synonyms : Conductive Epoy - Part A
Product type : Solid.

Use of the substance/micture : Adhesives

. undertaking identificati

Manufacturer o ITW Chemtronics
2125 Cobb Center Drive
Kennesaw, GA 30152

Tel. 770-424-4285 or toll free 300-G45-5244
Distributor

Importer o ITW Contamination Control BY
Saffierlzan §
WZ-2132 Hoofddorp
The Metherlands

Email: infoi@ibte-co.com
Tel: +31 88 1307 400
FAX: +31 85 1307 492

e-mail address of person : askchemtronics(@chemitronics.com
responsible for this 5D5

Emergency telephone number : Chemtrec - 1-800-424-9300 or collect 703-527-3887
{with hours of operation)

2. HAZARDS IDENTIFICATION

The product is classified as damgerous according to Directive 1892/45/EC and its amendments.

Classification o Xi, R3ge3s

R43

MN; REDE3
Human health hazards - Irritating to eyes and skin. May ceuse sensifisstion by skin contact.
Environmental hazards : Very toxic to aguatic organisms, may cause long-term adverse effects in the aguatic

environment
S5ee Section 11 for more detailed inform ation on health effects and symptoms.

3. COMPOSITION/INFORMATION ON INGREDIENTS

Substance/preparation . Mixture
Ingredient name CAS % EC number |Classification
number
silver T440-22-4 |60 -20 231-131-3 N; R0 e
reaction product: bisphenol-A-{epichlorhydrin); epoxy | 25063-28-0 |10 - 25 500-033-5 X R28738 1l
resin {number average molecular weight = 700) R43
N; RE1/83
S5ee Section 16 for the full text of the R-phrases
declared above.

There are no additional ingredients present which, within the current knowledge of the supplier and in the
concentrations applicable, are classified as hazardous to health or the environment and hence reguire reporting
in this section.

[1] Substance classiled with 3 health or environmental hazard
[2] Sulretance with 3 workplace expasure limit
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Conforms to Regulation (EC) No. 1907/2006 (REACH), Annex Il - Europe

SAFETY DATA SHEET

Conductive Epoxy - CW2400-B

1. IDENTIFICATION OF THE SUBSTANCE/MIXTURE AND OF THE
COMPANY/UNDERTAKING

Identification of the substance or mixture

Product name : Conductive Epoxy - CW2400-B
Chemical mame : CW2400-B

Synonyms : Conductive Epoxy - Part B
Product type : Solid.

Use of the substance/mixture : Adhesives

C lund King i ificati
Manufacturer o ITW Chemtronics

2125 Cobb Center Drive
Kennesaw, GA 30152

Tel. 770-424-4285 or toll free 300-G45-5244
Distributor

Importer o ITW Contamination Control BY
Saffierlzan §
WZ-2132 Hoofddorp
The Metherands

Email: infoi@itw-cc.com
Tel: +31 88 1307 400
FAX: +31 88 1307 492

e-mail address of person : askchemtronics@chemitronics.com
responsible for this 5D 5

Emergency telephone number : Chemtrec - 1-800-424-2300 or collect 703-527-3887
[with hours of operation)

2. HAZARDS IDENTIFICATION

The product is classified as dangerous sccording to Directive 1892/45/EC and its amendments.

Classification - C;R34

R43

M; RE0
Human health hazards : Causes burns. May cause sensitisation by skin contact.
Environmental hazards = Very toxic to aguatic organisms.

S5ee Section 11 for more detailed information on health effects and symptoms.

2. COMPOSITION/INFORMATION ON INGREDIENTS

Substance/preparation : Misxture
Ingredient name CAS % EC number |Classification
number
silver T440-22-4 (B0 - 20 231-131-3 N; RE0 [112]
2-piperazin-1-ylethylamine 140-31-8 10-28 2054110 Xn; R21/22 11
C; R34
R43
RE2/53

See Section 16 for the full text of the R-phrases
declared above.

There are no additional ingredients present which, within the current knowledge of the supplier and in the
concentrations applicable, are classified as hazardous to health or the environment and hence reguire reporting
in this section.

[1] Suiretance classiied with a health ar environmental hazand
[2] Substance with 3 workplace exposure Imit
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