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SUMMARY

The electronics industry is shifting its emphasis from reducing transistor size and
operational frequency to increasing device integration, reducing form factor and
increasing the interface of electronics with their surroundings. This new emphasis has
created increased demands on the electronic package. To accomplish the goals to increase
device integration and interfaces will undoubtedly require new materials with increased
functionality both electrically and mechanically.

This thesis focuses on developing new interconnect and printable conductive
materials capable of providing power, ground and signal transmission with enhanced
electrical performance and mechanical flexibility and robustness. More specifically, we
develop: 1.) A new understanding of the conduction mechanism in electrically conductive
composites (ECC). 2.) Develop highly conductive stretchable silicone ECC (S-ECC) via
in-situ nanoparticle formation and sintering. 3.) Fabricate and test stretchable radio
frequency devices based on S-ECC. 4.) Develop techniques and processes necessary to
fabricate a stretchable package for stretchable electronic and radio frequency devices.

In this thesis we provide convincing evidence that conduction in ECC occurs
predominantly through secondary charge transport mechanism (tunneling, hopping).
Furthermore, we develop a stretchable silicone-based ECC which, through the
incorporation of a special additive, can form and sinter nanoparticles on the surface of the
metallic conductive fillers. This sintering process decreases the contact resistance and
enhances conductivity of the composite. The conductive composite developed has the

best reported conductivity, stretchability and reliability. Using this S-ECC we fabricate a

Xxiii



stretchable microstrip line with good performance up to 6 GHz and a stretchable antenna
with good return loss and bandwidth.

The work presented provides a foundation to create high performance stretchable
electronic packages and radio frequency devices for curvilinear spaces. Future
development of these technologies will enable the fabrication of ultra-low stress large
area interconnects, reconfigurable antennas and other electronic and RF devices where
the ability to flex and stretch provides additional functionality impossible using

conventional rigid electronics.
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CHAPTER 1

INTRODUCTION

1.1 Electronics in the modern era

Within the past decade there has been an exponential expansion in humans’
reliance on their electronic devices. Today you would be hard-pressed to find a single
person more than an arms length away from an internet connected device. The increased
availability of capable mobile devices has created a highly competitive consumer driven
industry, where the consumer demands for improved form factor, functionality and
performance of electronic devices are unrelenting.

Within this past decade the boom in device performance and capabilities has been
the result of improved fabrication capabilities, enabling higher transistor densities per
chip. For example the current Intel Xenon processors are fabricated with 45 nm
manufacturing processes, where a decade ago, in 2001 Intel Xenon processors used 180
nm manufacturing technology [1]. Gordon Moore originally theorized the evolution of

transistor miniaturization rate in his landmark paper Cramming More Components onto

Integrated Circuits [2]. Moore hypothesized that the size of the transistor would be

reduced in half every two years [2]. However, realizations of transistors smaller than 16
nm is fundamentally impossible due to electronic tunneling through gates smaller than 5
nm [3]. It has been theorized that this fundamental limit to Moore’s law will be realized
by 2018 [3]. To realize increased performance after achieving this fundamental size
limitation of the transistor will require a radical new approach to transistor design or

more likely a change in packaging and integration.



1.2 Electronic packaging in the modern era

An Electronic package contains all of the form and function necessary to connect
the integrated circuit (IC) with the world. Typical electronic packages have four key
functions: signal distribution, power distribution, heat dissipation and mechanical
stability. When discussing electronic packaging technologies, it is typical to divide the
package into four levels:

Level 0: Semiconductor Chip (IC)

Level 1: Chip carrier (lead frame)

Level 2: Mounting of packaged IC to printed circuit board (PCB) or another

substrate.

Level 3: Board-to-board connections.

In level 1 interconnection, the IC is mounted onto a chip carrier commonly called
lead frame. Attaching the chip to the lead frame is accomplished using interconnect
materials: solder or electrically conductive adhesives (ECAs) or through wire bonding,
tape automated bonding or flipchip assembly. Following formation of level 1
interconnection the chip is hermetically sealed; either with a lid or a polymer mold.
Following level 1 interconnection the packaged IC is mounted on the PCB. The
assembled PCB is then directly interconnected on the motherboard. A schematic drawing

showing the interconnection levels is shown in Figure 1.
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Figure 1. Schematic drawing of packaging levels [4].

Due to the limitations of Moore’s law industry has been increasingly interested in
exploiting new architecture and packaging to increase performance of electronic devices
without decreasing transistor dimensions. This new ideology has resulted in multi-cored
devices. However, creating electronic devices with increased parallel processing
capabilities has created increasing demands on the electronic package. Current objectives
in electronic packaging include decreasing pitch, improving number of input/outputs
(I/0), reducing power consumption, reducing resistivity and improving software to
maximize performance. To obtain these objectives will undoubtedly require new high
performance materials, processes and designs. From a materials standpoint the greatest

challenge remains the electrical interconnect material.



1.3 Introduction to electrically conductive adhesives

The semiconductor industry has made considerable strides within the past decades
but integration and interconnection of components into electronic systems has remained
essentially unchanged. Lead (Pb) based alloys like eutectic tin-lead (e-Sn/Pb) solders
have been the interconnect material of choice used for power, ground and signal
transmission in the semiconductor industry. However, toxicological and environmental
concerns associated with lead based interconnects have caused manufacturers to seek
alternative interconnect materials.

To date, efforts to produce alternative interconnect materials have focused on two
alternatives: Lead-free solders and electrically conductive adhesives (ECAs). Most lead
free solders contain Tin (Sn) because it is inexpensive and melts at relatively low
temperatures (232°C). However, the melting temperature (Ty,) is high when compared
with conventional Pb based solders (T,,=183°C). It is desirable to processes electronics at
temperatures <150°C to minimize thermal incompatibilities and increase long term
reliability. Although some lower temperature Lead-free solders are available, Indium/Tin
(Sn/In T,=120°C), Tin/Bismuth (Sn/Bi T,,=138°C), and
Tin/Zinc/Silver/Aluminum/Gallium (Sn/Zn/Ag/Al/Ga T,,=189°C), their properties and
processability are still of concern [5]. On the other hand, polymer-based composite
systems like ECAs are the ideal interconnect alternative to lead-containing solder
interconnects. Electrically conductive adhesives mainly consist of a composite formed
from conductive particles embedded in a polymeric resin (epoxy, polyimide,
polyurethane or silicone). In these composites the polymer provides adhesions,

toughness, physical shape and structure, while the metallic fillers (silver, gold, nickel,



copper) provide electrical conductivity. Compared to metallic solder technology, ECAs
offer numerous advantages, such as environmental friendliness (elimination of lead usage
and flux cleaning), mild processing conditions, fewer processing steps (reducing
processing cost), and fine pitch capability [6, 7]. Polymer-based ECAs offer the
advantage that they can be processed at T < 150°C, significantly lower than metallic
solders. The widespread use of polymer based ECAs with low temperature processability
would dramatically reduce the carbon footprint of the semiconductor industry.

ECAs have been commonly classified into three categories: isotropically
conductive adhesives (ICA), anisotropically conductive adhesives / films (ACA / ACF)
and non-conducting adhesives / films (NCA / NCF). ICA generally have high metallic
filler loadings >80 wt% (~25-30 vol%) [8, 9]. The high filler loading in ICAs creates an
electrically interconnected network unconfined by directionality (Figure 2A). ACAs
(Figure 2B) in comparison have reduced metallic filler loadings (<5-10 wt%), below the
percolation threshold. The formation of conductive pathways in ACF is established after
thermal-compression bonding. The low filler loading in ACA interconnects limits the
conduction pathway to direction of the compressive load during bonding. NCA (Figure
2C), unlike ICA and ACA, does not contain any conductive particles; instead an organic
adhesive is used to bond the bump to the pad under an applied pressure (1-500 MPa) and
elevated temperatures (T~150 °C). It is believed that the conductivity in NCAs results

from the formation of metallic contact resulting from asperities on the bump surfaces[10].
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Figure 2. Schematic drawing of interconnection using A. isotropically conductive

adhesives B. anisotropically conductive adhesives C. non-conductive adhesives [11].

1.4 Basic properties of isotropically conductive adhesives

ICAs are conductive adhesives that most resemble metallic solder due to their
isotropic electrical properties. However, the isotropic nature of ICAs means they must be
patterned to obtain the interconnection without shorting. Compared to metallic solder,
ICAs have numerous advantages that make them a desired alternative to metallic solders.
ICAs do not contain Pb, do not require flux, have mild processing conditions and fewer
processing steps [12-14]. These features result in lower stress on the package following
cure, enhancing yield and reliability [12-14]. Despite these beneficial attributes ICAs
have a few key limitations that have slowed their widespread use in electronic
components. [CAs compared to metallic solders have much lower electrical and more

importantly thermal conductivities, have worse reliability, lower current carrying



capacity, reduced impact toughness, etc [12-14]. A comparison of the properties of
Sn/Pb solder and ICAs can be seen in Table 1.

Table 1. Comparison of properties of conductive adhesives and Metallic Solders [15]

___ Characteristic Sn/Pb solder ICA
Volume resistivity (2 cm) 0.000015 0.00035
Typical junction R (m£2) 10-15 <25
Thermal conductivity (W/m K) 30 3.5
Shear strength (psi) >2200 2000
Finest pitch (mil) 12 <6-8
Minimum processing temperature (°C) 215 150-170
Environmental impact Negative Very minor
Thermal fatigue Yes Minimal

From a processing standpoint there are many advantages for the use of ICAs
instead of metallic solders. Besides the environmental aspects and fewer processing steps
already mentioned, ICAs offer more variability for application specific material design.
ICAs can be formulated with special additives, with specific chemical functionality. For
example, ICA can be tailored to achieve strong adhesion to a wide variety of surfaces,
were solder adhesion tends to be limited only to metallic surfaces. Moreover,
modification of the polymer curing mechanism and cure kinetics can be used to control
curing temperature and rate of curing, enabling curing times between seconds and hours
and cure temperatures between room-temperature and 200°C. Most importantly ICAs can
be made compliant, enabling the decoupling of the IC from the substrate. This can be
used as an effective method to minimize the stress caused by CTE mismatch between the
IC and the substrate. Stress generation from CTE mismatch is the key limiting factor in
determining the maximum die dimensions. The ability to use compliant ICAs will enable
increased size, interconnection and functionality between the IC and the substrate. A

comparison of the processing of solder and ICAs is shown in Table 2.



Table 2. Comparison of processing of metallic solder and ICA

: Connection Method
Solder

Conductive adhesive

Advantages

Batch processing
Automated dispensing or
screen-printing
Automated reflow

Long history of
use/mature process

Easy reworkability

Wide range of processing
temperatures (23-200°C)
Fine-pitch capability
Automated dispensing or
screen-printing
Application-specific
formulations

Wide variety of
commercially available
products to choose from
Ability to relieve stress
Easy to add additives that
provide excellent adhesion
to a wide variety of
surfaces

Snap cure types cure in
seconds (160-200 °C)
Directional conductivity
with anisotropic forms
May be reworkable

Limitations

Requires flux

Risk of flux residues and
corrosion

Concern over toxicity of lead
Corrosion of solder in humid
environments, if not
encapsulated

Risk of voids under large
component

Large stress due to large CTE
mismatches

High temperature exposure
during solder reflow (220-
260°C)

Limited wetting and adhesion
to some surface (e.g. glass)
Lower electrical and thermal
conductivities compared with
solder

Risk of outgassing in enclosed
packages

Most require moderate to long
cures (1-2 h)

Limited thermal stability
Finite absorption of moisture
Made with proprietary
formulations which makes
companies reliant on suppliers



1.5 Compositions of ICAs

ICAs formulations typically include a polymeric resin, curing agent, catalyst,
conductive fillers and various additives. These additives include antioxidants, corrosion

inhibitors, adhesion promoters, rheological additives and surfactants to enhance wetting.

1.5.1 Polymeric matrix formulations

In ICAs the polymeric matrix is used to mechanically bind the composite,
providing structure and adhesion necessary to form interconnection. ICAs have been
formulated with both thermoplastic and thermosetting resins.

Thermoplastic polymers are polymers that are solid below their glass transition
temperature (T,) but flow at temperatures above T,. For use as ICAs, thermoplastic
polymers must have a sufficiently high T, to avoid creep and loss of adhesion during
thermal cycling associated with typical use. On the other side, the T, must be sufficiently
low to enable easy processing and prevent damage to the chip carrier during assembly.
Conventionally, polyimide has been used as the thermoplastic of choice for ICAs.
Thermoplastic elastomers are ideal for applications where processing is difficult and/or
reworkability is mandatory. However, there are a few significant drawbacks of using
thermoplastic ICAs. First, as you approach the T, the polymer begins to flow, leading to
poor adhesion. Secondly, to process thermoplastics ICAs with very high T, typically
requires the use of volatile plasticizers and/or solvents. During processing these volatile
components evaporate creating voids. These drawbacks of thermoplastic elastomers make

fabrication of reliable, highly conductive interconnects difficult.



Thermosetting polymers are polymers that following curing form a three-
dimensional (3D) interconnected network such that the entire polymer can be considered
one large molecule. Because a 3D network is formed from small pre-polymers/oligomers,
the viscosity of the uncured thermoplastic ICAs is typically much lower than
thermoplastic ICAs. The lower viscosity of uncured thermoplastic resins makes
processing by screen or stencil printing easier and possible at ambient temperatures.
There are many thermosetting resins that have been used in ICAs but epoxy resins are by
far the most common. Epoxy resins have been the matrix material of choice because of
their excellent adhesion, good thermal stability, commercial availability and their
common use in industrial processing. Besides epoxy, many other thermosetting resins
have been used to prepare ICAs. These include silicones [16], cyanate esters [17],
polyurethanes [18], etc.

These molecules can be blended or formulated to obtain application specific polymer and
composite properties. For conventional ICA applications an ideal polymeric matrix
should have a long shelf life and working time, fast cure at low temperatures, high Tg,
low absorption of volatiles, good adhesion and high impact toughness [14]. A table
comparing the properties of different polymeric matrixes for ICA applications is shown

in Table 3.
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Table 3. Comparison of adhesive matrixes for [CA applications [19].

Materials
Epoxies

Silicones

Polyurethanes

Polyimides

Cyanate
esters

Advantages

Thermally stable

Good moisture and chemical
resistance

High purity

Low outgassing

Highest purity

Stress absorbing

High and low temperature
stability

Low temperature cure
Stretchable and flexible
Good flexibility at low
temperatures

Stress absorbing

Highly versatile chemistry
Higher temperature stability
High ionic purity

Reduced bleedout

High adhesion strength
High thermal stability
High T,

Low CTE

1.5.2 Chemistry of epoxy ICAs

Disadvantages

Long cure cycles with anhydride
hardeners;

Degassing required for two-
component systems

Large exotherm when amine-cured
Migrates to other circuit elements
Low surface energy

Swelled by non-polar solvents
Low Tg

Large CTE

Lower thermal stability and service
temperature (150-163 °C)
Moderate bond strength

Trapped solvent can produce voids
under large ICs

Requires multi-step curing to
volatilize solvent

High-stress materials

May absorb moisture in cured
condition

High-moisture absorption

Popcorn susceptibility

Epoxy resins and hardeners typically cure under specific conditions: temperature,

UV excitation, microwave, moisture, etc. During the curing process, the mechanism of

interaction between the molecules changes from van der Waals to covalent, resulting in

an internal compressive stress on the composite. This compressive stress causes the

conductive fillers to be pushed closer together during the curing process, increasing
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contact between fillers. This increased contact improves the electrical conductivity of the
composite [12].

To obtain strong adhesion, coupling agents are typically used. These coupling
agents enable the formation of covalent bonding between the surfaces of the chip and the
adhesive. Because thermally stable covalent bonds form between the substrate and the
polymer matrix, ICAs formed with epoxy matrixes are not reworkable [20, 21].

The most commonly used epoxy resin formulation uses diglycidyl ether of
Bisphenol F (DGEBF) resin, a carboxylic anhydride 4-methylhexahydrophthalic
anhydride (MHHPA) hardener and 1-cyanoethyl-2-ethyl-4-methylimidazole (2E4AMZCN)
(Figure 3A-C). This formulation has been chosen because it has excellent mechanical
properties, is nearly stress-free following curing, has a low exotherm, low moisture
absorption and high shrinkage [22]. The main disadvantage of this system is that it

requires relatively high curing temperatures >120°C and long curing durations ~1 hour

[22].
c—cucn{» @ @o CH cn—cl' @ @o cu,cn cn
B 5 C CHCH,CN

° J: />—CH CH,

Figure 3. Molecular structures of A. DGEBF B. MHHPA C. 2E4MZCN

The curing mechanism of these epoxy-anhydride systems is still unclear due to

the large number of reactions that can occur both competitively and synergistically [22-
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29]. There are two proposed mechanisms for the curing of this epoxy resin. First, the
2E4MZCN catalyst can react with an epoxy group on the DGEBF to form a zwitterion
with an alkoxide anion and a quaternary nitrogen (Figure 4D). The alkoxide anion can
react with the anhydride group on MHHPA, producing a carboxylate anion (Figure 4E).
There are two competing reactions involving the carboxylate anion. First, the carboxylate
anion could react with an epoxide group, generating a new alkoxide anion (Figure 4F).
Or, esterification between the hydroxyl group on the epoxy resin and the alkoxide can
occur (Figure 4G). Fischer proposed a second mechanism which has become more
widely accepted [24, 25]. In this mechanism the tertiary amine, which is a Lewis base,
reacts with the anhydride to form a zwitterion containing a quaternary nitrogen and a
carboxylate anion (Figure 4H). The carboxylate anion can then react with an epoxide
group (Figure 41) or undergoes esterification with a hydroxyl group either on an
anhydride or on DGEBEF. If the carboxylate anion reacts with an epoxide, generating an
alkoxide anion this anion then reacts with MHHPA. The reaction of MHHPA generates a
new carboxylate anion allowing the covalent network to be formed (Figure 4J).
Termination occurs through the combination of two living polymers (Figure 4K). A third
uncatalyzed mechanism proposed by Fish et al. also can occur [24, 25]. In this
mechanism, the hydroxyl group on the DGEBF opens the anhydride, producing an ester
group and a carboxylic acid group (Figure 4A). The carboxylic acid can react with an
epoxide group to form a di-ester-alcohol (Figure 4B). This process can continue by
alternating addition of MHHPA and DGEBF or by esterification. This process will

continue until termination occurs via a condensation reaction of a carboxylic acid and a
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hydroxyl group (Figure 4C). Typically optimal mechanical properties of the resin are

obtained when the formulation contains 0.85 molar equivalents of anhydride [30].
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Figure 4. Catalyzed epoxy anhydride curing mechanism
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1.5.3 Chemistry of silicone ICAs

Silicones, due to their unique set of properties have found use and application where
organic polymers could not suffice. In electronic packaging silicone gels have been a
mainstay material for low stress hermetic packaging of electronic components and as
potting material for electronic devices. Silicones unique properties are derived from its
unique structure. Unlike most polymers whose backbone tends to be composed of only
organic constituents (C, N, O, S, P, etc.), silicones or more generally siloxanes are hybrid
materials whose backbone consists of inorganic (Si) and organic (O) constituents. The
most commonly utilized silicone polymer is poly(dimethylsiloxane) (PDMS) (Figure
5).These unique and beneficial properties include: excellent thermal and environmental
stability, ozone and oxidation resistance, low electrical conductivity, high breakdown
voltage, low dielectric constant, good flexibility at low temperatures, very low T, T, and
Tm, low activation energy for viscous flow, high gas permeability, good elasticity, low
surface energy, good solvent and oil resistance, physiological inertness, can be cross-
linked using a variety of methods at ambient and elevated temperatures, has tunable
surface properties, is hydrophobic, easy to chemically functionalize and can replicate
surface features with nanometer scale resolution and high aspect ratio. A list of some of

the common properties of commercial PDMS elastomers is shown in Table 4.

| | |
\Sli,O Sli,O Sli/

Figure 5. Molecular structure of PDMS
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Table 4. Material properties of commercial silicones [31-33].

___ Materials Sylgard 184  RTV 615
Color Transparent Transparent
Resin viscosity (mPa s) 3900 4300
Shore-A hardness 50 44
Tensile Strength (MPa) - 6.5
Elastic Modulus (MPa) 1.8 -
Thermal Conductivity (W m™ K™ 0.18 0.2
Thermal Expansion Coefficient (pm m™ K™) 310 270
Dielectric Breakdown (kV mm™) 21.2 19.7
Dielectric Constant 2.65 2.7
Resistivity (Q cm) 1.2x10" 1.8x10"

These unique properties of PDMS are the result of its atypical chemistry,
intermolecular and intramolecular forces. PDMS’s high temperature and chemical
stability results from the high bond energy associated with the Si-O bond (621.7
kJ/mole), ~100 kJ/mole more than a typical C-C bond [34]. Furthermore, the Si-O
backbone is highly flexible, having a rotational potential energy of (3 kJ/mol), compared
to the rotational bond energy of hydrocarbons of (14 kJ/mol) [35]. This low rotational
potential energy of PDMS makes it have one of the lowest known polymeric glass
transition temperatures, between -123°C and -54°C [36].

Despite these excellent properties, silicone elastomers typically have very low
modulus, resilience and tear strength [36, 37]. To enhance the mechanical properties of
silicones, Polmanteer et al. showed that by blending polymers with a high and low degree
of functionality that loss mechanisms during failure, tear strength and modulus could be
increased [38, 39]. However, the mechanical properties of this silicone are still
insufficient for most applications. To produce silicones with sufficient mechanical
properties requires the incorporation of particulate fillers. Reinforcing fillers can be used

to increase tensile strength, tear strength and abrasion resistance, providing a several-fold
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enhancement compared to virgin resins [40]. The most common fillers used are colloidal
silica. The reinforcement capability of silica fillers is highly dependent on the particles
surface area and the van der Waals and hydrogen bonding between fillers and polymer
[41]. Comparative studies have found that fumed silica, produced by flame annealing
droplets of amorphous silica, are more efficient to reinforce silicones than amorphous
silica [42]. The improved reinforcement capability of fumed silica was correlated to a
difference in surface chemistry. In fumed silica there are randomly distributed isolated
hydroxyl groups which can covalently bond to silicone; conversely, amorphous silica
have surfaces containing short poly(silic acid), which cannot covalently bond to silicone
[43, 44].

Elastomeric networks of silicone have highly versatile chemistry and structure of
the precursor resins. Typically industrial silicones have been stratified into four primary
types: high temperature vulcanizing (HTV), liquid rubber (LR), room temperature
vulcanizing 1 (RTV-1) and 2 (RTV-2). Where the difference between RTV-1 and RTV-2
is that RTV-1 is a one-component system that cures when exposed to moisture. On the
other hand, RTV-2 is stable until mixing parts A and B together. The most prominent
difference between silicone rubbers classified as HTV, RTV and LR is the viscosity and
molecular weight of the polymeric precursors. The basic properties of the polymeric

precursor are shown in Table 5
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Table 5. Commercial forms of silicone elastomers [45].

Silicone elastomer Polymer viscosity Chain length
L (Pas) (SiO3) units
HTV-solid 20,000 6,000
RTV-1 and RTV-2 - liquid to 0.1-20 <800
paste
___ LR- paste like 5-100 <1,000

These silicone resins are typically cured via one of three curing mechanisms:

Peroxide cure, condensation cure or hydrosilylation.

Peroxide-cured silicones

PDMS can be cured by peroxide catalyst via one of two mechanisms. Curing
initiates when a peroxide catalyst undergoes homolytic cleavage producing free radicals
(Figure 6-1). These radicals can either abstract hydrogen from a methyl group on the
PDMS (Figure 6-1), forming ethylenic linkages between siloxanes (Figure 6-4). Or more
efficiently, the free radicals can react with vinyl functional groups on PDMS (Figure 6-
3). Once the free radical is formed on or adjacent to the vinyl group the radical can attack
another vinyl or methyl group forming crosslinks (Figure 6-4, 5). Termination occurs via
coupling of two radicals or through hydrogen abstraction from a peroxide molecule.
Silicones, which undergo peroxide cure, can react at a wide variety of temperatures
depending on the decomposition temperature of the peroxide catalyst used. Peroxide
cured silicones are commonly preferred by industry because of their longer shelf life and
lower cost than other types of silicone elastomers. However, there are some

disadvantages to peroxided cured silicone rubbers. Peroxide cure rubbers tend to yellow
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after curing, smell during production, smell and taste bad and leave peroxide residues in

the rubber.
Initiation
: | \'
o . Y
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Figure 6. Crosslinking mechanism of peroxide cured silicones.

Condensation-cure silicones

Condensation cure silicones react by condensation of silanol groups to form
siloxanes. To avoid problems associated with self-condensation and form a 3D cross-
linked network formulations contain multifunctional cross-linkers containing
alkoxysilanes, acyloxysilanes, silicone hydrides or ketoximinosilanes [34]. To hasten the

rate of this reaction Sn catalysts are typically used. Activation of the Sn catalyst requires
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the partial hydrolysis of Sn by water, thus the reaction tends to be initiated by water. The

condensation curing reaction can be described as shown in Figure 7.

CH3 CH3 CH3 CH, CHg CH3
’ Sn.H,0
HO |—O (—OH W—O S||—OH —3 HO |—O |—O |—O |—OH H,0
CH3 CH3 CH3 n CHa CHz CHa CHa CHa
Figure 7. Sn catalyzed condensation reaction.

For RTV-1 condensation cure silicones water is absorbed from the moisture in the
air catalyzing the curing mechanisms. On the other hand, RTV-2 condensation cure
silicones are sold in two part mixtures where one component contains water. This system
is useful because it is very easy to control the crosslink density and functionality of the
elastomer by controlling the crosslinkers used. The large quantity of volatiles generated
during the curing process leads to a volumetric shrinkage following cure of 0.2-2% [45].
This shrinkage can enhance conductivity of ECAs formulated with condensation-cured
silicones. However, there is currently no published literature discussing the fabrication of
ECAs or electrically conductive composites (ECC) using condensation-cured silicones
with low resistivity (<1x10” Q-cm). It is likely that condensation cure silicones have not
be used to formulate ECC because the reaction tends to revert at temperatures >90°C if
not completely reacted and because exposure to moisture at elevated temperatures can

oxidize metallic surfaces [45].
Hydprosilylation-cured silicones

Hydrosilylation involves a reaction between a silicone hydride and an olefin,
creating an alkylenic linkage. The most commonly used olefins are vinyl functionalized

silicones. 3D silicone networks can form when multifunctional silicones hydrides and
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vinyl-functionalized silicones are reacted. Hydrosilylation reactions are catalyzed by
group 8-10 metals, the most common of which is platinum complexes like platinum-
divinyltetramethyldisiloxane (Karstedt’s catalyst) [46]. Platinum based catalysts are
preferred because they react quickly and function at very low concentrations (1-2) ppm.
The cross-linking process by hydrosilylation is shown in Figure 8A. The most commonly
accepted mechanism for hydrosilylation of silicones was described by Chalk and Harrod
[47]. However, recently there has been some small modifications made to the proposed
mechanism to account for the induction period and the formation of platinum colloids
[48]. This mechanism is shown schematically in Figure 8B. The main benefit of
hydrosilylation-based cross-linking is there are no by-products produced and the only
residue is a small volume of colloidal platinum. Because there are no by-products or
volatiles there is no shrinkage during cure. The lack of shrinkage following curing is
typically an advantage, however; for preparation of ECCs it is a disadvantage. To cause
shrinkage in hydrosilylation-cured silicones curing must be done in the expanded state at
elevated temperatures. PDMS which when cured at room temperature has negligible
shrinkage can shrink >2% when cured at 100°C. This shrinkage is only slightly less than

typical epoxies which exhibit a shrinkage of ~3.8 vol% following cure [32, 49, 50].
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Figure 8. A. Hydrosilylation cross-linking in the presence of Pt catalyst. B. Catalysis
mechanism of hydrosilylation by platinum based on Chalk and Harrod mechanism [47,

48].

1.5.4 Conductive fillers

Electrically conductive fillers are added to the polymer matrix to make the

composite electrically conductive. Many fillers have been utilized to prepare ICAs these
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include: silver (Ag), gold (Au), Copper (Cu), nickel (Ni), carbon in many different
allotropes, etc. [51]. Moreover, to reduce the cost of metallic particles and increase CTE
compatibility, many ICAs are formulated with glass or silica coated particles. The most
commonly used conductive filler for high performance ICAs is Ag. Ag is used because it
has the highest electrical (15.87 nQ-m) and thermal conductivity (429 W m™ K" of any
metal [51]. Equally important is that silver oxide has higher electrical conductivity than
other metals commonly used except Au, which is cost prohibitive for use in ICAs. The
main disadvantages of Ag-filled ICAs is that silver is electrochemically active and
significantly more expensive than Cu and Ni. However, these low cost conductive fillers,
Cu and Ni ICAs easily oxidize. Once oxidized the conductivity of the ICA is dramatically
reduced. Even if corrosion inhibitors are used, Cu ICAs electrical conductivity is not
stable during accelerated aging [52]. The reliability of Cu ICAs has been enhanced by
coating the Cu particles with Ag, however due to incomplete coating of the Cu surfaces
Ag-coated Cu ICAs are also unstable during aging [53-55]. Carbon materials such as
carbon black [56, 57], graphite/graphene [58, 59] and carbon nanotubes (CNTs) [60-63]
have been used as conductive fillers for ICAs. However, composites formed with carbon
materials tend to have low electrical conductivity. To improve the electrical conductivity
of conductive polymer composites, carbon materials have been coated with metals as
fillers, such as Ag-plated CNTs [64, 65], Ag-plated carbon fibers [66], Ag-coated
graphite [67-69], Ni-coated carbon fibers [70] and Ni-coated graphite [71]. In literature,
conductive particles coated with a low melting temperature alloys (Containing Bi, In, Sn,
Sb, Ga and/or Zn) have been used to enhance contact between conductive fillers [72-78].

Similarly, incorporation of small metallic nanoparticles with low melting points, due to
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melting point depression resulting from their large surface area-to-volume ratio, have
been used to sinter conductive fillers reducing contact resistance [79].

The shape and size of the conductive fillers play an intricate role in determining
the properties of the ICA. Conductive fillers of various shapes and sizes have been
investigated, including: micron-sized metallic flakes, nano- micron- sized spherical
metallic particles, graphene (2D), carbon black, CNT (1D), carbon fiber, silver
nanowires, etc. The aspect ratio of the fillers is the most influential geometric factor in
determining the properties of the ICA. As the aspect ratio of the fillers increases, the
percolation threshold decreases, reducing the volumetric filler loading necessary to
achieve isotropic electrical properties. Furthermore, when the percolation threshold is
reduced it is more likely that multiple conduction pathways exist for current flow, giving
rise to reduced resistance. By reducing the percolation threshold, lower filler loadings can
be used, improving the mechanical properties of the composite. This effect is most
dramatic when using 1D fillers like carbon nanotubes or silver nanowires. The most
common fillers used for ICAs are 1-20 um metallic flakes. It is advantageous to use large
flakes because they require fewer contacts to carry current a given distance, have a high
aspect ratio, have lower viscosity than smaller sized particles, are inexpensive to fabricate
and can be easily be dispersed in polymeric matrixes [80]. To enhance the packing
density of Ag flakes, multi-modal or bi-modal flakes are typically used. The use of fillers
with a distribution of sizes enhances contact area between flakes, reducing resistivity of
the composite.

Dispersing surfactant-free micron-to-nanometer sized conductive fillers well in a

polymer matrix is difficult. As the size of the fillers decrease it becomes increasingly
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more difficult to prevent aggregation of the conductive fillers. To prevent aggregation
and aid in dispersion of the conductive fillers surfactants are used. These surfactants,
typically fatty acids, act as compatibilizers between the conductive filler and the
polymeric matrix. The lubricant despite aiding in dispersion reduces electrical contact
between the conductive fillers. It is important to choose an appropriate surfactant to
prevent aggregation without any detrimental effects on the electrical properties of the
final composite. Lu et al. investigated the thermal decomposition of surfactants on the
surface of silver flakes [81, 82]. They found that thermal decomposition temperature and
the onset temperature of the exothermic peak in DSC is proportional to the chain length
of the surfactant. Furthermore, they found that the lubricant bonds to the surface by
forming a Ag-salt between the surfactant and the Ag surface. The presence of these
lubricants is essential to disperse the silver flakes; however, as the chain length of the
surfactant increases metallic contact is reduced and tunneling resistance is increased.
Thus, in an ideal formulation surfactants are removed during the curing processes, prior

to reaching gelation.

1.6 Processing of ICAs

1.6.1 Printing processes

Since ICAs are isotropically conductive, to create desired interconnection without
shorting requires that the adhesive be patterned. For flipchip applications it is desirable to
pattern ICAs into bumps. Methods to form patterned ICA bumps should be rapid, highly
reproducible and have fine pitch. The most common methods for printing ICAs is screen-

printing and stencil printing. In screen-printing, ICA is printed through a metallic mesh
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to form ICA bumps on pads. On the other hand, in stencil-printing process a metallic
stencil is used to selectively print ICA bumps on pads. The difference between these two
processes is that in stencil printing the metallic stencil is in intimate contact with the
substrate; while in screen-printing processes a patterned metallic mesh floats slightly
above the surface of the substrate. Stencil-printing and screen-printing processes are
shown in Figure 9. These stencils/meshes are generally fabricated by etching,
electroforming, or laser drilling are capable of obtaining micro-scale resolution. During
the printing process, a squeegee is used to push ICA through a designed stencil or mesh.
As the stencil/mesh lifts away from the substrate, the patterned ICA paste remains. The
ICA bumps that are formed via the screen-printing process can be either fully cured
bumps or pre-cured (B-stage) for thermosetting polymers or alternatively can undergo a
bakeout to remove residual solvent in thermoplastic ICAs. The bumps formed during this
process are typically 50-75 pum. This process can create bumps with pitch as fine as 125
with bump densities up to 80,000 bumps/wafer. Once wafers are bumped and diced,
wafers are flipped over and bonded to carrier chips. The bonding process is dependent on
the material properties of the adjoining bumps. Following bonding, epoxy-based underfill
material is injected into the gap between the chip and the carrier for mechanical reliability

and hermetic encapsulation.
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Figure 9. Image showing A. Stencil printing process. B. Screen printing process [83].

Reprinted with permission of John Wiley & Sons, Inc.

Recently, there has been significant effort to use ink-jetting technology to print
ICAs. In this process ICA is diluted in a solvent and dispensed through a small nozzle
onto the surface of a substrate. Ink-jet printing processes are ideal for printing ICAs
because they have high throughput, can easily be adapted to small-scale production and
are single step additive processes which reduce the cost and complexity of processing.
Despite the benefits of ink-jet printed technologies there are many challenges that still
need to be solved. The greatest challenge is creating an ink that has sufficiently low
viscosity to enable printing of small drops while at the same time being conductive
enough to be used as an interconnect. Highly conductive ICAs typically contain a high
concentration (>70 wt%, >25 vol%) of large metallic particles resulting in a thick paste
with a viscosity of ~25,000 cP at 25°C. To circumvent the issue of high viscosity in
polymeric ICAs most commercial inks contain metallic nano-particles dissolved in a
solvent containing only minimal polymeric binder. Once printed, the solvent is
evaporated and the film is annealed at temperatures between 100-200°C. During the

annealing process the nanoparticles sinter due to their high surface energy. Following the
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sintering process the produced films have bulk resistivity of <2.5x10-6 Q-cm, only an
order of magnitude higher than bulk silver [84]. Recently it has be shown that sintering of
silver nanoparticles can be induced at room temperature by exposing the nanoparticles to
oppositely charged polyelectrolytes [85]. The major drawback of these polymer inks is
that they do not contain enough polymeric binder to provide adhesion, thus are
completely ineffective as an interconnect material. To produce inkjettable ICAs requires
a careful balance of matrix composition, filler loading and shape to prevent aggregation,
clogging of the nozzle as well as enable uniform droplet formation. The general material
properties required to produce an inkjettable ICA are shown inTable 6. Currently it has
been possible to inkjet print ICA with a drop size of 150 um [86]. For inkjet technology
to be used for interconnection in commercial devices will require increased conductivity
and improved resolution capabilities.

Table 6. General materials requirements for ink-jet printable ICAs [86].

Viscosity <100 mPas

Conductive particle size <5 um

Pot life at processing temperatures 1 hour

Curing profile Drying step — curing step
Conductivity 10* Q cm

1.6.2 Curing process of ICAs

The polymerization and crosslinking of ICA is a bulk polymerization process
thus the viscosity of the polymer is dynamically changing throughout the curing process.
Careful control of ICA viscosity during assembly is essential for obtaining highly reliable
interconnects. Prior to crosslinking the ICA viscosity can be modeled by the Williams-
Landel-Ferry model (WLF) Eq. 1, where C;, Cy, T; and po are empirical constants. As the

reaction proceeds the polymer chains become longer. As the chain length increases it
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becomes increasingly more difficult for the chains to slide across one another leading to
an increase in viscosity. Once the reaction has preceded long enough the polymer
crosslinks and is essentially a single molecule, no longer having fluid-like behavior. At
this point in the reaction, the polymer transitions from fluid-like to solid-like behavior.
This transition is called the gel point. Gelation is typically reached when 55-80% of the
reaction has occurred [51].

—C (T - Tr)> 1)

u(T) =Moe><p<c2 o
Following the gel point the reaction proceeds at a reduced rate, as the mobility of
the molecules is reduced. Eventually the molecular mobility is so low that the molecules
are no longer able to react; this phase of the reaction is called vitrification. The curing
process of thermosets is typically described by Time-Temperature-Transformation (TTT)
diagrams. A typical TTT diagram is shown in Figure 10. On this diagram, T, is the glass
transition temperature of the uncured resin, Gel T, is the temperature where vitrification
and gelation occur simultaneously and T, is the temperature where the polymer
completely cures. When ICAs are cured, it is advantageous to have multiple curing
stages. The first heating stage is used to reduce the viscosity of ICA enabling it to wet the
surface, while the second stage is used to cure the resin. To obtain ideal mechanical

properties of the resin it is essential that the TTT diagram is known to avoid vitrification.

An ideal curing profile is shown by the blue line in Figure 10.
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Figure 10. Time temperature transformation (TTT) diagram [87]. Blue line indicates ideal

ICA curing profile.

1.7 Processing of anisotropically conductive and non-conductive adhesives

The increased performance, frequency and form factor of modern microelectronic
devices requires low cost, environmentally friendly and simple solutions to create low
profile, ultra-fine pitch interconnects. Two frontrunners, Anisotropic Conductive
Adhesive/Film (ACA/ACF) and Non-Conducting Adhesive/Films (NCA/NCF) have
become the most popular candidates for research and development of new ultra fine pitch
(<40um) interconnect materials. ACFs films are prepared by taking deformable
submicron to micron-sized particles and suspending them within a polymer matrix,
solvated with a highly volatile organic solvent. Thin films of these materials are prepared
via a bar coating process. In the bar coating process, a squeegee is used to prepare a thin
film of specified thickness, typically less than 50 um. The formed films have particle

filler loadings less than the percolation threshold, thus are insulating. Following solvent
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evaporation, the films are pre-cured on the bumps, where interconnection is to be made.
A chip, onto which interconnection is going to be established, is interconnected by flip
chip bonding at elevated pressures (<300 MPa) and temperatures (>150°C). Upon
completion of the bonding process, interconnection is achieved through unidirectional
conductivity resulting from particles trapped between the two bumps. No additional
processing, underfill or reflow is needed, eliminating costly processing steps and
improving device reliability. NCF interconnections are manufactured and processed
similarly to ACF films, except no conductive particles are incorporated into the polymer
film. Electrical connection in NCF is established through contact between small asperities
on the surface of the metallic bump. Because NCF is not intrinsically conductive these
materials do not need to be patterned onto the bump surface, reducing the complexity and
cost of processing. Because of the facile processes to form larger area interconnects with
ACF/NCF, these ECAs are commercially used in a wide range of low powered, large area
commercial devices such as smart cards and liquid crystal displays [88].

Despite the numerous advantages of interconnects based on NCF and ACF
technologies, they have limitations that limit their use as interconnects for high-powered
devices like microprocessors. Compared to metallurgical solder joints, ACF and NCF
have restricted contact area and poor interfacial bonding. These inferior properties result
in lower electrical conductivity, poorer reliability, reduced current carrying capacity and
reduced impact strength compared to solder interconnects [89, 90].

Current standards of ACF/NCF have conductivities and current carrying
capacities orders of magnitude lower than metallic solders [12, 89-91]. To achieve high

conductivity and current carrying capacity requires careful control over the film
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thickness, curing temperature, cure kinetics and viscosity. In the ideal case, as the IC is
thermo-compression bonded the epoxy viscosity should drop. This reduction in viscosity
during heating will enable the polymer to be completely displaced from the interface.
Furthermore, the metallic particles should deform to maximize contact. Once contact
between the bumps and particles is established the epoxy resin should rapidly cure to
avoid vitrification. If all these criteria are met the interconnect will have ideal electrical
properties, adhesion, mechanical strength and toughness.

Currently, the greatest challenge limiting ACF/NCF use for large area high
density interconnects is the CTE mismatch between the IC and the organic substrate. This
CTE mismatch results in large internal stresses, which becomes increasingly large as the
die size is increased. Improved design of NCF and ACF materials will enable ACF/NCF
to be used as simple, large area, ultra fine pitch interconnects for high-powered

electronics.

1.8 Electrical conduction mechanism in ECCs

The origins of electrical conductivity in electrically conductive polymer
composites (ECC) are typically described in terms of percolation theory. This theory
states that at some specific volume fraction of filler of a specific aspect ratio that a
continuous network is formed. This fundamental description is purely based on
establishing mechanical contact between fillers. In ECAs percolation is defined as the
filler loading when the conductivity of the composite dramatically increases until
eventually reaching a plateau [7]. In Ag flake filled ICAs percolation threshold tends to

be reached around at filler loadings around 16 vol%. It has been assumed that following
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percolation the particles are in direct metallic contact [7]. A schematic plot and a

schematic drawing of a percolated network is shown in Figure 11A and B respectively.
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Figure 11. A. Schematic plot showing transition from non-conductive to conductive
percolated network. B. Schematic representation of a percolated network of conductive

fillers in a polymeric matrix.

1.8.1 Modeling electrical conduction in ECCs

Modeling the electrical conductivity of ECAs requires careful and detailed
understanding of the composites formulation, processing and properties. Classically, the
conduction pathway has been discussed in terms filler resistance (R¢) and the contact
resistance (R.). Contact resistance has been defined in terms of two key components,
constriction resistance (Rcr), resulting from current being constricted to flow through the
small area of contact between conductive fillers, and the tunneling resistance (Ry),
resulting from tunneling of electrons between thin polymeric layers (<5nm) or surfactants
coating on the conductive fillers. Using this interpretation most published literature
defines the total resistance as shown in Eq. 2 [6, 92-97].

Riotat = Ry + Rcp + Ry (2)

Where
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Where p is the bulk resistivity of the silver, d is the particle diameter, D is the
contact diameter and p; is the tunneling resistivity. In this model, the film resistance is
typically described in terms of the Simmons model. In this model, tunneling occurs
between two similar metals separated by a thin insulating film [98]. Based on the
Simmons model, Holm and Kirschestein described the conductivity due to tunneling as a
function of the film thickness in A (s), work function (®) and dielectric constant €, of the

film, as shown in Eq. 6-8 [12, 98-102].

102 4>
s, D, ¢e) = e (6)
p.( ) 2 1+ 4B
i 7.2
A=732x10 (S—E) (7)

B=1.265%107° /<1>—E (8)
SE

From this model it is rather intuitive that decreasing the tunneling gap will
dramatically increase the conductivity of the ECA. There are many factors that control
the tunneling gaps. These factors include: Physiochemical enthalpy and entropy of
adsorption, Oxide thickness, filler loadings, particle and polymer surface energy,
surfactant (length, structure, packing), cure shrinkage, etc. [95, 96]. Experimentally, it
has been proposed that the tunneling gap is anywhere between 10 to 100 A [95, 96].

Jackson, et al. used the model proposed by Holm to predict the thickness of the insulating
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layer. They found that the dielectric film thickness at the interfaces was 5.96 A under the

assumptions that ® was 4.75 eV and €, was 4.2 [101, 103].

Discrepancies with published models

Despite the numerous citations of publications proposing the model of electrical
conduction in ECAs described by Eq. 2, there are a few obvious flaws with this model.
The most obvious is that this model assumes that constriction resistance and tunneling are
series processes. Instead, conduction via tunneling and direct metallic contact happen
simultaneously; thus are parallel processes. A more precise model of the conduction
pathway between a single particle contacts is shown graphically in Figure 12 and

numerically in Eq. 9.
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Figure 12. Schematic drawing showing circuit diagram of a single particle trapped
between bumps in a single ACF interconnect. Inset shows regions where current flow

occurs through a constricted metal contact and tunneling [104].
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Based on the previously described conceptual understanding of the interface, it is
inconceivable that the insulating film is only 5.96A thick, as determined by Jackson, et al
[101, 103]. This would correspond to only ~5 fully extended carbon-carbon single bonds.
Such an extremely thin dielectric layer between fillers is unrealistic. Metallic particles,
treated with short chain surfactants, have a thin insulating layer on the order of 11-20 A.
This theoretical interface thickness is calculated without assuming any adsorbed or
trapped polymer at the interface. Given the inconceivable thickness of the calculated
interface, it is likely that the tunneling mechanism proposed by Simmons does not apply
to contacts between conductive fillers. Instead, it is highly probable that a more complex
through bond electron transport mechanism is responsible for the high conductivity in
ECCs.

The model of electron tunneling presented by Simmons describes electron
transport via a process of direct, coherent tunneling. A necessary condition for coherent
tunneling is that the wavefunctions of the two metallic electrodes are continuous.
Coherent tunneling processes occur in one discrete event. The strong spatial dependence
of coherent tunneling means that it is generally insignificant at long distances (>25A)
[105]. It is more probable that electrical conduction in interconnects occurs through
incoherent tunneling mechanisms. The incoherent tunneling model assumes that electrons
undergo a series of coherent tunneling events, where the probability of each tunneling
event is determined by the depth of the potential well and the length of the barrier [106,
107]. Electron transport through incoherent tunneling mechanisms occurs through a

series of short tunneling events. Since the probability of a series of short tunneling events

37



occurring is greater than the probability of a single tunneling event occurring over the
same distance, conduction through incoherent tunneling mechanisms have a decreased
dependence on the length of the tunneling gap. The reduced spatial dependence of
incoherent tunneling mechanisms allows electron transport over longer distances than
transport via coherent tunneling mechanisms.

A second long range electron transport mechanism that likely participates in
electron transport in ECC is hopping. Hopping mechanisms rely on molecular
reconfiguration, altering the energy states of the molecules, promoting a series of
tunneling events, eventually leading to conduction [105, 108-114]. Depending on the
molecular structure, order and mobility of the molecules hopping conduction can occurs
via localized states. Localized states are states where the wavefunctions are localized,
decaying exponentially as it propagates away from its source. Schematic drawing of
tunneling processes via extended and localized states is shown in Figure 13A-B
respectively. The presence of disorder in insulating materials permits localized energy
states to exist within the forbidden band gap. The existence of localized states within the
band gap enables conduction via hopping mechanisms [109, 111]. Since the density of
states is highly dependent on molecular order, intermolecular order, crystallinity and
defects play a significant role in controlling the rate of hopping conduction. The hopping

rate between sites i and j (v;;), can be described by Eq. 10, where where v, is dependent
on the electron transport mechanism, 7;; is the distance between sites i and j, a is the
localization length and €;(¢;) is the energy at the localized state i(j) [108, 115]. Additional

possible contributing mechanisms of through film conduction as well as their

temperature, field and spatial dependence is shown in Table 7. Despite the understanding
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of electron transport mechanisms independently, it is very difficult to correlate these

theories to complex engineering systems, where electron transport processes occur

competitively and synergistically. Future models will need to consider these additional

conduction pathways.
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Table 7. Possible through film electron transport mechanisms that contribute to tunneling

resistance in ECCs [105].

Temperature Voltage Film Thickness
Dependence Dependence Dependence
Coherent )
Tunneling none linear (low V) exp(-Bd)
Incoherent )
Tunneling none linear (low V) exp(-cd)
Hopping exp(-a/T) linear (low V) d-1
Poole-
Frenkel exp(-o/T) exp(bV1/2) exp(-cd1/2)
effect
Thermionic
(Schottky) exp(-o/T) exp(bV1/2) exp(-cd1/2)
emmision
Fowler-
Nordhiem none V2exp(-b/V) exp(-cd)
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1.8.2 Methods to increase electrical conductivity of ECC

The presence of polymeric binders and limited contact area between conductive
fillers make them intrinsically less conductive than metals or metallic solders. Since, the
electronics packaging industry is diligently researching new ways to decrease the
disparity between ECC and metallic solders. The following section will discuss some of

the methods recently used to enhance conductivity of ECC.
Incorporation of high aspect ratio or 1D fillers:

As previously discussed, the use of high aspect ratio or 1D fillers reduces the
percolation threshold. This reduction in the percolation threshold results from a decrease
in the minimum number of contacts necessary to transverse a distance. It was recently
found that ICAs formed with Ag nanowires had a resistivity of 1.2 x10™* Q-cm, at 56
wt% filler loadings [116-118]. It was hypothesized that the improved electrical
conductivity was the result of increased contact area between fillers, fewer contact points
required to form a percolated network, more stable contact between fillers and increased
tunneling rates [116-118]. The ICA formed with Ag nanowires did not only perform
better electrically but also mechanically. The shear strength of ICAs formed with silver
nanowires on a aluminum plate was (17.6 MPa) compared to conventional ICAs formed
with micron sized flakes (17.3 MPa) [118].

Similarly, multi-walled carbon nanotubes (MWCNT) have been incorporated into
micron filled ICAs with filler loadings below the percolation threshold to induce
percolation. It was found that through incorporation of <1 wt% of carbon nanotubes that

the electrical resistivity and the percolation threshold of ICAs could be reduced [119].
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However, their measured values for bulk resistivity are significantly lower than the state
of the art. Moreover, others have found that the addition of carbon nanotubes into ICA
formulations with metallic filler loadings greater than the percolation threshold have no
impact on the conductivity of the composite [64]. In the same study it was found that by
doping the CNT or by coating them with Ag the conductivity of the composite could be
increased [64]. One of the greatest challenges when using high aspect ratio fillers is
preventing their aggregation. Aggregation of these high aspect ratio fillers makes
processing very challenging. Currently, the benefits associated with the use of high aspect

ratio fillers do not yet justify tackling the processing challenges.

Low temperature sintering of nanoparticles

Metallic nanoparticles due to their high surface area compared to their volume
have lower thermal stability than bulk metal. This instability enables these particles to
melt and agglomerate at temperatures significantly lower than the melting temperature of
the bulk metal. The ability of metallic nanoparticles to sinter at relatively low
temperatures (<200°C) has enabled their use in printing of conductive traces [85, 120-
124], metal-to-metal bonding [125] and electrical interconnection [126-133]. Recently,
nanoparticle sintering has been used as a method to reduce contact resistance in ICAs. It
was found that the incorporation of sinterable Ag nanoparticles near the percolation
threshold tends to reduce the resistivity of the composite. This resistivity of the resulting
composite is due to increased packing density and contact area between conductive fillers
[134]. However, if the nanoparticles do not sinter the resistivity of the composite
dramatically increases due to the increased number of contacts necessary for current to

flow a given distance [126, 132, 134-136]. This observation was confirmed by Ye et al.
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who showed through SEM studies how the incorporation of Ag nanoparticles reduces
contact between micron-sized particles (large area contacts) and instead forms contacts
via the incorporated nanoparticles (small area contacts); thus increasing contact resistance
[135].

To properly produce ECCs with sinterable nanoparticles requires that the particles
are very small (<2nm) and have a high surface energy. However, to disperse particles
with such a high surface energy and area requires that the particles be coated with
surfactants. These surfactants stabilize the surface therefore reducing the propensity of
the particles to sinter. Jiang et al. investigated the effects of surfactant chemistry and
chain length on the electrical properties of ICAs composed of Ag flakes and Ag
nanoparticles [132]. Jiang et al. found that the most important parameters, which control
the rate of sintering, is the chain length and the debonding temperature of the surfactant
[132]. Following the optimization of the nanoparticle concentration and surfactant, a
minimum resistivity of 5x10° Q-cm was obtained [133]. Another key factor that
controls sintering that has been commonly overlooked is the cure kinetics of the polymer
matrix. To increase sintering it is desirable to slow the cure kinetics, allowing sintering to
occur prior to gelation of the polymer.

A second mechanism of sintering in ICAs is low temperature transient liquid
phase sintering (LT-TLPS). TLPS occurs when ECCs are prepared with a high melting
point metallic powder and a metallic powder of a low-melting point alloy (Sn-Pb, Sn-In,
Ga-In, etc.) [75-77, 137]. During LT-TLPS the low-melting-point powder forms an alloy
with the high-melting point powder as the matrix cures, forming metallurgical

connections. ECCs which undergo LT-TLPS have electrical and mechanical properties
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comparable to metallic solders. Lu et al. showed that ICA formulations that undergo LT-
TLPS had lower resistance and contact resistance than commercial ICAs [74]. Further
details regarding this method of conductivity enhancement have been excluded for

brevity, detailed description of LT-TLPS can be found in [138].

Increased polymer matrix shrinkage

Prior to the curing process ECC have extremely low conductivity and in most
cases are insulating. However, following curing the bond mechanism within the resin
changes, resulting in a compressive stress on the composite. This compressive stress
causes the matrix to shrink. The shrinkage of the matrix brings the particles closer
together increasing contact; improving the electrical conductivity of the ECC [139].
Since the shrinkage of the polymer is directly correlated to the crosslink density, ECCs
with increased crosslinking density tend to have increased conductivity. This mechanism
was confirmed through experiments where the percentage of tri-functional epoxy was
increased from 2 wt% to 10 wt%; in doing so, the resistivity of the ICA decreased from

3.0x10~ Q-cm to 0.58 x107° Q-cm [140].

In-situ replacement / removal of surfactant on particle surfaces

Long chain surfactants on the surface of conductive particles are a necessary
requirement to produce homogeneous conductive pastes [81, 82, 141, 142]. However, this
lubricant decreases metallic contact and increases the tunneling/hopping barrier. In-situ
replacement of long chain acids (stearic acid) with short chain molecules diacids
(malonic acid) decreases the length of the tunneling gap, increasing conductivity of the

composite. It was found that through the replacement of stearic acid with malonic acid
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that the resistivity of the ICA decreased from ~7.3x10™ to ~4.7x10™* Q-cm [143]. Similar
results were demonstrated using aldehydes, resulting in a decrease in bulk resistance from
~7.3x10t0 6.0 x10”° Q-cm [144]. It was proposed that the increased performance of
ICAs with aldehyde additives resulted from the removal of stearic acid from the surface

of the silver flakes and from the reduction of silver oxide [144].

1.8.3 Concluding remarks

Conduction mechanisms in ECAs are highly complex. Currently the conduction
mechanism is still under debate. Further work is necessary to determine what factors are
most important in determining the macro-scale performance of ECCs. Furthermore,
deriving fundamental conclusions regarding the conduction mechanism from noticing a
change in an engineering result is difficult, especially when trying to compare composites
prepared and processed in different ways, with different polymeric compositions,
different particle shapes, with different surfactants and different methods of

characterization.

1.9 Future perspective on ECCs for electronic packaging

Future advances in electronic packaging will be stratified into one of two key
objectives, increased performance or increased functionality. Obtaining increased
performance in ECCs mainly consists of increasing complexity of device architecture,
reducing form factor, increasing conductivity, decreasing dielectric loss and increasing
I/O while maintaining price parity.

The second area of growth for electronic packaging materials is related to increase

functionality, form factor and human interfaces. Recent developments in electronic
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devices have revolutionized how humans connect with their devices. Developments in
electronic packaging have enabled the fabrication of low cost, large area touch enabled
displays. The production of tablet-enabled devices like the iPad has enabled people to
interact directly with their devices rather than through peripheral devices. New packaging
technologies, which enable new methods of human interaction with their devices, will
enable new functionality impossible with current packaging technologies.

Over the past decade significant effort has been devoted to create flexible
electronic devices. To achieve flexible electronic devices required a complete redesign of
how devices are fabricated. Active materials have been transitioned from silicon wafers
to grown amorphous silicon or organic electro-active molecules and solder and epoxy
based interconnect technologies have been abandoned and replaced with more compliant
interconnect materials [145, 146]. Recently, companies have started developing flexible
displays, photovoltaics and mobile devices however the cost and reliability of these
devices currently prohibit their large-scale commercialization [146-148]. An even more
challenging objective is to produce devices that are not only flexible but are stretchable.
The leading researcher in the field of stretchable electronics is J. A. Rogers, his group has
developed a wide range of stretchable electronic devices based small silicon active
devices interconnected by ultra-thin serpentine-like interconnects supported on
elastomeric substrates [149-156]. Using this stretchable technology Rogers et al has
fabricated: curved linear charge coupled devices (CCD) which mimic the human eye,
inverters, bio-absorbable electrodes, light emitting diodes (LEDs), organic photovoltaic
devices, electro-optic devices, etc [149-156]. All of these devices gain additional function

through their ability to bend and stretch with their environments. Despite their successful
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fabrication of many complex devices using conventional micro-fabrication technology,
fabrication of these stretchable devices involves many more processes than fabricating
conventional rigid devices. These additional processing steps directly correlate to an
increase in cost and a decrease in yield. Therefore application of Rogers’ technology will
likely be limited to specialty products and medical devices where cost is less of a
concern. For stretchable electronic devices to go mainstream, new simple packaging
technologies will need to be developed to achieve adequate device performance and
stretchability. Chapter 3 presents a parallel approach to fabrication of stretchable
electronic devices using highly conductive silicone based printable stretchable conductive
composites. Finally, in Chapter 4, we for the first time show the operation of stretchable-
high impact toughness, radio frequency devices capable of operating at a wide variety of

temperatures.

1.10 Research methodology and objectives

This thesis provides new perspective and develops new technology for future
electronic packages. In Chapter 2 of this thesis we will address the fundamental
mechanism of the conduction mechanisms in ECC. In this chapter, we will show how
tunneling / hopping rate, not direct metallic contact area is the conductivity limiting
conduction mechanism. Chapter 3 presents a new approach for fabrication of stretchable
electronic devices using highly conductive, printable silicone-based stretchable
conductive composites. Finally, in Chapter 4, we for the first time show the operation of
stretchable high-impact toughness, radio frequency devices capable of operating at a wide
variety of temperatures.

Research Objectives:
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Understand the effect of the interface on the conduction mechanism in ECCs.
Develop new highly conductive silicone-based stretchable conductive composites
for use in stretchable electronic devices.

Demonstrate fully functional stretchable-RF devices using stretchable silicone
conductive composites.

Provide framework and processing techniques to utilize silicone-based stretchable
conductive composites for high-impact and stretchable applications, where

stretchable and compliant conductors enable increased device functionality.
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CHAPTER 2
UNDERSTANDING THE INTERFACE IN ELECTRICALLY

CONDUCTIVE COMPOSITES

2.1 Introduction

Isotropic-ECCs are composed of small particles embedded in a polymer matrix.
Because these particles are small they inherently have a high surface area. As surface
area increases interfaces and interfacial properties become increasingly more important in
determining the properties of the bulk material. ECCs need to be designed such that the
interaction between the polymer matrix and the conductive fillers is sufficient to prevent
aggregation; while at the same time you do not want the matrix to interact too strongly
with the particles, because it would limit metallic contact. Controlling the polymer-
particle interaction, surfactant, viscosity, cure kinetics, shrinkage during curing and
particle filler loadings is essential in determining the particle-particle interface within the
composite [81, 82, 157, 158]. Most published literature improperly describes the
conduction mechanism at the filler-filler interface in ECC as a series resistor consisting
of the constriction resistance and the tunneling resistance [157, 158]. This type of model
assumes that direct metallic contact is non-existent; however, it is commonly assumed
that metallic contact does exist [74, 81, 139, 157-164]. Based on the proposed model of
electrical conductivity in ECCs (Eq. 2-8), incorporating constriction resistance in series
with tunneling resistance would be including an area dependent effect twice.
Furthermore, charge segregation on a single particle as implied by constriction resistance

would create a local potential increasing tunneling/hopping probability. However, this
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phenomenon is excluded from the model. We show in this chapter a new way to
conceptualize the interface between conductive fillers and show experimentally that

through film transport mechanisms is the conductivity determining mechanisms in ECCs.

2.2 Experimental methods

Two proof of concept type experiments were used to gain insight into the
structure of the interface: 1. Theoretical description of the interface between metallic

fillers. 2. Study of the effects of matrix dielectric constant on conduction in ECC.

2.2.1 Theoretical reconceptualization of the filler interface

Thermogravimetric analysis (TGA) was conducted using a Q5000 (TA
Instruments). Ag flakes (Ferro Corporation) were heated to 150 °C at a rate of 10°C /
min, the flakes were held isothermally for 1 hour and then heated to 300°C at a rate of
5°C/min. Differential scanning calorimetry (DSC) Q2000 (TA Instruments) was
conducted isothermally at 150°C for 1 hour, followed by heating to 300°C at a rate of
5°C/min. The silver flake interactions were conceptualized by considering the forces that
result due to deformations in the adsorbed monolayer upon close approach. The Hertz
model and the Shull correction factor were used to qualitatively describe the surface

forces between approaching Ag flakes.

2.2.2 Effect of matrix dielectric on electrical conductivity

Diglycidyl ether of bisphenol-F (DGEBF, Shell Chemical Company) (Epon 862)
was doped with Cobalt (III) Acetylacetonate (CoAcAc) (98% Sigma Aldrich) at

concentrations of 2.5 and 5 wt%. CoAcAc was dissolved in DGEBF at 80°C for >7
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hours, until the CoAcAc was completely dissolved. Curing agent, hexahydro-4-
methylphthalic anhydride (HMPA, Lindau Chemicals) and catalyst 1-cyanoethyl-2-ethyl-
4-methylimidazole (2E4MZ-CN, Shikoku Chemicals Corporation) was added to the
epoxy at room temperature. ECA was prepared by dispersing a bimodal mixture of silver
flakes in the epoxy formulation in a 4(Ag):1(epoxy) ratio by weight. ECA Formulations
prepared are outlined in Table 8. Two strips of Kapton tape (Dupont) were applied onto
pre-cleaned glass slides. ECA formulations were printed onto glass slides using a doctor
blade. Following thermal cure at 150°C for 1 hour, bulk resistance was measured as
described in Appendix A. The dielectric constants of the prepared epoxies was
determined using a dielectric analyzer (TA Instruments) model 2970, using a single
surface remote sensor at room temperature immediately following curing at 150°C. The
cure kinetics of the epoxy systems formulated was determined using a differential
scanning calorimeter TA Instruments model Q2000 at a ramp rate of 5°C/min up to a
maximum temperature of 250°C.

Table 8. ECA formulations tested.

Epoxy Co(III) ACAC Silver

(Wt%) (Wt%) A Silver B Cure Temperature/Time
20 0 40 40 150°C /1 Hr
17.5 2.5 40 40 150°C /1 Hr
15 5 40 40 150°C /1 Hr

2.3 Theoretical conceptualization of the filler-filler interface

DSC on silver flakes coated with stearic acid determined the desorption onset
temperature to be 161.33°C and 185.38°C, for Ag 26LV (Figure 14) and Ag 52 (Figure
15) respectively. Since this is significantly greater than the ECA curing temperature of

150°C, the surface lubricants do not desorb during the curing process. Similarly,
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Isothermal DSC at the curing temperature of 150°C confirmed that there is no desorption
during the curing process (Figure 16). TGA did show some evidence of weight loss at
150°C; however this is likely to correspond to weakly adsorbed organics or water on the
surface of the Ag flakes. Even if the weight loss at 150°C is correlated to desorption, the
rate of desorption is slow to impact the resulting filler interface. The desorption of the
surfactant is evident by the peak at 189.5°C in the TGA (Figure 17). The positive weight
gain seen in the TGA is likely the result of oxidation following desorption. Since
2E4MZCN-based cure used in the epoxy system reacts quickly, gelation occurs prior to
significant desorption of surfactants. Desorption following polymeric gelation will not
affect the interconnectivity of the fillers. Thus we must assume that the surfactants

remain on the surface of the silver flakes following the curing process.

Temperatue ('C)

Figure 14. DSC of surfactant desorption from the surface of Ag 26 LV [11].

51



0 v T T T T T T 1
0 w0 "o 1%0 200 %0 o0 0 400
Temperature ('C)

Figure 15. DSC of surfactant desorption from the surface of Ag 52 [11].
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Figure 16. Isothermal DSC of silver flakes at 150°C [11].
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Figure 17. TGA showing desorption of surfactant from the surface of Ag flakes [11].

These adsorbed surfactants are essential to obtain uniform highly conductive ECA
because they act as a lubricant, stabilizing the particle dispersion and preventing
aggregation. Silver flake dispersions stabilized with stearic acid surfactants are stable for
>3 months without any noticeable sedimentation or aggregation. Without surface
treatment of silver flakes ECA formulations are unstable, inhomogeneous and difficult to
process. Thus, because of the existence of a thin layer of adsorbed surfactant on the

surface of the silver flakes, the interactions between two silver flakes can be visualized as

shown in Figure 18.
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Adsorbed Surfactant

Adsorbed Epoxy

Figure 18. Schematic diagram of interface between two silver flakes on close approach

[11].

The silver flakes will be coated with a surfactant ~2.3 nm thick and a layer of
physically adsorbed epoxy. The thickness of the physically adsorbed epoxy layer is
dependent on its molecular length, conformation, molecular structure and surface
interactions. Upon close approach of particles during printing, the surfactant and surface
adsorbed epoxy must be displaced to form metallurgical contact. Under the assumption
that the silver particles are not deformed during the printing process, the deformation of
the surfactant layer can be modeled by the Hertz theory (Figure 19) [165, 166]. The Hertz
theory relates the contact area with the force through the bulk modulus of elasticity of a
penetrating sphere of radius R onto a planar surface. For simplicity we will assume that

the adsorbed layer is a homogenous elastomeric monolayer with thickness h. Therefore,
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silver flake on close approach will cause an indentation (3) in the monolayer, as described

by eq. 11.
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Figure 19. Diagram of particle interaction with chemically adsorbed stearic acid [11].

_a 11
a_R (11)

The indentation of the surfactant molecules can be related to the applied force

through the bulk modulus (Kpyi):

K, ——F
(201-v)
F — K R1/263/2 (13)

bulk

(12)

The applied force causes a distribution in the normal stress (p(r)) of the adsorbed

layer along the radius of the penetrating particle:
1/2

3K, .a r\
2P| (L 14
p(r) >R (1 (a)) (14)
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The yield stress of the adsorbed layer, perpendicular to the loading axis is defined
from the point where the sphere starts penetrating into the adsorbed layer:

3F,
O, =5 (15)

= 2
2ma 5

Upon indentation, the adsorbed layer will act to distribute the stress. This effect is

incorporated through the Shull correction factor for indentation [167].

(5=(5H(0.4+0.6exp(—1'}18a)j (16)

0

1+o.15(h—) ] (17)

F=F,

0

ECA formulations are significantly more complex than the simplified model
above, however the aforementioned model provides a perspective and insight into the
interfacial forces between silver flakes. Both the Hertz model and the Shull correction
factors assume a non-interacting, low viscosity, frictionless medium. Experimental
determination of the repulsive force of adsorbed surfactants in aqueous solutions, using
atomic force microscopy has shown the repulsion force to vary between 1-15 nN (~2.5-
37.5 MPa) [168]. The variation in repulsion force is a direct result of the molecular length
of the adsorbed layer and dispersion stability. The models represented only accounts for
the interaction when one of the surfaces is treated; interactions with two surfactant-
modified surfaces are exceedingly more complex. Furthermore, secondary relaxation
mechanisms of the epoxy, which acts as the solvent, coupled with the large frictional
forces at the interface, add an additional degree of complexity. Since all these effects
serve to increase the particle-particle repulsion, this model can be used to define the
minimum possible force needed to cause direct metallic contact. A more complex and

descriptive model is needed to quantitatively understand the surface forces in ECA.
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However, since the required force to cause deformation in the adsorbed surfactant is well
in excess of the applied force, formation of a percolated metallic network is highly
unlikely. This implies that a thin dielectric layer exists between the silver flakes. Thus
secondary charge transport mechanisms dominate charge transport at the interface. These
secondary conduction mechanisms consist of tunneling and hopping electron transport
mechanisms. It is likely that the statistical probability of these tunneling/hoping

mechanisms control the macro scale conductivity of ECAs.

2.4 Effect of matrix dielectric constant on electrical conductivity in ECCs

Previous studies have found that inclusion of CoAcAc, a latent catalyst can
increase the dielectric constant of epoxy from 3-4 to 5-6 [169]. Since tunneling rates are
inversely related to the dielectric constant, modulation of the dielectric constant can serve
as an indicator of the relative importance of tunneling in the macroscale-conduction in
ECAs [170]. We prepared epoxy based ECAs as described in the experimental methods.
It was found that the dielectric constant of the virgin epoxy, 2.5 wt% CoAcAc and 5 wt%
CoAcAc epoxy was ~3.1, ~4.2 and ~5.5 respectively. This increase in dielectric constant
upon doping with CoAcAc is due to highly polarizable bonds in the CoAcAc structure.

To minimize experimental variability associated with incorporation of a latent
catalyst, 2E4AMZCN, a catalyst which reacts quickly at low temperatures was used to
catalyze the curing of the doped epoxy. DSC confirmed that the cure mechanism was
unaltered by the addition of the CoAcAc, in the presence of 2E4MZCN. Comparison of
the curing profile for virgin (Figure 20) and CoAcAc doped epoxies (Figure 21), where
the cure was catalyzed by 2E4MZCN, shows that the enthalpy of reaction and onset

temperature was unchanged by the addition of 5 wt% CoAcAc. DSC of CoAcAc
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catalyzed epoxy was found to have an onset temperature 160.43 °C, ~45°C higher than

both the doped and virgin epoxies (Figure 22). Thus, the CoAcAc doping played an

insignificant role in the cure mechanism.
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Figure 20. DSC showing curing peak of virgin 862 cured with 2E4MZCN catalyst [11].
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Figure 22. DSC showing curing peak of 862 epoxy catalyzed by CoAcAc [11].

The conductivity measurements on epoxies formulated as described in Table 8§ are
shown in Figure 23. ECA prepared with the virgin epoxy was found to have an average
resistivity of 9.71x10™*+3.37x10™ Q-cm. The CoAcAc doped ECA was found to have a
resistivity directly correlated with the doping concentration / dielectric constant. The
resistivity of the ECA doped with 2.5 wt% and 5 wt% CoAcAc had average resistivities
of 2.24x107+7.09x10™* Q-cm and 1.56+0.52 Q-cm respectively. If the silver flakes are in
direct metallic contact, the dielectric constant of the epoxy should have no effect on the
DC resistivity. However, tunneling probability is inversely correlated to the polarizability
of the tunneling medium [171]. Thus, tunneling must play a significant role in the
conduction pathway. If a percolated network of metallurgical interconnected particles
exists alterations to the tunneling probability would have a minimal effect on the bulk
resistivity. Any doubt that one might have regarding the validity of this conclusion should
also consider that the volume percentage of silver flakes increased with CoAcAc

concentration. The virgin ECA contained 30 vol% Ag flakes, where the ECA doped with
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5 wt% CoAcAc had a 31.5 vol% of Ag. This increase in filler loading should
dramatically enhance the electrical conductivity of the ECA, but the reverse was
observed. The orders of magnitude dependence of the bulk resistivity on tunneling

probability confirms that a percolated metallic network does not exist.
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Figure 23. ECA resistivity as a function of CoAcAc concentration (dielectric constant)

[11].

2.5 Outlook and perspective

The evidence confirming that an interconnected metallic network does not exist in
ECAs is not unexpected. Over the past 15 years, literature has qualitatively described the
resulting ECA structure as Ag flakes isolated by small insulating layers. However, they
failed to deduce that this interpretation implies that a percolated metallic network does
not exist.

Typically in published literature, tunneling and hopping mechanisms has been

considered a secondary conduction mechanism that only contributes marginally to the

60



bulk electrical properties. This study emphasizes the importance of the nanometer to sub-
nanometer region separating the conductive fillers. Even though it has already been well
established, through studies on surfactants and sintering, that enhancing contact between
conductive fillers can greatly enhance conductivity of ICAs, we present the first study
which shows that tunneling/hopping is the conductivity determining mechanism in ECAs,
above their percolation threshold. This new insight provides researchers a new direction
to approach increasing conductivity of ICAs, with enhanced potential for significant

impact.
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CHAPTER 3

STRETCHABLE ELECTRICALLY CONDUCTIVE COMPOSITES

3.1 Motivation

Future stretchable electronic devices require natural integration at the system,
device and package level in the form of a functional package. The flexible and stretchable
package has to enable natural integration with its environment and its movements. New
flexible and stretchable fabrication processes and interconnection technologies must be
developed, focusing on simplicity of design and functionality. The advantages of
stretchable electronics has been highlighted by Rogers et al, who has fabricated curved
linear charge coupled devices (CCD) which mimic the human eye, inverters, bio-
adsorbable electrodes, light emitting diodes (LEDs), organic photovoltaic devices,
electro-optic devices, etc. [149-156]. Each of these devices gain increased functionality
by their ability to change their shape under mechanical load. For example due to the
shape and stretchability of the curvilinear CCD array, single lens optics can be used
without having to worry about third-order Seidel aberrations. Designing optics on a
stretchable-curvilinear platform dramatically increases resolution while reducing cost and
form factor associated with complex lenses and optics [149]. The ability to design
stretchable electronic devices enables the fabrication of devices which integrate naturally
with the human body and / or its surroundings. In the case of the curvilinear CCD array,
the ability to stretch enables the device to be packaged and function nearly identically to
the human eye [149]. Despite the successful fabrication of many complex stretchable

electronic devices the electronic packaging technology is still not ready for the
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fabrication of commercial stretchable electronic devices. The following section will

discuss the current state of the art in packaging for stretchable electronics.

3.2 Methods of packaging stretchable electronics

Packaging of stretchable electronics requires that the components be
interconnected and bonded to elastomeric substrates, typically PDMS. To achieve
stretchability in mechanically unconventional electronics one of two approaches is used,
either adding complex geometry to accommodate strains or by creating new materials

which are not only stretchable but also electro-active [152, 172].

3.2.1 Stretchable geometries

Achieving stretchability actually does not require stretchable materials, just
flexible materials in stretchable geometries. For example, consider a metallic spring, even
though the metal itself barely stretches under an applied load, the entire structure can
stretch or compress significantly. The same approach is used when creating stretchable
electronics, metallic interconnect structures are shaped in complex geometries. However,
typically conventional inorganic semiconductors used in electronics are extremely brittle.
This obstacle is easily overcome by making brittle materials ultra-thin, essentially
eliminating any strain associated with bending. For example, silicon sheets 100 nm thick
supported on a 20 um elastomer experience only a ~0.1% peak strain when bending to a
radius of curvature of 1 cm. This strain is significantly less than the fracture limit of
silicon, ~1% [150, 173]. Furthermore, the true strain on the material can be reduced by
minimizing the contact between the ultra-thin geometrically stretchable material and the

elastomeric substrate. By designing the electronic package such that brittle materials are
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made flexible and in out of plane, wave-like geometries electronics can stretch
significantly with minimal stress and strain on the brittle components. Significant effort
has been devoted to control the buckling processes to obtain specific geometries. Typical
geometries used to obtain highly stretchable electronics include 1D and 2D “wave” like
buckling, spiral, leaf-spring type and serpentine patterns [174-178]. Using this approach
it is easy to fabricate devices that can withstand in-plane strains of >100% [179].

The key advantages of this technology are that no new materials or technologies
not currently in use in micro-fabrication processes need to be developed or utilized. Due
to the familiarity of the processes necessary to fabricate stretchable electronic devices
based on fabrication of ultra-thin flexible geometries, 1* generation stretchable electronic
devices will likely be fabricated using this approach. However, there are many limitations
of the techniques and processes that will dramatically hinder the application of these
technologies in mass-produced, low-cost consumer electronics. First, fabricating the
structures and geometries necessary to produce functional electronic devices is highly
complex involving a significant number of processing steps. For example, to fabricate the
electronics necessary to produce the stretchable CCD array requires 80 individual
processing steps and 8 individual lithography processes [149]. Since the cost of
fabrication increases multiplicatively to exponentially with the addition of each
processing step, large-scale production of these devices is cost prohibitive. Furthermore,
once the device is fabricated it needs to be mechanically transferred to a pre-strained
substrate. The transfer process is difficult, yet can be accomplished with high yields,
>95% for large 20mm by 20 mm arrays containing 163,216 elements [149]. However,

even at these yields, a single failure would result in the failure of an entire line. Because
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these stretchable devices are fabricated in large arrays, single elements, which
malfunction, cannot be replaced. To obtain highly reproducible device fabrication
requires highly uniform wafer level processing. However, obtaining a high degree of
uniformity during wafer level processing is challenging, especially for electro-optic
elements like LED and photovoltaics. For example, in conventional LED fabrication
variation in performance on the wafer level is significant enough that each element has to
be pre-tested and sorted by quality [180]. Another issue with this approach is it is difficult
to obtain high area densities of active components in the wafer level or on the package.
This is an unavoidable consequence of having complex geometries, which can linearize
when strained. Again using the curvilinear CCD camera as an example, the pitch between
the electronic elements 20 wm and the size of the active elements is only 17.5 um; giving
an aerial coverage of only 28%. Areal coverage is especially important for the design of
stretchable displays, CCD and photovoltaics because it directly influences the device
performance. Taking a new approach, where trenches which contained the buckled
interconnects were fabricated on the PDMS substrate, areal densities of GaAs
photovoltaics >70% were obtained [152]. However, designing electronics with this
geometry would limit its flexibility if the conductive elements are located on the interior
radius. Furthermore, because geometry not the material is responsible for the
stretchability, the geometry needs to be optimized for the specific application. The need
for the geometry and processes to be redesigned with for each application is a significant
economical limitation.

Another geometry-based method to prepare stretchable electronics was originally

derived from observations that gold deposited on pre-strained PDMS spontaneously
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buckles when being released from the applied strain [181]. Because Au deposited on pre-
strained PDMS has out of plane geometry these structures are stretchable. It was found
that these structures could be strained up to ~22%, significantly longer than the un-
textured Au films [182]. The mechanism was determined to result from the formation of
small micro-cracks on the Au film, which allows the film to deform out-of-plane during
stretching. This out of plane deformation enables large strains in the macro-scale
dimensions without invoking large strain in the Au [183]. Recently, these techniques
have been used to fabricate multilayer electronic devices, something currently impossible
using Rogers et al. approach [184]. However, preparation of stretchable electronics using
this technique has many limitations. First, Au adhesion to PDMS is very weak. As a
result deposited Au layers has very poor abrasion resistance and is easily transferred to
any surface it touches. Secondly, because the stretchability of these structures is
predominantly based upon the formation of micro-cracks any strain will result in
decreased resistivity. More concerning is as these devices are repeatedly strained these
cracks will propagate, eventually leading to failure. Due to the lack of consistent
performance and reliability it is unlikely that deposited films could be used in stretchable

electronic devices.

3.2.2 Stretchable electro-Active materials

A second approach to produce stretchable electronic devices is to use materials
that are intrinsically stretchable. This approach is challenging because highly conductive
materials tend to have low elasticity and poor mechanical robustness. On the other hand,
materials with good elasticity and toughness tend to have poor electrical properties.

Therefore, obtaining stretchable electro-active materials requires the development of
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composites to achieve high conductivity and good mechanical properties. However,
achieving conductivity close to that of bulk metal is extremely challenging. For example,
the lowest reported resistivity for conductive rubbers containing carbon particles or Ag is
10 and 1.75x10™* Q-cm respectively [172, 185]. Surprisingly, research on stretchable
conductive composites has been relatively limited. Most of these elastic conductors have
focused on carbon nanotube filled composites. However, due to the mechanical
reinforcing properties of carbon nanotubes researchers are constantly searching for
methods to obtain high filler loading without limiting elastic strain. Shin et al. showed the
through infiltration of multi-walled carbon nanotube forests with polyurethane that a
conductor with rubber-like elasticity could be produced [186]. However, the composite
had a relatively high resistivity 0.5 Q cm, showed significant increase in resistance
during tensile strain and showed reduced electrical conductivity after 100 cycles to
elongations of 60% or more [186]. Work by Sekitami et al. showed that using an ionic
liquid, single-walled nanotubes (SWCNT) could be dispersed in vinylidiene floride-
hexafloropropylene copolymer. This composite had a resistivity of 1.75x10™ Q-cm and
showed minimal degradation after repeated tensile strains of 38% [187]. In a later
publication the same group showed that jet milling could be used to enhance the
performance of the elastic conductor [188]. They reported a conductivity of 9.8x107 Q-
cm and a stretchability of 29% [188]. Or by reducing the concentration of carbon
nanotubes they were able to achieve tensile strains of 118% but had a high resistivity of
0.102 Q-cm [188]. To date, the best performing elastic conductor reported was published
by Chun et al., in Nature Nanotechnology [186]. They showed that hybrid composites of

SWCNT decorated in Ag nanoparticles and micron sized Ag flakes, in
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polyvinylidenefluoride (PVDF), had a resistivity of 1.75x10™ Q-cm after hot rolling
[186]. Prior to hot rolling the composites had a measured resistivity of 3.2x10™* Q-cm
[186]. The samples were found to be conductive at tensile strains of 140%, however the
resistivity dramatically increased after strains of 30% or more (p >1x10-3 Q-cm) [186].
Moreover, the composite showed good performance under cyclical strains >5000 cycles
to 20% elongation, but its reliability at strains greater than 20% elongation was not
reported [186]. There are many advantages to using this approach to fabricate stretchable
electronic devices. First, electronics based on stretchable composites can be prepared via
direct printing processes, dramatically reducing the cost of device fabrication.
Furthermore, because they are polymer based it is very easy to tune the mechanical
properties, electronic response and adhesion for specific applications. Furthermore, if
sufficient adhesion can be achieved, these materials could be used as a compliant
interconnect material which could accommodate the large stresses associated with CTE
mismatch in large area interconnects. Geometrically stretchable structures hold no
potential for use as interconnect materials. However, to be competitive with
geometrically stretchable electronic packages the conductivity and performance of
stretchable conductors needs to be improved. The following sections of this chapter will
discuss my approach to produce highly conductive stretchable composites for future

stretchable electronic devices.
3.3 1% generation stretchable electrically conductive polydimethylsiloxane

Surprisingly, there are very few publications directly discussing the fabrication of

printable stretchable conductive silicone composites for electronic packaging
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applications. In these first set of experiments the feasibility of creating highly conductive
stretchable conductive silicone composites and a process necessary to package stretchable

electronic devices was shown.

3.3.1 Experimental methods

The experiments conducted could be divided into three key subcategories: 1.
Fabrication and characterization of polydimethylsiloxane (PDMS)-based stretchable
electrically conductive composites (S-ECC) 2. Characterization of the tensile-electrical

response of S-ECC. 3. Printing and device level integration.

Fabrication and characterization of highly conductive PDMS stretchable electrically

conductive composites

S-ECC was fabricated using polydimethylsiloxane Slygard 186 (Dow Chemical)
with a bimodal distribution of silver flakes SF-52 and Ag 26LV (Ferro Corporation).
Silver flakes were added to the two-part PDMS mixture in an 80:20 by weight ratio.
Silver flakes were dispersed in PDMS using a mixture of manual stirring and ultra-
sonication. Two strips of Kapton tape (Dupont), 3-mil thick was applied onto pre-cleaned
glass slides. S-ECC was printed between the pieces of tape using a doctor blade.
Following thermal cure at temperatures in the range of 120-180°C for 15 minutes, the
bulk resistance was measured as described in Appendix A. Characterization of the
shrinkage during cure was measured isothermally at 150 °C using a thermal mechanical

analyzer Model Q400 (TA Instruments).
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Characterization of the tensile-electrical response of S-ECC

Eight pieces of 2-mil Kapton tape (Dupont) was placed within a metallic pan. A
two-part mixture of PDMS Sylgard 184 (Dow Chemical) was poured into the metallic
pan ~0.75 cm thick. The PDMS was degassed using sonication until no air bubbles were
visually apparent. PDMS was cured at 70 °C for 1 hour. Following cure PDMS molds
were removed from the metallic pans. Tensile specimens were cut using a razor blade
from the PDMS mold using a custom designed dog-bone shaped tensile template. UV-
ozone treatment (UVO) (Samco International) for 7 minutes was used to clean the surface
and alter the surface properties of the PDMS.

Contact angle measurements were measured using Model 190 CA Goniometer
(Ramé-Hart Instrument Co.). Immediately following UVO treatment S-ECC prepared as
described was screen printed into the inlayed impression of the tape. Copper foil (Sigma
Aldrich) was placed on the ECA at the far ends of the tensile mold. The tensile mold was
cured at 150 °C for 15 minutes. Following cure, simultaneous tensile and electrical
measurements were recorded. Specimen dimensions were measured with a digital caliper
(VWR). The tensile testing was conducted with an Instron 5548 microtester (Instron
Corp.) at an extension rate of 2 mm/min. Electrical resistance was recorded
simultaneously at 2-second intervals using a Keithley 2000 (Keithley Instruments Inc.)
multimeter connected through testpoints software. Compressive DMA model 2980 (TA
instruments) of mold following initial cure was conducted isothermally at 150 °C for 15

minutes.
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Patterning and device level integration

Negative Photoresist NR9-8000 (Futurrex) was spin coated on 4-inch silicon
wafer (University Wafer) using a Karl Suss RCS8 spin coater (Karl Suss) at 750 rpm. Soft
bake was conducted at 70 °C for 3 minutes followed by 150 °C for 2 minutes.
Lithography was completed using a custom designed transparency mask on a Karl Suss
MA-6 Mask Aligner (Karl Suss) exposure time 180 seconds. Post bake was conducted at
70 °C for 2 minutes. The pattern was developed using RD6 developer (Futurrex) for 5
minutes. The developed wafer was imaged using an optical microscope (Leica
Microsystems). Degassed PDMS was poured over the pattern mold and cured at 70 °C
for 1 hour. The PDMS mold was removed from the silicon wafer revealing the patterned
PDMS substrate. Following UVO treatment (Samco International) for 7 minutes S-ECC

was printed into the pattered PDMS substrate.

3.3.2 Results and discussion

Fabrication and characterization of highly conductive PDMS stretchable electrically

conductive composites

Since the PDMS matrix used is a RTV-2 platinum cured silicone the composite
will cure at room temperature. However, S-ECC cured at room temperature was
insulating. Upon curing the S-ECC at high temperatures >150°C the composite
undergoes a transition from insulating to conductive. This transition is caused by curing
the elastomer in the expanded state. Following curing, when the composite cools, the

polymer chains collapse, producing a compressive stress, which enhances particle
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interconnectivity. Isothermal TMA at 150 °C for 15 minutes and sub-sequential cooling

resulted in a linear dimensional change of 20% (Figure 24).
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Figure 24. Isothermal TMA of S-ECC during curing at 150°C [189].

Curing the S-ECC showed that the resistivity of the composite decreased when
increasing the curing temperature up to 150°C. Curing at temperatures higher than 150°C
resulted in negligible change in the bulk resistivity of the composite. The minimum
achievable resistivity for the S-ECC was ~7x10™* Q-cm, only slightly worse than

conventional epoxy based ECAs [7].
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Figure 25. Bulk resistivity of S-ECC as a function of curing temperature [189].
Characterization of the tensile-electrical response of S-ECC

Commercially available ECAs have shown the capability to function under
flexural and compressive strains. However, when applied to stretchable surfaces they fail
under tensile strain >5%. Use of highly elastic matrix materials with high Poisson’s ratio
enables electrical contact between fillers to be maintained during tensile strain. PDMS
which can be formulated to have nearly ideal Poisson’s ratio (v~0.5) is an ideal matrix
material for use as a matrix for S-ECCs [190]. Preparation of a PDMS substrate material
that could withstand the high temperatures of S-ECC curing without loss of mechanical
properties required modification of the conventional Sylgard 184 formulation. Standard
Sylgard 184 PDMS exhibited undesirable changes in its mechanical properties during the
S-ECC curing. By reducing the crosslinking of the PDMS by incorporating 40:1 base to
curing agent instead of the conventional 10:1, the elastic modulus decreased and

elongation to failure improved. Compressive DMA showed that the storage modulus of
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convention Slygard 184 PDMS changed from 90 MPa to 300 MPa during the S-ECC
curing process. Tensile testing of PDMS-in-PDMS molds made with the conventional
Slygard formulation failed at tensile strains of 5-10%. DMA confirmed that the modified
PDMS formulation used had a much lower storage modulus of 0.2-0.8 MPa and exhibited
minimal change during the S-ECC curing process (Figure 26). Furthermore, the mold was

able to withstand tensile strains (>80%) without failure.
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Figure 26. DMA of conventional Sylgard 184 PDMS following annealing at 150°C for 1

hour [189].

Due to the low surface energy of the PDMS substrate (~27 mJ/m?) printing S-
ECC is difficult. To facilitate printing, the surface of the PDMS mold was UVO treated.
UVO treatment of the PDMS creates a temporary transformation of the surface from
hydrophobic to hydrophilic. This transformation is believed to be the result of a “silica”
like layer that forms as PDMS is oxidizes on the surface [191]. This silica like layer will
undergo hydrophobic recovery over the course of a couple of hours, allowing the PDMS

based S-ECC to adhere well to the surface of the PDMS mold [192]. The effect of UVO
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treatment was characterized by measuring the contact angle with water. It was found that
the UVO treated PDMS had a contact angle of 85.7°, compared to the contact angle of
the untreated PDMS 116.1°. Images of the contact angle formed of water on the UVO

treated and untreated substrate is shown in Figure 27.

A B

Figure 27. Contact angle measurements of A. UVO treated PDMS and B. Untreated

PDMS [189].

Tensile specimens were prepared as described. Images of the tensile specimen
molds are shown after initial cure (Figure 28A), following S-ECC cure (Figure 28B) and
during tensile-conductivity experiment (Figure 28C-D). A plot of electrical conductivity
as a function of percent elongation is shown in Figure 29. It is evident that there was no
significant change in resistivity at elongations up to 40%. There was no noticeable
change in resistivity for repeated tensile strains to 40%. The entire package also showed
good performance under compressive and flexural strains. However, cyclical controlled
simultaneous electrical measurements tended to lead to failure at the contact points.
Furthermore, because of difficulties associated with making good electrical contact to the
sample during tensile measurements, the reported resistance during tensile strain is an

overestimate.
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Figure 28. Images of A. tensile mold, B. tensile mold embedded with S-ECC, C. un-

strained tensile specimen D. strained tensile specimen [189].
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Figure 29. Graph showing measured resistance during tensile strain [189].

Patterning and device level integration

Functional electronics require the ability to fabricate complex structures with fine
feature size (<100 um) simply. PDMS represents the ideal material for use as a flexible,
stretchable substrate. PDMS has been the leading material candidate for microfluidics
and soft lithography processes because of its ability to be defined into complex structures

with sub-micron scale resolution [190]. PDMS, because of its very low glass transition
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temperature in the uncross-linked state, is a viscous liquid prior to curing, allowing high
resolution inverse structures to be prepared from a master mold via a pour and cure
process. Fabrication of S-ECC devices will consist of initial mold fabrication via
conventional lithography processes. Master mold structures can be fabricated from SiO,,
Si3N4, metals, photoresist or wax [190]. Master mold can be used to produce >50 molds,
dramatically reducing the cost of fabrication [190]. Following fabrication of a master
mold, inverse structures of PDMS can be formed by pouring PDMS on top of the master
molds surface and allowing the PDMS to cure. We defined our master molds using
photoresist as described in the experimental methods. Upon fabrication of the PDMS
mold and UVO treatment, S-ECC can be screen printed into the pre-defined structures.
Subsequent surface mounting of micron sized discrete electrical components and curing
will enable the formation of super-low cost flexible, stretchable electronics. The
procedure to fabricate these devices is described schematically in Figure 31. An image of
the lithographic features and the resulting features in PDMS substrate can be seen in

Figure 30.

Figure 30. Images of lines fabricated in A. photoresist B. PDMS [189].
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Figure 31. Schematic drawing showing fabrication process of S-ECC based electronics

[189].

Outlook and perspective

We showed a proof-of-concept type experiment to show that highly conductive S-
ECC could be formulated to have good performance during repeated tensile elongations.
Furthermore, we showed a packaging process that could be used to integrate small
discrete components on a flexible, stretchable package. However, there are many
limitations of these initial materials and designs. First, the S-ECC has relatively low bulk
conductivity. This low conductivity is likely the result of silica fillers used as toughening
agents in the PDMS matrix. Furthermore, the processes and material designed can only
be prepared in two-dimensional patterns limiting device integration and interconnectivity.
Another issue for fabrication of functional electronic devices using this methodology is

that the S-ECC does not have adhesive properties or strain isolation capabilities necessary
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to mount and interconnect small-ridged electronic devices. Finally, the S-ECC produced
with high Ag filler loadings was a high viscosity paste. The high viscosity of the paste,
coupled with the low surface energy of the mold makes it very difficult to print fine
features with high resolution. These problems will need to be addressed if this technology

is to be implemented in consumer electronic devices.

3.4 Second Generation Stretchable Electrically Conductive PDMS

One of the key challenges of the 1* generation S-ECC was that the resistivity of
the composite was too high for most commercial applications like CCD arrays,
photovoltaic, RF devices etc. These problems will need to be addressed if this technology
is to be implemented in consumer electronic devices. The following section will discuss
the use of a novel additive, referred to as AA, which causes in-situ nanoparticle formation
and growth, reducing contact resistance between Ag flakes within the composite. The
sintering of Ag flake, using these in-sifu formed nanoparticles causes the resistivity of the
composite to decrease. Disclosure of the chemical name and structure of this additive will

be included in a future publication.

3.4.1 Experimental methods

Effect of AA on electrical properties of S-ECC

Stretchable conductive composites (S-ECC) were fabricated using a silicone
polymer matrix containing a bimodal distribution of silver flakes ranging in size from 1
um to 20 pm (Ferro Corporation). The mixture consisted of 80:18:2 (wWt%/wt%/wt%) of

silver flakes, silicone Sylgard 186 (10:4) (Dow Corning) and AA respectively. The Ag
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flakes were dispersed in the silicone matrix using a combination of manual stirring and
ultra-sonication. Two strips of Kapton tape (Dupont) were applied onto pre-cleaned glass
slides. S-ECC was stencil printed, in-between the pieces of Kapton tape, onto the glass
slides. Following thermal cure at 170°C for 30 minutes, the bulk resistivity was measured
as described in appendix A. The morphological changes from treatment of Ag flakes with
AA at 150°C for 10 min and 30 min was imaged using LEO 1530 Scanning Electron
Microscope (SEM) (Carl Zeiss). Similarly, SEM cross-sections of the S-ECC with AA
concentrations varying from 0-5 wt% was imaged using SEM. Furthermore, modulated
differential scanning calorimetry (MDSC), on the Ag flakes treated with AA, at a heating
rate of 1°C/min, with a modulation amplitude of #1°C and a frequency of 10 seconds was

used to characterize the reaction between the Ag flakes and AA.

Mechanical characterization of S-ECC

A single strip of S-ECC was stencil printed between two strips of Kapton tape 4-
mils thick onto a Pyrex wafer. S-ECC strips were encapsulated in PDMS, Sylgard 184
(40:1) part A to B, by pouring degassed PDMS onto the wafer containing the S-ECC. The
thickness of the PDMS encapsulant was controlled by weight. Following silicone cure at
60°C lifted-off from was accomplished using a razor blade. Dog-bone tensile specimens
were cut using a razor blade, with dimensions in accordance with ASTM D412 standards.
The electrical response under tensile elongation was measured using a Keithley 2000 and
an Instron 5548 microtester. Resistance values were recorded at 250-ms intervals during
tensile elongation at an extension rate of 10 mm/sec, to a maximum elongation of 30%.

Cyclical electro-mechanical testing to tensile elongations of 30%, was measured. Finally,
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the electro-mechanical response of the S-ECC was measured until failure under tensile

load.

3.4.2 Results and discussion

Effect of AA on electrical properties of S-ECC

The high resistance of S-ECC results from minimal contact area between
conductive fillers and low tunneling rates. Increasing the conductivity of S-ECC is
possible by increasing the Ag filler loading past 80 wt%; however, at filler loadings >85
wt% mechanical properties of the composite deteriorate rapidly.

Low temperature sintering of silver nanoparticles with silver flakes is an effective
approach to reduce contact resistance between fillers. Gao et al. reported ECC with
resistivity of 7.5x10” Q-cm, by sintered silver nanoparticles at 150°C for 3 h [193]. By
synthesizing surfactant free Ag nanoparticles, Zhang et al. demonstrated ECC with
electrical resistivity of 4.8x10™ Q-cm can be prepared at 180°C for 1 h [126]. Through
surface functionalization of silver nanoparticles with diacids, resistivity of 5x10™ Q-cm
has been achieved [133]. Despite the high electrical conductivity achieved, using these
materials in real applications is difficult due to complexities with processing and high
cost. These difficulties result because composites formed with silver nanoparticles are:
expensive, complicated to produce, difficult to disperse and are hard to printing due to
their high viscosity [194]. Therefore, conventional techniques of nanoparticle sintering
are too difficult to process and to costly to be useful for low cost, printable S-ECC. We
describe a simple, cost-effective approach to prepare highly conductive polymer

composites using AA.
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Preparation of printable S-ECC requires that the conductive fillers be stabilized
by lubricants (typically fatty acid) to prevent the aggregation and to improve the
dispersion of the silver flakes in a polymer matrix [81]. These fatty acids assemble on the
surface of the silver flakes by forming a Ag salt [195]. The presence of these fatty acids
on the surface of the Ag flakes minimizes metallic contact between flakes. AA enhances
the conductivity of the S-ECC by reducing the silver salt, silver carboxylate, on the
surface of the silver flakes. The reduction of silver carboxylate has two roles in
enhancing the conductivity of the composite. First, the reduction process removes the
fatty acid surfactants, decreasing the tunneling barrier and increasing contact between
flakes. Secondly, the reduction process forms small nano/submicron-sized particles on
the surface of the silver flakes. These in-situ formed nano/submicron-sized particles have
a high surface energy and are not stabilized by surfactants. Thus these in-situ formed
particles are thermodynamically unstable. The thermodynamic instability of these in-situ
formed particles causes the particles to sinter at low temperatures (<150°C). The sintering
process reduces or eliminates contact resistance between flakes, enhancing the
conductivity and reliability of the S-ECC. S-ECC prepared with 2 wt% AA had a much
lower resistivity ~2x10* Q-cm, compared to the unmodified formulation which has a
resistivity of ~7x10* Q-cm. The affect of AA on the morphology of the Ag flakes can be
seen in Figure 32A-C. This figure shows the morphology and structure of the virgin Ag
flakes and after being treated with AA for 10 minutes and 30 minutes respectively. As
seen in Figure 32, the virgin flakes have a smooth surface morphology with definitive
edges. After treating with AA for 10 minutes, the surface of the flakes become rougher

and small circular offshoots can be seen on the edges of the flakes. With increasing
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treatment time to 30 minutes, these small offshoots merge, forming metallic bridges
connecting neighboring flakes together. These metallic bridges can be seen in Figure 32C
outlined by the grey triangle and squares. The presence of these metallic bridges
metallurgically interconnects the flakes, eliminating tunneling resistance and maximizing

contact area.

Figure 32. SEM image showing morphology of Ag flakes A. Virgin B. Treated at 150°C

for 10 min and C. Treated at 150°C for 30 min A.
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MDSC of virgin flakes (Figure 33A) indicates that the fatty acid surfactant started
to desorb from the surface at 147.75 °C, however at a very slow rate. The peak desorption
temperature was found to be 187°C. Furthermore, it was found that desorption completed
at temperatures >200°C. Extracting the reversible and non-reversible heat flow from the
MDSC signal, it was found that the desorption process is an irreversible process. This
makes sense since the surfactants decomposed following desorption. With the addition
of AA the onset temperature, peak temperature and completion temperature for the
desorption were downshifted to 110°C, 134.5°C and 140°C respectively (Figure 33B).
Both the peak structure and shape were the same for the virgin and AA treated flakes.
Furthermore, in the MDSC of the Ag with AA there is an endothermic peak at 192°C,
corresponding to the boiling of AA. From the MDSC it is evident that this peak is
reversible, however the peak corresponding to the surfactant desorption is irreversible.

These results conclusively show that the addition of AA facilitates the
decomposition of Ag salt associated with the bonding of fatty acids surfactants during
curing. The reduction of the Ag salts causes the formation of highly unstable
nanoparticles, which will readily sinter, increasing conductivity of S-ECCs. Thus the

addition of AA provides a simple solution to prepare highly conductive printable S-

ECCs.
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Figure 33. MDSC of A. Ag flakes B. Ag flakes with AA.

Mechanical characterization of S-ECC

Simultaneous tensile and electrical resistance measurements were measured as
described in the experimental methods. The results from these experiments are shown in
Figure 34. During the first trial the resistance of the S-ECC remained relatively constant
up to tensile strains of € = 0.3. However, following the first tensile experiment, the
tensile strain caused the anisotropic silver flakes to align. The strain induced
reorganization caused the resistance of the composite to increase. However, subsequent

tensile strains of € = 0.30 had no additional effect on the resistance. Thus, after the initial
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reorganization, the composite is insensitive to repeated tensile strains of 30%. Following
repeated tensile strains to 30%, the change in electro-mechanical response of the S-ECC
was measured as the sample was strained to failure. The tensile-electrical measurements
of the pre-strain, dog-bone specimen during strain to failure showed the resistance of the
S-ECC initially decreased and then increased until finally failing at a strain of € = 0.70.
It is worth noting that failure was initiated in the encapsulating PDMS and not the S-
ECC. Thus, it is likely that the composite itself could withstand tensile elongations of

greater than 70% without failing.

Resistance (Ohms)

Strain

Figure 34. Graph of simultaneous tensile electro-mechanical characterization of silicone

S-ECC. Inset: stress strain curve of dog bone tensile specimen [196].

We also manually tested the electro-mechanical response of the S-ECC under
compression and during bending. There was no significant change in the conductivity of
the S-ECC during repeated compression or bending.

Comparing this result to the 1% generation S-ECC (Figure 29) it appears that this

d . . . ..
2" generation material has worse electro-mechanical response; however, this is not the
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case. The lower measured resistance and worse electro-mechanical response was related
to variations in the preparation methods. For the tests conducted on the 1** generation S-
ECC the conductor was twice as thick (200 um) and prepared by inlaying the conductor
within a predefined inlay in PDMS. Furthermore, when preparing the mold in the 1%
generation material, we used a non-stoichiometric ratio of reactant. Thus in the mold
there was an excess concentration of hydride functional groups. This excess
concentration of hydride functional groups on long chain molecules would readily react
with the excess concentration of vinyl groups in the S-ECC formulation, leading to
improved adhesion and load transfer during elongation. The improved load transfer
creates a more uniform distribution of stress in the S-ECC, minimizing maximum local
strain. A third reason for the seemingly improved response of the 1* generation S-ECC
was caused by difficulties associated with printing the S-ECC onto the PDMS mold.
Because the printing process was difficult the surface morphology had large built in
geometry, which can accommodate strain. Thus the true strain in the material was much
less than the observed strain. On the other hand, the samples prepared for testing of the
2" generation material were prepared by an encapsulation and lift off process. In this
process, the S-ECC was cured first, resulting in a highly cross-linked material. This
material does contain excess reactive vinyl groups. Thus following encapsulation the
adhesion of the S-ECC to the PDMS encapsulant was not as strong as in the first
generation material. The S-ECC was weakly bonded to the PDMS encapsulant but could
easily be peeled off with a razor blade. This poor adhesion causes non-uniform stress
distribution, creating local regions of large strain during mechanical testing. These local,

high strain regions reduce the electrical and mechanical properties of the composite.
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Furthermore, because the S-ECC was printed onto a glass slide the resulting surface was
significantly smoother than the 1* generation samples. This smooth surface eliminated
surface geometry, which can provide a false representation of the true strain in the
composite. Finally, the process of transferring and encapsulation caused damage to the
samples. Many samples that were highly conductive prior to transfer were non-
conducting following transfer. For these reasons it is our belief that the 1% generation
material is not better performing than the 2™ generation material, but merely the
experimental methods used to test the 2" generation material provide a more accurate
representation of the true response of the material.

We hypothesize three approaches to improve the electro-mechanical response of
the S-ECC. First, by incorporating high aspect ratio conductive fillers like carbon
nanotubes and/or silver nanorods. A second method to improve the electro-mechanical
response of the S-ECC would be to improve adhesion between the PDMS-encapsulant
and the S-ECC to enhance load transfer and distribution. Finally, it is essential to improve

the encapsulation process such that the S-ECC is not damaged during transfer.
3.5 Stretchable 3D interconnects using S-ECC

Typical stretchable electronic devices have been confined to planar designs.
However, this designed limits the functionality and complexity of the devices which can
be fabricated. Recently, there have been two publications focusing on fabrication of
stretchable multilayer conductors but both have their limitation. The first approach,
published by Guo and DeWeerth showed that 3D interconnects could be formed on
PDMS through electro-beam deposition of Au onto PDMS [184]. However, their process

involves many expensive cleanroom processes and the reliability of their device under
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strain was excluded from publication. A second method, published by Niu et al. showed
how bilayer stacks of stretchable conductive composites could be interconnected through
the assembly of printed S-ECC photoresist [197]. However, their process again involved
expensive cleanroom processes and their S-ECC had a very high resistivity of 4x10™ Q-
cm [197]. Both these methods to prepare stretchable multilayer conductors show
potential, however new processing methods to fabricate highly conductive multilayer S-
ECC in a bench-top environment would increase the practicality of using this technology
in real devices. In the following section we show how to make 3D structures of our S-

ECC embedded in PDMS using only bench-top processes.

3.5.1 Fabrication of stretchable package

Three-dimensional stretchable packages were fabricated by spin coating
Poly(methyl methacrylate) (PMMA) (Lucite International) on Pyrex wafers (Figure 35B).
Strips of S-ECC were stencil printed in-between two pieces of Kapton tape 4-mil thick
(Figure 35C). Similarly, circles of S-ECC 8 mm in diameter and 4-mil thick were stencil
printed onto the PMMA coated Pyrex wafers using a micro-stencil (Mini Microstencil).
The spacing of the circular patterns and strips had equal gap spacing such that the strips
and the circular pattern could be aligned. These circular structures served as vias,
interconnecting adjacent layers of S-ECC. Following patterning and curing of the S-ECC
at 170 °C for 30 minutes, the S-ECC was encapsulated in PDMS (Figure 35D). The
thickness of the PDMS encapsulant was controlled by weight. Following lift-off in
acetone, the PDMS-encapsulated S-ECC was removed from the Pyrex wafer using a

razor blade (Figure 35E). Bonding between patterned layers of S-ECC was accomplished
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by depositing a small amount of uncured S-ECC on the surface of the printed circular
“vias” of S-ECC (Figure 35F). The PDMS-encapsulated S-ECC and the wafer containing
the circular “vias” were bonded at elevated pressure, at a temperature of 170°C for 30
minutes. Following curing of the S-ECC, PDMS was injected between the PDMS-
encapsulated S-ECC and the Pyrex wafer containing the circular “vias” using a syringe
(Figure 35G). The wafer was then degassed to remove air bubbles and the PDMS-
encapsulant was cured at 60°C for 1 hour. The two-layer assembly was lifted off from the
substrate in acetone (Figure 35H). This process was repeated alternating between the S-

ECC strips and circular vias. The final structure produced is shown artistically in Figure

36.
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Figure 35. Schematic illustration of technique to fabricate 3D structures of S-ECC [198].
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Figure 36. Schematic drawing of the fabricated 5-layer assembly of interconnected S-

ECC [198].

Electrical conductivity of the fabricated 3D interconnects was measured using the
four-wire method (Keithley Instruments). Cross-sectional images of the 3D interconnects
were obtained using a 3D confocal microscope (Olympus Corporation). Coefficient of
thermal expansion of the S-ECC and encapsulating PDMS was measured using a thermo-
mechanical analyzer Model Q400 (TA Instruments). Dimensional changes in samples ~1
mm thick were measured as the samples were heated from room temperature to 200 °C,

at a rate of 10°C/min using a thermo-mechanical analyzer Model Q400 (TA Instruments).

3.5.2 Results and discussion

We fabricated a 3-level assembly of encapsulated S-ECC as described in the
experimental methods. Electrical characterization of the stretchable 3D conductive
structures showed degradation with increasing levels of interconnection. The degradation
in electrical properties associated with increased interconnection is likely the result of
poor interconnection between layers or problems with the encapsulation process.
However, cross-sectional 3D confocal micrographs of the structures showed no visual

evidence of poor adhesion at the interface (Figure 37A). Because device failure is likely
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to happen at the interface between two adjacent layers, it would be advantageous to use a
different S-ECC formulation with improved adhesion and higher modulus such that the
load is not accommodated by strain at the interface. Use of a different S-ECC formulation
with improved adhesion could enhance the conductivity and reliability of the package.
Furthermore, to ensure that conductive paths on each level were isolated we took
cross-sectional images using a 3D confocal micrograph. We found no evidence of inter-
level connectivity other than at the vias. A representative cross-sectional image of the

isolated levels in the 3D conductive structure is shown in Figure 37B.

Figure 37. 3D confocal micrograph of A. Stretchable “via” like structures B. Electrically

isolated layers within the stretchable conductive 3D package [198].

We characterized the linear coefficient of thermal expansion (CTE) (ar) of both
the S-ECC and the encapsulating PDMS using Thermo-mechanical analysis (TMA). A

plot of the dimensional change as a function of temperature for the PDMS-encapsulant
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and the S-ECC is shown in Figure 38. Ideally, the CTE for both the S-ECC and the
encapsulating PDMS should be equivalent to minimize stress at the interface and to
prevent warpage. We found that the PDMS-encapsulant used had a high CTE of 506.6
um/(m °C). The S-ECC had a significantly lower CTE because it contains ~28 vol% Ag
flakes, with a CTE of ~18 pm/(m °C). Experimentally, we found the CTE of the S-ECC
to be 385.9 um/(m °C). Even though the mismatch between these materials is large, CTE
mismatch is less of a problem in stretchable electronics compared to rigid electronics,
because S-ECC and PDMS-encapsulant is compliant. Thus S-ECC can accommodate the
thermal-mechanical stresses. However, when preparing samples with a high areal density
of S-ECC, in a non-centrosymetric pattern, there was noticeable warpage of the layup
following successive thermal cycling. The warpage associated with the CTE mismatch
between the S-ECC and the PDMS-encapsulant will make alignment challenging,
especially as feature size is reduced. In future work, it is necessary that we tailor the CTE
of the PDMS-encapsulant to match the lower CTE of the S-ECC. This can easily be

accomplished through the incorporation of fillers into the S-ECC matrix.
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Figure 38. TMA of PDMS-encapsulate (sample size 1.161 mm) and stretchable

conductive composites (sample size 1.2817 mm) [198].

We showed a method to fabricate multilayer S-ECC using a through silicone via
methodology. Even though S-ECC is not ready for implementation in consumer devices,
we show a simple, bench-top approach to fabricate 3D stretchable electrically conductive
structures. This 3D stretchable package could be used to interconnect small discrete
electronic devices, allowing electronic devices to be produced on a stretchable platform.
Furthermore, this technology could be used succession with conventional microfluidic
fabrication techniques to fabricate stretchable, solution processable, organic electronics
allowing the fabrication of ultra-low cost stretchable electronics in a bench-top

environment.
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3.6 3" generation stretchable electrically conductive composites

In our 3" generation stretchable electrically conductive composite we abandoned
the use of commercial PDMS formulations. Nearly all-commercial PDMS formulations
contain inorganic fillers, which are used to increase the modulus and toughness of the
PDMS. However, these fillers interfere with conduction pathway. In the following
section we discuss formulation of a novel PDMS formulation ideal for use as a matrix for
S-ECC. Furthermore, we modify the encapsulation method to enhance the electrical-

mechanical response of the composite.

3.6.1 Formulation and characterization of PDMS matrix material

Obtaining virgin PDMS polymers from companies is challenging, most
companies refuse to provide virgin polymers because they are not readily available and
because it jeopardizes their intellectual property. Through negotiation with vendors we
were able to obtain a wide variety of hydride and vinyl gums and fluids. Table 9 and

Figure 39 shows the polymers that we were able to obtain for our formulations.
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Table 9. Table showing the silicone polymers acquired.

" Trade Name Company  Functional Group Degree of Functiomality Viscosity Molecular Weight
1200A Wacker Vinyl 1.3 wt% . ~110,00-120,000
V20,000 Wacker Vinyl 1.3 wt% 20,000 cst -48,000
V1000 Wacker Vinyl 26 wi% 1,000 cst ~18,000
DMS-H41 Gelest Hydride Terminated 10,000 cst -63,000
Poly(dimethylsiloxane), hydride terminated  Sigma-Aldrich Hydride Terminated 1,000 ¢St ~24,000
Poly(dimethylsiloxane), hydride terminated  Sigma-Aldrich Hydride Terminated - ~580
A1 M Platinum(0)- 1,3-divinyl-1,1,3,3-
tetramethyldisiloxane complex solution in ~ Sigma-Aldrich Pt Catlysz, Vinyl Terminated - ~24,000
vinyl terminated PDMS

A 1 B S =rs 'c,, |
CH it
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CH | \
\ | i i / Pt \/ i
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CH
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CH3 dn R"

Figure 39. Molecular structure of A. Vinyl functionalized PDMS B. Hydride

functionalized PDMS. C. Karstedt catalyst.

To quantify the properties of the PDMS matrix and resulting S-ECC a
combination of Fourier transform infrared spectroscopy (FTIR), thermal mechanical
analysis, differential scanning calorimetry, dynamic mechanical analysis, electrical

characterization and simultaneous electro-mechanical testing was used.

Fourier transform infrared spectroscopy (FTIR)

FTIR is a useful technique to semi-quantitatively characterize the presence of
specific functional groups. Table 10 shows the typical absorbance regions common in

siloxanes and alkyl polymers.
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Table 10. Typical absorption spectra for siloxanes and alkyl polymers [199].

__ Wavenumber (cm-1)

2975-2840
2975-2950
2930
2885-2865
2250-2100
985-800
1290-1240
~1410
890-740
1250-1220
1020-1000
970-945
1250-1175
3700-3200
1040-1020
955-830

Functional Group

C-H stretch

CH; Asymmetric stretching vibration
CH; absorption

Symmetric methylene group

SiH stretching vibration

SiH deformation

Si-CH; symmetric deformation vibration
Asymmetric CH3 vibration

Methyl rocking vibration
SI-CH,-CH;
-Si-CH,-CH;

-OH stretch

SiOH deformation vibration

Si-O stretch for silanol
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FTIR characterization of the polymers used was performed at ambient

temperature with a FTIR spectrometer (Nicolet, Magna IR 560) using transmission mode.

Figure 40 and Figure 41 show the FTIR spectra for the hydride terminated PDMS used.

These spectra both show peaks at ~2130 cm™ relating to the Si-H bond. The peaks

magnitude was stronger for the Sigma Aldrich PDMS because it has a shorter chain

length, thus it has a higher density of Si-H functional groups compared to DMS-H41.

This is because DMS-H41 has a much longer chain length than the Sigma Aldrich

PDMS.

Transmittance

Poly(dimethylsiloxane), Hydride Terminated 580 Mn

T v T v
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Wavenumber (cm ')

Figure 40. Sigma Aldrich (~580 Mn) hydride terminated PDMS.
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Figure 41. Gelest hydride terminated PDMS.

The FTIR spectra for the Wacker 1200A, vinyl functionalized PDMS, is shown in

Figure 42. In the spectrum it is difficult to locate the presence of the vinyl group in the

fingerprint region because it overlaps with other peaks. Thus the vinyl concentration

could not be used to quantify the crosslinking density.
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Figure 42. FTIR spectra of Wacker 1200A vinyl functionalized PDMS.
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Comparison of the uncured formulations FTIR spectra (Figure 43) to the cured
spectra (Figure 44) is difficult because the formulation used has a low crosslink density.
Thus, there are very few reactive groups to produce signal. Because the absorbance of
vinyl groups was indistinguishable, the hydride absorption peak was the only
spectroscopic method available to quantify the reaction. Following curing, the magnitude
of the hydride peak (~2130 cm™) decreases significantly, indicating hydrosilylation has
occurred. The FTIR of the cured PDMS still shows evidence of silicone-hydride
indicating that there is still unreacted hydride. This unreacted hydride is not the result of
an excess amount of hydride, but rather the result of vitrification. The formulation was
engineered to contain excess vinyl concentration to enable bonding during the transfer
process. To confirm an excess concentration of vinyl functional groups molar
concentration of hydride was increased 10 fold, and the resulting FTIR spectra was
indistinguishable from the spectra obtained from the formulation used. Furthermore, the

modulus of the composite increased.

Uncured PDMS Formulation
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Figure 43. FTIR Spectra of the uncured PDMS formulation.
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Figure 44. FTIR spectra of the cured PDMS formulation.

Thermal analysis of S-ECC

A combination of TMA, DSC and DMA were used to quantify the curing process,
mechanical properties and response of the S-ECC.

The coefficient of thermal expansion is typically one of the most important
parameters to quantify the reliability of electronic devices. Mismatches in CTE cause
internal stresses, which can lead to device failure. In S-ECC, mismatches in CTE are less
of a concern because internal stresses can be accommodated because the materials are
compliant. However, the CTE plays a critical role in determining the conductivity of the
composite. To obtain high conductivity requires that the S-ECC be cured in the expanded
state. Thus it is important that the CTE of the matrix material is large. Furthermore, CTE
of crosslinked polymers above their melting temperature provides a qualitative

determination of crosslink density. The CTE of the composite is important for two key
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reasons. First, it is important that the CTE of the composite is not too high because this
will cause the composite to expand too much during heating, resulting in a decrease in
particle contact and increase in resistivity. Secondly, if this technology is to be applied to
large area arrays or 3D S-ECC it is desirable to have a match between the CTE of the
composite and the encapsulant, to prevent warpage of the package and delamination of
the layers. CTE of the polymer matrix, S-ECC and encapsulant was determined using a
Q400 TMA (TA Instruments), equipped with a macro-expansion probe. The linear
dimensional change of the sample was measured while the sample was heated from 50°C
—300°C at a rate of 5°C/min. Graphs of the linear expansion of the matrix material, S-
ECC and encapsulant can be seen in Figure 45A-C respectively. From these figures the
linear CTE was found to be 781, 558 and 248 um/(m °C) for the matrix material, S-ECC
and encapsulant respectively. PDMS is notorious for having an extremely high CTE and
the matrix material used is no exception. The high CTE of the matrix produces a large
compressive stress on the composite following curing at elevated temperatures. This large
compressive stress results in a significant shrinkage in the S-ECC, enhancing the
conductivity of the composite. The CTE of the S-ECC is significantly lower than the
CTE of the polymer because of the inclusion of ~29 vol% of Ag flakes with a CTE of
~18.9 um/(m °C). The CTE of the composite is still relatively high, which might
contribute to a reduction in electrical performance at elevated temperatures. Finally, the
CTE of the encapsulant was found to be much lower than the S-ECC. The lower CTE of
the encapsulant is attributed to the high concentration of silica fillers used as tougheners

and the higher crosslinking density of the encapsulant compared to the matrix. Due to the
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large mismatch in CTE between the composite and the encapsulant, it will be important

to quantify the reliability of large area and 3D devices during thermal cycling.

A

Figure 45. TMA of A. S-ECC matrix. B. S-ECC. C. PDMS encapsulant.

DSC was used to determine the curing temperature of the S-ECC matrix. DSC of
the polymer matrix was conducted immediately after addition of the platinum catalyst.
The curing point was measured by heating the sample at a rate of 10°C/min to 250°C.

The resulting DSC plot is shown in Figure 46. From this experiment the reaction occurs

104



rapidly after reaching the onset temperature of 84.92°C. Typically hydrosilylation
reactions can occur at room temperature; however the reaction rate is slow. By
formulating the polymer such that curing does not occur until the melt is heated to
elevated temperatures allows the composite to cure in the expanded state, resulting in a
compressive stress upon cooling. This compressive stress increases the contact between
fillers, increasing the conductivity of the composite. Future work focusing on inhibition

of crosslinking reaction at low temperatures should result in increased conductivity of the

composite.
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Figure 46. DSC showing the curing temperature of the PDMS matrix.

DMA is extremely sensitive to transitions in crosslinked PDMS. DMA operates
by applying a sinusoidal stress or strain to a sample with a specific geometry. Because
polymeric materials have both elastic and viscous response there will be a phase lag
between the applied stress and the strain in the material. The frequency dependent stress
and strain can be expressed as described in Eq. 18 and 19 respectively, where o is the

frequency of strain oscillation, t is the time and 6 is phase lag between stress and strain.
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o = g, sin(tw + &) (18)
£ =g sin(tw) (19)

From these equations it is possible to deduce the storage modulus (E’) (Eq. 20)
and loss modulus (E”) (Eq. 21). The storage modulus is the energy stored due to elastic
deformation and the loss modulus is the energy lost due to heat dissipation. From the

storage modulus and loss modulus it is possible to define the phase angle tan(o) as shown

in Eq. 22.
Op
E'=—cos(6) (20)
€o
E" = @sin(c?) 2D
€o
tand = E"/E' (22)

A typical method for DMA consists of applying a strain at a single frequency
while heating or cooling. As the sample is heated the polymer undergoes a series of
transitions depending on its temperature, thermal-mechanical history and molecular
structure. Typically there are 4 commonly recognized transitions that are observed from
DMA of polymers. At extremely low temperatures polymer chains move only by local
motion, however upon heating polymers undergo a transition, where there motion has
increasing degrees of freedom associated with the ability of the bonds on the polymer
chain to bend and stretch. This v transition (T,) in DMA is recognized by a sharp
decrease in modulus. As the temperature continues to increase, the polymer’s free volume
increases to the point where side groups on the polymeric chain can start to move. This 8
transitions (Tg) appears similar to y transitions but occurs at higher temperatures. Finally
polymers exhibit a glass transition (T,), where the polymers undergo a transition from a
solid-like to a viscous response. Glass transitions can be distinguished by a dramatic

decrease in modulus. The decrease in modulus following a glass transition is significantly
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greater than the change in modulus following T, and Tp, and always occurs at higher
temperatures. Once passing through T, the modulus either reaches a rubbery plateau, if
the polymer is crosslinked, or the polymers modulus decreases rapidly upon reaching its
melting point. An idealized plot of common transitions found during DMA is shown in

Figure 47.
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Figure 47. Idealized plot of polymeric transitions in DMA during a temperature sweep

experiment at a constant oscillation frequency.

DMA provides two methods of quantifying the crosslink density of silicone. The
first method based on the theory of rubber elasticity; this model assumes a direct
correlation of the modulus of the polymer at T > T, and the molecular weight between
crosslinks. According to this theory, the density of crosslinks (p) can be defined by Eq.
23, where G’ is the shear storage modulus, R is the gas constant and T is the absolute

temperature at which the modulus is determined [200]. The glass transition temperature
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can also be used as an indicator of the crosslink density as shown in Eq. 24, where T, is
the glass transition temperature, Ty is the glass transition temperature of the resin, K is a
constant and M. is the molecular weight between crosslinks. However, this method is less
accurate because it requires knowledge of the glass transition temperature of the uncured
resin, which changes with formulation.

' ’

G E

_G_E (23)
P=RT 3RT

_ (24)
T - Tgo _ E

DMA of the cured S-ECC was conducted using a 2890 DMA (TA instruments)
using the film-tension mold. Specimens were prepared by printing strips of ECA 400 um
thick between two pieces of Kapton tape. Following printing, the S-ECC was easily
removed with a razor blade. Testing was conducted by initially cooling the composite to -
145°C at a rate of 2°C/min using the liquid nitrogen cooling system. Following cooling
the specimen was held isothermally for 15 minutes before heating to 50°C at a rate of
2°C/min. During this experiment the sample was oscillated at a constant frequency of 1
Hz. The resulting graph from the DMA experiment is shown in Figure 48. From this
graph there are two observed transitions. During cooling there are transitions at ~-62°C
and ~-140°C. Both these transitions look identical but can be distinguished by the
temperatures at which they occur. The transition at ~-140°C is likely the glass transition,
where the transition at -62°C likely corresponds to the melting/crystallization of the
polymer. During heating the same two transitions were observed. The difference in the
glass transition temperature was relatively small, a couple of degrees and was likely the

result of equipment imprecision. On the other hand, the melting/crystallization transition
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during heating was at ~-30°C, >30°C higher than observed during cooling. This
difference is related to requirement that the polymer be undercooled, to the point where

nuclei can form, for crystallization to proceed.

o

Termpecatre (°C)

Figure 48. DMA of S-ECC during cooling and heating.

Confirmation that this higher temperature transition corresponds to a melting /
crystallization transition was obtained using DSC (Figure 49). Upon cooling there is a
clear crystallization peak with an onset temperature of -65°C. The onset temperature
corresponds well with the first transition observed in DMA. This crystallization peak has
a corresponding melting peak, with an onset temperature of -47.39°C. The melting was
observed at a lower temperature than observed in DMA. A difference in observed
transition temperatures between different characterization methods is common. This

difference is due to differences in sensitivity of the technique to the transition of interest.
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Figure 49. DSC of silicone matrix crystallization.

For S-ECC the ability of the rubber to crystalize is essential for its performance.
During the stretching process, polymer chains will start to align. This alignment can
cause shear-induced crystallization. Since crystallization increases the modulus of the
composite, mechanically induced crystallization can be used as a method to evenly
distribute the strain through the composite. If a local region experiences a large strain,
shear induced crystallization will cause the modulus to increase locally. This increase in
local modulus will protect this region from further strain, as lower modulus regions will
accommodate the stress. An ideal S-ECC will undergo localized plastic deformation
during stretching. Provided there is sufficient adhesion to the encapsulating substrate, the
resulting plastic deformation creates surface geometry, which can accommodate repeated
strains without any further damage to the composite. Thus the shear induced
crystallization process plays an essential role in evenly distributing the strain, maximizing

stretchability and reliability.
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3.6.2 Scanning electron micrograph of S-ECC

Scanning electron micrographs were taken using a LEO 1530 SEM. These images
were used to visualize the particle dispersion, surface morphology and effect of applied
strain S-ECC structure. Figure S0A-B shows the top surface of the virgin S-ECC and the
top surface of the S-ECC modified with AA respectively. Looking at the two images,
both appear to be relatively homogeneous. The flakes appear to have no preferred
orientation. One key difference between the AA treated and virgin S-ECC is the
morphology of the composite. In the virgin S-ECC, the flakes are clearly visible and the
polymer tends to occupy channels between the flakes. On the other hand, in the AA
treated sample, the flakes are hardly visible. It appears that polymer wets the surface of
the flakes in the AA modified formulation. This observation is expected because AA, as
previously shown, removes the surfactant from the surface of the Ag flakes. Without
being stabilized by a surfactant, the Ag flakes have a very high surface energy, thus there
is a strong driving force for the silicone, with a low surface energy, to wet the surface of
the Ag flakes. Wetting of the surface of the flakes typically would be detrimental to the
electrical conductivity because it would interfere with the contact between fillers.
However, since contact and sintering occurs prior or simultaneously with the removal of
the surfactant, surface adsorption does not affect the electrical conductivity of the
composite. Furthermore, the addition of AA enhances the mechanical properties of the
composite because the increased wetting of the conductive fillers aids in stress
distribution. Proper stress distribution in composites is extremely important because it
reduces the number and magnitude of high stress regions, preventing premature failure of

the composite.
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Figure 50. SEM image of top surface morphology of A. S-ECC B. S-ECC with AA.

Figure 51 shows cross sectional images after the S-ECC was strained to 50%
5000 times. Figure 51 A-B show the cross-section of the strained composite parallel to the
tensile direction for virgin and AA treated formulations respectively. From these images
it is evident that the flakes start to align after repeated tensile strains. The Ag flakes
anisotropic shape and the resulting compressive stress, in the transverse direction, causes
the alignment of the Ag flakes, during tensile strain. As the flakes align and are
compressed, contact between the Ag flakes is increased, enabling stable or even enhanced
electrical conductivity during straining. Furthermore, as depicted in Figure 51A-B, the
degree of alignment is more pronounced for small highly anisotropic flakes compared to
larger uniformly shaped flakes. Figure 51C-D show cross-sectional images of the
stretched S-ECC in the direction perpendicular to the applied strain, for virgin and AA
treated flakes respectively. In these images there is no evidence of alignment or ordering
of the flakes. However, it is likely that the flakes have out of plane alignment but this

cannot be determined without taking serial crosssectional images.
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Figure 51. SEM cross-sectional images of S-ECC after 5,000 cycles to tensile strain of
50% A. Parallel to strain direction in virgin formulation. B. Parallel to tensile strain AA
treated flakes. C. Perpendicular to tensile strain virgin formulation. D. Perpendicular to

tensile strain AA treated.

Figure 52A shows the surface topography and the perpendicular cross section of
an S-ECC after being stretched 5000 times to 50% elongation. From this image alignment
on the top surface is evident, where the flakes in the perpendicular cross-section appear
randomly dispersed. Furthermore, the flakes on the top surface appear to be arranged in a
shingle like fashion, such that when stretching each flake slides on the surface of another.

This surface geometry aids in the material’s ability to stretch without deterioration of its
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electrical performance. Figure 52B shows the top surface of AA treated S-ECC while
being strained to 30%. In this image the polymer can be seen stretching around the silver
flakes. When stretching, the polymer forms striations in the composite. These striations
are caused by the stress associated with the polymer trying to compress the undeformable
Ag flakes. To relive some of this stress the flakes will rotate giving rise to the observed

anisotropic orientation.

Figure 52. SEM image showing A. surface topography and perpendicular cross section of
S-ECC after 5000 tensile elongations to 50%. B. Surface of AA treated S-ECC strained to

30%.

Another strange observation when looking at the SEM images of the virgin
formulation was that there was surface reconstruction of the Ag flakes, similar to when
AA was used (Figure 53). The observed surface reconstruction was modest in
comparison to samples treated with AA, but was still significant enough to enhance the
conductivity of the composite. It was found through DSC, that the hydride terminated
PDMS can reduce the silver salt, formed by the surfactant, at ~132°C, generating silver

nanoparticles. The reduction process in the presence of hydride terminated silicone
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occurs at a temperature halfway between the desorption temperature in the presence of

AA (~110°C) and the desorption temperature in air (~153°C).

Heat Flow (Wig)

Figure 53. Surface morphology of Ag flakes in virgin composite formulation.
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Figure 54. Reduction of surfactant by hydride-terminated silicone.
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Electrical properties of S-ECC

The bulk resistivity of the prepared S-ECC were characterized as described in
Appendix A. Initially, the effect of curing temperature on the bulk resistivity was
determined. It was found that the bulk resistivity was minimized by rapidly curing the
composite at 150°C. Curing at 150°C resulted in a composite with a bulk resistivity of
7.51x10” Q-cm. Curing at lower temperatures limited the expansion of the polymer prior
to curing, minimizing the resulting compressive stress upon cooling. On the other hand,
curing at temperatures greater than 150°C resulted in the composite curing too rapidly,
which prevented the fillers from establishing good contact prior to gelation. A plot of the

measured bulk resistivity as a function of curing temperature can be seen in Figure 55.
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Figure 55. Graph showing S-ECC resistivity as a function of curing temperature.

Unlike epoxy-based ECC, having the highest possible crosslinking density does
not result in improved mechanical and electrical properties in silicone S-ECC. In S-ECC

the crosslinking structure needs to be able to accommodate large strains, have high
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toughness and tear strength and support a highly conductive ECC. Thus it is not ideal to
have the maximum possible crosslinking density, because it will result in undesirable
mechanical properties. Figure 56 shows the electrical resistivity of the composites as a
function of crosslinking density. There is an observed trend that as cross-linking
increases the conductivity decreases. Actually, the opposite trend is observed: the
electrical conductivity tends to increase with decreasing crosslinking density. This
difference is related to the difference in the mechanism resulting in shrinkage. For
conventional ECC a majority of the shrinkage results directly from the crosslinking
reaction. However, hydrosilylation reactions are notorious for having minimal shrinkage
upon curing. Instead, when curing at elevated temperatures, PDMS will expand.
Following crosslinking and cooling the polymer chains will collapse giving rise to a
compressive stress on the composite. The magnitude of the collapse is directly correlated
to the molecular weight between crosslinks. Thus as the crosslinking density decreases
compressive stress on the composite increases. Formulation 98 had the lowest possible
crosslinking density while having sufficient modulus and abrasion resistance necessary
for real applications. The S-ECC prepared with AA showed uniformly lower resistivity
than the unmodified formulation. This decrease in resistivity was associated with a
change in the surface morphology, the formation of nanoparticles and sintering. Because
AA enables the sintering of neighboring flakes the effect of crosslinking density /
shrinkage was noticeably less significant than in the unmodified formulations. Moreover,
it was found that the efficacy of AA to enhance the conductivity in silicone S-ECC was
significantly less than in epoxy-based ECC. The reduced efficacy of AA in silicone-based

S-ECC is due to silicone-hydrides’ ability to catalyze the same chemical reaction as AA.
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Based on these observations, the formulation labeled 98 showed the best
electromechanical response and was the formulation used for the remainder of the

experiments.
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Figure 56. Electrical conductivity of S-ECC as a function of Relative vinyl concentration.
Black box plots are for virgin formulations and the blue boxplots are for AA treated

formulations.

Encapsulation and transfer of S-ECC

One of the most difficult challenges to prepare S-ECC was finding the proper
encapsulant. The ideal encapsulant has good elasticity, high toughness, tear strength,
excellent adhesion and transfer resolution. In previous experiments we used RTV-2 liquid
silicone rubbers as the encapsulant. However, these encapsulates do not provide
sufficient adhesion, even after modification of the vinyl-hydride ratio. By using a
peroxide cured silicone encapsulant, excellent adhesion between the silicone encapsulant

and the composite could be obtained. This improved adhesion is the result of increased

118



chemical crosslinking between vinyl groups in the encapsulant and excess vinyl groups in

the composite, without any competitive crosslinking reactions.

Electrical mechanical response of S-ECC

The electrical mechanical response of the electrically conductive composite was
determined by encapsulating conductive strips of S-ECC as previously described. Strips
of S-ECC 100 um thick encapsulated in PDMS 400 wm thick was cyclically strained to
50% tensile strain using an Instron 5548 microtester (Instron Corp.). Simultaneous
Electrical measurements were taken by attaching Ni foil to the surface of the S-ECC
between the clamps. The electrical resistance was measured at 150 ms intervals using a
Kiethley 2400 source meter using a four-point method. The graph shown in Figure 57,
shows the electrical resistivity when applying cyclical tensile strains to 50% elongation.
From this figure, it is observed that the electrical resistivity of the composite increases
slightly during the initial 10 percent of strain. However, after straining 10%, the electrical
resistance remains relatively constant. The electrical response showed some variance
between the elongation and recovery process. Prior to elongation the conductivity of the
composite was minimized, however upon stretching the resistivity of the composite
increased and then decreased. This increase in resistance is associated with the flakes
initially sliding. As the flakes slide on the surface the contact area between flakes is
reduced, increasing the resistivity. However, as the tensile strain increases the
compressive force on the composite in the transverse direction increases; this
compressive force increases the contact between flakes resulting in a higher conductivity.
Because the polymer matrix has a low crosslink density its response is more viscous than

elastic. The viscous nature of the composite results in a time dependent recovery process.
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Because the composite does not recover elastically, the compressive stress on the flakes
remains during recovery. This residual compressive stress causes the composite to have a
lower resistivity during recovery than elongation. However, upon returning to a stress
free state the resistivity of the composite increases slightly. This increase in resistivity in
the stress-free state is likely related to the reorientation of the flakes during straining and
the long recovery time needed for the flakes to reorient to their pre-strained
conformation. Despite these minute variations in the electrical response, these variations
are rather insignificant even after the composite has been strained 1000 times to 50%
elongation. The average resistivity value during tensile strains to 50% of ~5x10~ Q-cm is
an acceptable resistivity for many applications. Furthermore, this reported resistivity is a
significant underestimate. The actual electrical resistivity of the composite is significantly
lower than measured because the measured resistivity includes the resistance of the
connecting Ni foil and contact resistance between the Ni foil and the composite. The
sample measured using the four wire method prior to stretching had a bulk resistivity of
~4.42x10” Q-cm where after stretching 5000 times to 50% elongation the measured
resistivity decreased to ~2.6x10” Q-cm. This decrease in electrical resistivity is related to

the alignment of Ag flakes within the composite.
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Figure 57. Electrical resistivity during cyclical tensile elongations to 50%.

Following cyclical measurements to 50% elongation, the sample was stretched to
100% and 150% tensile elongation 5000 times in succession. The measured resistivity
after stretching to 100% elongation and 150% elongation 5000 times was found to be
~7.67x10™ and ~7.15x10™* Q-cm respectively. For all electrical-mechanical
measurements the strain rate was kept constant at a rate of 10 mm/min. Similar
experiments were conducted with S-ECC formulated with AA. Prior to stretching the
composite had a resistivity of 1.48x10™ Q-cm. The higher electrical resistivity found in
the AA treated sample was related to the increased difficulty of the transfer process with
the addition of AA. After 1000 tensile elongations to 150% the samples resistivity
increased to ~3.62x10™ Q-cm. This improved electrical conductivity following
mechanical deformation is likely related to the increased stress distribution and surface
roughness of the Ag flakes. Tensile strains to 150% were repeated to 5000 cycles. After

5000 cycles the electrical resistivity increased to ~5.9x10* Q-cm. The resistivity of the
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AA formulated S-ECC, stretched 5000 times to 150% elongation, showed better
performance than the virgin S-ECC, stretched 1000 times to 150%. Thus AA not only
increases the electrical conductivity of the S-ECC but also the electro-mechanical
response. Increasing the tensile strain to 200% for 5000 times resulted in a significant
increase in the electrical resistivity to ~3.99x107 Q-cm; however, even after strains of
200% the composite is still conductive enough to be used in many low power or low
frequency RF applications.

After mechanically stretching a virgin S-ECC at elongations >200% in multiple
directions the samples resistivity increased dramatically to 5x10~ Q-cm. However, after
aging the sample in an 85°C/85% RH accelerated aging environment the resistivity
continued to drop. After aging for 72 hours the resistivity of the composite returned to
1.04x10™* Q-cm. The recover of the electrical properties seen following aging is related to
the viscoelastic response of the polymer composite. By increasing the temperature of the
composite the recovery time is decreased. Additional aging of the composite, for a week,
showed no effect on the electrical conductivity of the composite. The conductivity as a

function of 85°C/85% RH aging duration is shown in Figure 58.
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Figure 58. Resistivity of stretchable conductive composite as a function of 85°C/85% RH

aging time after mechanical deformation to 150% elongation >5000 times and manually

applied biaxial strain to elongations >200%.

We compared the results of our S-ECC to the best results published in recent
literature. As shown in Table 11, the S-ECC produced performs better in all performance
parameters: conductivity, reliability and tensile performance than any of the S-ECC
published in literature. The one aspect where our material has not been quantified yet is
printability; however, given the viscosity of the composite formulation and our
experience with epoxy based ECC obtaining feature resolution of 250 wm should be

easily achievable with high throughput.
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Table 11. Comparison of performance of formulated S-ECC to published literature.

SWNT in Ionic liquid Elongation Conductivity ~Cycles Sample Dimensions
[187] (S/cm) Length  Width Thickness
25% 57 4000  N/A  N/A 200 um
38% 57 N/A
50% 57 500
70% 57 50
110% 57 1
134% 0.8 1
150% 0.1 1
~ Agand SWNT 0% 5710 N/A  10mm 5mm 140 um
[186] 20% 1510 >5000
120% 300 N/A
140% 20 N/A
 Jet-milled CNT 29% 102 1 N/A 100 um 50 to 1000 um
[188] 100% 102 1
118% 9.7 1
150% 0.1 1
 Unmodified S-ECC* 0% 23,809 NA  20mm  6mm 100 um
50% 38461 >5000
100% 1,303 >5000
150% 1,398 >5000
"~ AA modified S-ECC* 0% 6,756 NA 1lmm 45mm 100 um
150% 1,694  >5000
200% 250 >5000
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CHAPTER 4

STRETCHABLE RF DEVICES

The possibility of incorporating new functionality by designing flexible and
stretchable electronic devices has captured the interest of engineers. Rapidly growing
fields like radio frequency identification (RFID), wireless body area networks (WBAN),
and medical implantable devices often require robustness, flexibility, stretchability,
biocompatibility, comfort, and most importantly, ease of manufacturing and low cost.
Moreover, stretchable and flexible antennas provide a means of new attractive
applications for radio-frequency devices. Potential applications for stretchable RF devices
include: reconfigurable antennas, curvilinear antennas and wearable RF devices [201-
204]. Furthermore, the ability to stretch provides antennas with new functionality,
including: the ability to tune spectral response and “smart antennas” with beam-forming
and bending capabilities useful for security and surveillance systems[202, 203].

To date research on stretchable RF devices is extremely sparse. The only truly
stretchable RF devices in publication used microfluidic channels filled with liquid metal
(Gallium Indium Eutectic [GalnEu]) as the stretchable conductor. It has been shown that
using this approach it is possible to produce stretchable half wave dipole antennas and
inverted cone antennas [203-205]. Using liquid metal microfluidics to fabricate
stretchable RF devices is “low cost” and highly scalable'. However, stretchable liquid

metal RF devices have a few practical problems that prohibit their use in consumer

! Author claims low cost but cost but GaInEu is $4.50/g where Ag is only $1.16/g
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electronics. First, indium resources are scarce, thus the already high price of indium is
highly influenced by changes in demand. Secondly, GalnEu like other heavy metals is
toxic, prohibiting their use in any wearable application. More importantly there are two
fundamental materials properties that will prohibit the use of antennas formed with
GalnEu. First, GalnEu freezes at 15.5°C, well below -90°C, minimum operational
temperature typically required by consumer electronic devices. Secondly, GalnEu CTE is
extremely low, on the order of 10™*/°C. This is ~8 orders of magnitude lower than the
CTE of PDMS. This extremely large CTE mismatch will cause the microfluidic chamber
to explode or implode during thermal cycling. The following sections will discuss
fabrication and characterization of a stretchable microstrip line and antenna using S-ECC,
which has high impact toughness and a wide range of operational temperatures (-

120°C<T<275°C).
4.1 Fundamentals of microstrip lines

A microstrip line is a planar transmission line to transmit microwave frequency
signals. Microstip transmission lines consist of a conductive strip and backplane
separated by a dielectric. A drawing of a conventional transmission line, indicating the
important dimensional parameters and typical circuit diagram is shown in Figure 59A-B

respectively.
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Figure 59. Schematic drawing of a microstrip line.

Typically when a wave travels through a microstrip the fields exist in both the
microstrip itself and the air surrounding the microstrip line. Because of this the effective
dielectric constant (Kc) is slightly lower than the substrate’s dielectric constant.
Expressions for the determination of the K¢¢rcan be found in Appendix B. Typically
transmission lines are described in terms of their characteristic impedance (Zy). The
characteristic impedance is the resistance associated with the transmission of a wave
through an infinite, reflection free, lossless transmission line. Because characteristic
impedance is a measure of resistance its units are given in Q, but this has no correlation
to the DC electrical resistance of the microstrip line. Models to calculate characteristic
impedance tend to be highly complex, typically characteristic impedance is calculated
using a simulator.

Since materials used to transmit EM waves cannot transfer signal without loss, the
quality of a transmission line is inversely related to the loss during transmission.
Imperfect conductors and dielectrics, which give rise to power dissipation, lead to lossy
transmission lines. There are two types of loss associated with microstrip lines,
transmission loss (attenuation) and mismatch loss (reflection). The mismatch loss is not
considered real because it can ideally be tuned out to zero by proper design of the

matching network. Typically the propagation of the signal is described in terms of the

127



propagation constant (y), which is separated into two components, attenuation (o) and
phase (B) as shown in Eq. 25. The real portion a causes the signal amplitude to decrease
along the transmission line. Typically the loss is defined in terms of dB/length. The phase
constant § determines the sinusoidal amplitude and phase of the signal along the
transmission line at a given time. The phase constant is defined as f=2n/A
(degrees/length), where A is the wavelength. Knowing 3, a transmission line of length L
will have an electrical phase of BL degrees.

y=a+jp (25)

The amplitude of the wave frozen in time can be described by multiplying the
amplitude of the wave in a lossless transmission line cos 1 by the attenuation exp —al.
Typically the attenuation constant can be deconvoluted into four components: Loss due to
metal conductivity (o), loss due to dielectric loss tangent (ap), loss due to conductivity of
dielectric (0g) and loss due to radiation (or), such that the total attenuation can be
described as shown in Eq. 26.

a=ua,+ap+a;+ag (26)

At low frequencies, loss is dominated by the metallic component. Typically
metallic loss varies predominantly with \/7 . Metallic loss is complex, comprising more
than just the resistivity of the metal. The metallic loss is a function of the resistivity of the
metal, sheet resistance and geometry of the transmission line. Typically the metallic loss
is defined as the R’ component of the series resistance by the transmission line. To
determine R’ requires that the sheet resistance is known. However, the sheet resistance
cannot be simply determined from DC measurements, because of skin effects. The skin

effect is a phenomenon where at high frequency only portions of the metallic conductor is
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accessible to carry current. Thus, as the frequency increases, the effective cross-sectional
area of the conductor decreases. This decrease in the effective cross-sectional area causes

the resistance of the metal to increase as a function of frequency as shown in Eq. 27.
1/2
s
Rrrsy = <—fl;O#R> (27)

Rgrsy 1s typically given in units of €/00, to find R’ this needs to be converted to
Q/cm. This conversion is dependent on the geometry. Once the resistance value R’ is

known, a, can be determined as shown in Eq. 28.

= 8.686 R’ _dB
fe = S 2Z, meter

(28)

The dielectric loss tangent tan 6 is proportional to the frequency, thus at high
frequencies dielectric loss will cause greater attenuation than conductive loss, which is
proportional to the square root of frequency. The dielectric loss is commonly described as

shown in Eq. 29.

wC'Z, dB
2 meter

ap = 8.686tan (29)

The two remaining terms, conductivity of the dielectric and radiation loss,
typically are insignificant loss mechanisms and normally can be neglected. This is
because most dielectrics used are highly insulating thus there is minimal loss. Similarly,
radiation loss, loss generated as heat is relatively small thus typically it can also be
neglected.

Because coaxial cables are typically used for signal transmission obtaining the
maximum signal depends on the match between the characteristic impedance of the
microstrip line and the coaxial cable. A coaxial cable has a characteristic impedance

which is defined by the radius of the signal pin as well as the dielectric constant. Based
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on the dimensions of the cable the minimum loss, as a function of the characteristic
impedance can be determined. For a conventional cable, the minimum loss is typically at
an impedance of ~75 Q. However, it is also desirable to a have high power handling
density. The power handling density is also dependent on the characteristic impedance
and is typically maximized when the microstrip line has a characteristic impedance of 30
Q. Because of these two competing factors, 50 Q characteristic impedance has been

chosen as a standard for microstrip design and characterization.
4.2 Fabrication of stretchable microstrip line

Polymethylmethacrylate (PMMA) dissolved in anisole was spin coated onto a
bare silicon wafer. 3cm x 1.5 mm x 250 um (1 w h) lines of uncured conductive
composite were stencil printed using a flip-up microstencil (Mini Micro Stencil Inc.). The
composite used for the ground plane was screen-printed between two pieces of Kapton
tape 8 mils thick. The conductive composite (2" generation) was cured at 170°C for 30
min. Following curing of the conductive composite, uncured degased silicone was poured
on top of the Si wafer and was allowed to cure at room temperature for 24 hrs. The
thickness of the silicone encapsulation was controlled by weight. The PMMA was
dissolved in acetone and the silicone encapsulated conductive composite was removed
from the Si wafer using a razor blade. The ground plane was fabricated in a process
identical to the microstrip line. The conductive lines were cut using a razor blade and
bonded to a stretchable ground plane using a small amount of uncured silicone. After
curing for 24 hours, excess silicone was cut using a razor blade and the final microstrip

line was obtained. The fabrication process for the microstrip line is shown in Figure 60.
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Figure 60. Schematic diagram showing the process to fabricate stretchable microstrip line

[196].

The resulting microstrip line is shown in Figure 61, the highly elastomeric nature
of the composite material enables tensile strains of 100% to be accommodated without
any damage to the device. As shown in Figure 61, the resulting microstrip can be
stretched, bent, rolled and twisted. This flexibility in conformation and structure of the
microstrip line enables increased function and form factor. For example, the microstrip
line can be stretched to change it frequency response, be bent or twisted to change its

directionality and/or be integrated into conformably into curvilinear spaces.
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Figure 61. Photographs of microstrip line indicating its ability to flex, stretch and twist

[196].

4.3 RF characterization of stretchable microstrip line

The microstrip line S-parameters from 100 MHz to 6 GHz were measured with a
E8364B PNA Network Analyzer using a SOLT calibration. Connection to the
measurement system was established using 18 GHz SMA connectors. These connectors
were chosen because they matched perfectly to the dimension of the microstip line.
Perfect match of the connector dimension to the microstrip line is essential since it is
impossible to make connections with solder or other conductive adhesives.

The transmission line was measured in three different configurations: straight,
bent and twisted. The result in Figure 62, show little to no difference in the measured S-
parameters between these three conformations, indicating that the line performance is
unaltered by the bending and twisting of the line. The measured insertion loss at 6 GHz
was found to be ~0.1 dB/mm. However, full wave measurements in High Frequency

Structure Simulator (HFSS) using the extracted DC resistivity of 2x10-4 Q cm showed a

132



much lower insertion loss, of about 0.0166 dB/mm at 6 GHz. This discrepancy between
the simulated and experimental results can be attributed to two key factors. First, the
resistivity is expected to increase with frequency and the simulator only used the
measured DC conductivity. The secondly, this discrepancy is due to the poor contact
between the SMA connector and the microstrip line. Hence the actual S-parameters of the
transmission line is expected to be better than measured and closer to the simulated
values. The poor contact resistance is likely due to the small contact area between the
signal pin connector and the microstrip signal line. The poor contact between the SMA
connectors and the microstrip line was verified using the Keithley 2000 multimeter. The
DC resistance of the bare signal line was measured to be 0.2 . Measuring the resistance
through the SMA contacts resulted in a total resistance of 5 €2. This high contact
resistance results in parasitic mismatch, translating in increased losses during RF

measurement.
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Figure 62. S-parameter measurement results for different line configurations: B. Straight

C. Bent D. Twisted [196].

Due to the poor mechanical contact of the connector we were unable to quantify
the changes in S-parameters with lengthwise stretching of the line. However, data from
the electro-mechanical measurements (Figure 34) promises good and predictable results
in the RF regime during tensile elongations.

Following RF testing, cross-sections of the microstrip line was imaged using a 3D
confocal microscope (Olympus Corporation). An image of a cross-section is shown in
Figure 63. From the dimensions we confirmed that the fabricated microstrip line had a
close match to the desired 50 Q characteristic impedance. Furthermore, from this image
the features of the microstrip line are well defined and there is good adhesion between the

substrates of the ground plane and microstrip line.
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Figure 63. Cross-section of stretchable microstrip line after testing [196].

We are currently in the progress of testing our microstrip line with our 3

generation materials and expect significantly better results.
4.4 Fabrication of stretchable RF antenna

Creation of an antenna with materials that can bend, stretch and twist provides
added functionality, compared to mechanically rigid antennas. The ability to bend, stretch
and twist provides the possibility of dynamic reconfiguration, enabling frequency
response and directionality to be modulated in dynamic and controllable ways. Bowtie
antenna of S-ECC (3" generation) were screen printed onto Teflon and cured. The
antenna was designed to resonate at the Ultra High Frequency (UHF) frequency of 915
MHz. Following curing, the antenna was encapsulated in PDMS and cured. Image of the
printed antenna on Teflon and the PDMS packaged stretchable antenna is shown in
Figure 64. The antennas S-parameters from 100 MHz to 2 GHz were measured with a
E8364B PNA Network Analyzer using a SOLT calibration. Connection to the

measurement system was established using 18 GHz SMA connectors. Measurements
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were made while the antenna was supported on 4-inch thick foam with a dielectric

constant of 1.03.

Figure 64. Images showing A. Printed antenna on Teflon B. Stretchable antenna after

encapsulation.

The return loss (S;;) measurement of the stretchable antenna is shown in Figure
65. From this graph the antenna shows a strong resonance at 895.6 MHz. The observed
resonant frequency of 895.6 MHz is slightly lower than the design of 914 MHz, which is
partly caused by the increased path length associated with the conductor being a
composite not bulk metal. The antenna had a reasonable return loss of about -26.87 dB at
the resonant frequency. A return loss of about ~15 dB is sufficient for the antenna to

perform properly. Moreover, the antenna showed a 10 dB bandwidth of 12.85%..
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Figure 65. S11 measurements of fabricated unstrained antenna.

We did attempt to measure the antenna under strain however these experiments
were difficult. During strain, the resonant frequency tended to downshift to lower
resonance frequencies. This would be expected as the path-length of the antenna becomes
longer when strained. However, when straining the antenna, the return loss at the
resonant frequency decreased dramatically. This change is partly the result of interactions
between the sample and the conductive elements used to strain the sample, in our case a
person’s hand. We are currently designing a fully insulating mechanical stretcher to
mechanically modulate the dimensions of the sample without electrical interference. The

results of these experiments will be included in a future publication.
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CHAPTER S
SUMMARY, CONCLUSIONS AND FUTURE AREAS OF

INTEREST

The diminished returns on investment of research and development focusing on
reducing the size of transistors has caused the electronics industry to seek a new approach
to enhance the performance of electronic devices. The electronics industry has shifted
their focus from reducing the size of the transistor to redesigning the electronic package
to increase interconnectivity, parallel processing capabilities and form factor. A second
area of emphasis of the electronics packaging industry has focused on changing the way
electronics interact with their surroundings. Research has focused on redesigning the
electronic package so that electronic devices can directly interact with their environment
rather than through peripheral devices. However, to achieve new modes of interface
requires that the electronic devices have new ways to sense and respond to their
environment and interfaces. In this thesis, we developed a new electrically conductive
material which is mechanically compliant. This stretchable electrically conductive
material can serve as a flexible and stretchable platform for electronic and radio
frequency devices, enabling electronic devices to have coupled mechanical and electrical

response.

5.1 Summary of results

In Chapter 2 of this thesis, we show through proof of concept type experiments
that the conductivity of ECC is governed by the secondary charge transport (tunneling

and hopping), rather than through constriction resistance associated with poor contact
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between conductive fillers. This information provides a new perspective on how to
approach improving the conductivity of ECC.

In Chapter 3, we show three generations of silicone based S-ECC, each with
increasing performance. Throughout these generations of materials we learned the
importance of crosslinking density, curing temperature and adhesion to encapsulating
PDMS substrate. Furthermore, we show how the addition of AA can be used to reduce
Ag salt formed between the surfactants and the surface of the Ag flakes. The ability of
AA to reduce Ag salt on the surface of Ag flakes caused the formation and sintering of
nanoparticles, dramatically increasing conductivity of the S-ECC. Using the insight
gained from the development of the first two generations of S-ECC, we developed a S-
ECC with unprecedented electro-mechanical performance and reliability. The S-ECC
developed can withstand >5,000 cyclical tensile strains to 50% elongation while
maintaining a high conductivity of 38,461 S/cm. Finally in this section we show how this
material could be processed to produce stretchable 3D interconnected structures without
the need for any cleanroom or vacuum processes.

In Chapter 4, we utilize the S-ECC developed in Chapter 3 to fabricate stretchable
RF devices. We show that our materials and processes can easily be adapted to produce
stretchable microstip line and antennas. Characterization of our stretchable microstrip
line showed good performance up to 6 GHz, with a low insertion loss of 0.1 dB/mm.
Furthermore, it was found that our microstrip line performance was stable during bending
and twisting. Fabrication of an antenna designed to resonate at 915 MHz had a strong
resonance of 26.87 dB with a large bandwidth of 12.85%. However, this antenna

resonated at a slightly lower frequency of 895.6 MHz due partially to the increased path-
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length associated with the longer conduction pathway in composites compared to bulk

metals.

5.2 Future work

5.2.1 Understanding of the conduction mechanism in ECC

To gain further insight to the conduction mechanism in ECC there are many
future experiments which could provide fruitful results. First, since each mechanism of
charge transport has a distinguishable frequency response, high frequency conductivity
measurements could provide a useful method of deducing the predominate mechanism of
secondary charge transport. Similarly, the mechanism and rate of transport could be
experimentally simulated by measuring tunneling current through a thin polymer
interface, as a Ag flake modified conductive AFM tip approaches a surface under

potential.

5.2.2 Stretchable conductive composites

The unprecedented performance of our S-ECC enables many new applications
impossible with previous materials. For each of these individual applications the
formulation will have to be optimized to obtain the desired electro-mechanical response.
The remainder of this section will talk about some of the novel applications/areas of

interest for this material.
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Ultra-low stress large area interconnects

The electronics packaging industry has been working on maximizing die size and
interconnect density, but have been limited by the large internal stresses generated by the
CTE mismatch between the IC and the organic substrate. Decades worth of research has
focused on minimizing these internal stresses. The uses of stretchable interconnect and
underfill materials will decouple the IC from the organic substrate eliminating the
stresses associated with the CTE mismatch. However, currently the S-ECC has extremely
poor adhesion. Future formulations of S-ECC need to be developed to optimize
stretchability and adhesion. This could easily be accomplished by selectively
functionalizing the PDMS with epoxide groups. One simple method to achieve epoxy
functionality on PDMS resins is to react allyl glycidyl ether with hydride terminated
silicone in the presence of platinum.

Furthermore, it is desirable to surface mount active component and interconnect
them with the stretchable flexible package. However, if the S-ECC was to strain
underneath the surface mounted component it would likely cause failure at the interface.
To minimize strain beneath the surface mounted device, short chain hydride terminated
silicone could be inkjet printed in areas where devices are going to be connected.
Inclusion of addition short chain hydride-terminated silicone will increase the modulus

locally, minimizing strain in that region.

Inkjettable stretchable electrically conductive composite

To reduce cost, increase resolution and throughput it is desirable to inkjet print

S-ECC. However, the filler size is currently too large to be printed through a nozzle.
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Replacement of the large Ag flakes with Ag nanowires could enable inkjet printing of the

S-ECC.

Ultra low cost stretchable electrically conductive composite

The cost of Ag is too high for use in low cost consumer electronic devices. For
example, a back of the hand calculation to determine the cost of materials and fabrication
of the stretchable antenna we fabricated estimated its cost to be ~$3 per antenna.
However, the desired cost benchmark for mass market RFID is <5 cents per tag. One
method to reduce the cost of the antenna is to reduce the cost of the materials. By
replacing the Ag flakes with Ag coated copper flakes the cost to fabricate S-ECC devices
can be reduced significantly. However, if Ag coated copper is to be used more work
needs to be done to improve the passivation of the flakes, preventing the oxidation of the

copper.

5.3 Stretchable radio frequency devices

Since there have been extremely few publications on composites materials for
antennas or stretchable antennas many fundamental experiments need to be conducted.
First, because composites have complex conduction mechanisms and structures compared
to bulk metals, studies focusing on the propagation of EM waves through ECC is needed.
It is conceivable that the wave propagation through the composite will depend strongly
on the size, order, surface chemistry, and interconnectivity of the conductive fillers; as
well as the dielectric properties of the polymer matrix. The material response should also
have an atypical frequency dependence depending on all of the aforementioned

parameters.
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Similarly, there have been very few publications focusing on the RF properties of
stretchable RF devices during mechanical deformation. Future work focusing on creative
architectures should enable unique and controlled frequency response and directivity
during mechanical deformation. Future work should emphasize how mechanical
deformation of stretchable RF devices can be used to create reconfigurable and

directional RF devices simplistically.

5.4 Concluding remarks

Composite materials, because of their ability to achieve tunable material
properties impossible with a single material, will become increasingly important in
electronic packaging. We utilize these unique attributes of composite materials to make
highly conductive stretchable conductors. The unprecedented performance achieved with
our material enables new applications impossible prior. We showed how using these
materials we can fabricate stretchable RF devices simply with extremely good
performance. However, the work presented here is just the proof of concept. The material
developed has a plethora of applications currently unexplored. Future developments of
this material and processes will enable the fabrication of a wide variety of stretchable
electronic, radio frequency and sensory devices currently impossible with current

materials and processes.
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APPENDIX A

MEASUREMENT OF BULK RESISTIVITY

Bulk resistivity was determined by initially measuring the bulk resistance using a
Keithley 2000 (Keithley Instruments Inc.) multimeter, four wire method. The four wire
method eliminated any contact resistance by measuring the voltage across a region where
current is applied. Since no current flows through the contacts used to measure the
voltage, there is no resistance associated with these contacts. The width and length of the
specimen was measured using a digital caliper (VWR). The thickness of the sample was
measured by Heidenhain (thickness measuring equipment, ND 281B, Germany). The
bulk resistivity was calculated using Equation 1 where 1, w and t is the length, width and

thickness respectively:

IXw

= x 30
p 7 (30)

APPENDIX B
DETERMINATION OF EFFECTIVE DIELECTRIC CONSTANT

FOR A MICROSTRIP TRANSMISSION LINE

Based on the equation proposed by Hamerstad and Jensen, the effective dielectric
constant can be described as shown in Eq. 31. It has been found that this model is better

than 0.2% accurate when £<128 and 0.01<W/h<100.

&+1 g -1 AN
cog W, ) = L B (1+10W) G1)
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Where: v =W /A

a() = 1 +—=1In <v4 " WSZ)Z) + 1;.7ln (1+ (%)3 (32)

49 vt +0.432
£, — 0.010053 (33)
& +3 >

b(e,) = O.564<

However, this equation fails when there is a non-zero strip thickness, to adjust for

this a correction factor must be used.

t 4e
AW, = —In[ 1+ (34)
'm %coth2 V6.517W
1
AW, = EAW1(1 + sech /¢, — 1) (35)
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