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Abstract

Flexible hybrid electronics combine the power and performance of conventional integrated circuits with
the large area, lower cost, and mechanical flexibility of printed, flexible electronics. To mount rigid,
discrete components on printed, flexible circuits, a conductive, flexible, and mechanically binding
interconnect is required. The high processing temperature of solder, the gold standard for conventional
electronics, is not compatible with mechanically flexible substrates such as plastics, textiles, and paper.
Furthermore, solder is brittle and lead-based solders are slowly being phased out due to new
environmental regulations. Electrically conductive adhesives (ECAs) are one of the most promising
alternatives to solder for flexible hybrid electronics since their low processing temperatures are
compatible with flexible substrates. However, ECAs are brittle and their resistance greatly increases
upon repeated strain, which is not ideal for bendable devices. And although they exhibit excellent

conductivity, it is still not as high as solder.

Silver microflakes are the most commonly used conductive filler in ECAs, however, the flakes lose
contact with each other under mechanical strain. In this work, silver nanowires are added to microflake
ECAs as an auxiliary filler to improve the flexibility and conductivity of the ECA. The silver nanowires
bridge neighbouring microflakes improving the conductivity, and the long reach and flexibility of the
nanowires can maintain an electrical connection under strain. The fabrication procedure, as well as the

concentration and dimensions of the nanowires, are studied and optimized for flexible ECAs.

Ultrasonication is one of the most popular mixing methods for ECAs but it is found in this work that
the nanowire-containing ECA is sensitive to the duration. During the initial phases, up to 10 min., the
sonication works to disperse the conductive fillers in the epoxy resin, which is beneficial, while beyond
10 min. the sonication damages the nanowires, degrading their performance. The next parameter of
interest was the nanowire to microflake ratio for a fixed silver content. If too little nanowires are added,
the ECA underperforms, and if too many nanowires are added, they agglomerate on the surface of the
microflakes. It was found that the optimal nanowire to microflake ratio for long and thin nanowires was
1:5, and 1:4 for short and thick ones. Lastly, it was found that the longest and thickest nanowires show
the most improvement in the electrical and mechanical properties of the ECAs as their larger diameter
makes them more resilient to damage and their long reach helps keeps the network in contact when

stretched.
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By narrowing in on the steps and parameters relevant to nanowires, resistivities as low as 3.9 x 10
Q-cm are achieved, compared to 1.9 x 107 Q-cm for the baseline flake-only ECA. After 100 cycles to
30% strain, the resistance of the hybrid nanowire/microflake ECA increased only 9.8x, compared to
25x for the flake-only ECA. The hybrid ECA demonstrated a higher maximum elongation of 120%
compared to 75% for the flake-only ECA. Meanwhile, a commercial ECA broke while being strained
to 30%. Shorter and thicker nanowires showed better shear strengths than longer and thinner nanowires,
but the shear strength of all the hybrid ECAs was lower than the flake-only ECAs. However, it is
demonstrated the strength is still sufficient in a real-world device by integrating a light emitting diode
on a flexible substrate using the ECA. The device using the pure flake ECA broke after 256 cycles to
20% strain, while the device using the hybrid ECA showed no change in intensity after 500 cycles.
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Chapter 1

Introduction

1.1 Printed Flexible Electronics

1.1.1 Overview

Printed, flexible electronics are revolutionizing the way we interact with technology allowing devices
to conform to and move with the surface they are mounted on. From foldable phones to wearable health
monitoring devices and rollable solar cells, they are opening new, diverse applications for electronics.
Compared to conventional printed circuit boards (PCBs), which use a subtractive manufacturing
process where the conductive traces are etched from a copper plated board, printed, flexible electronics
are manufactured through an additive process, i.e., printing. Different printing methods, such as aerosol
jet, inkjet, and screen printing, are used to deposit functional inks on paper, textiles, and plastics such
as polyethylene terephthalate (PET), polyethylene naphthalate (PEN), and thermoplastic polyurethane
(TPU). Compared to conventional electronics, printed, flexible electronics offer numerous advantages
including a lower cost, larger areas, higher fabrication throughput, decreased prototype turnaround time

and a conformable form factor.

The global flexible electronics market is expected to reach $25 billion USD by 2026 with an
compound annual growth rate (CAGR) of 18% [1]. One of the fastest growing sectors of the printed,
flexible electronics market is smart textiles, also known as electronic textiles or e-textiles, which is
expected to reach $5.55 billion USD by 2025 with a CAGR of 30% [2]. The growth is driven by
increased interest in wearable technology and a growing number of applications, especially in
healthcare. Growth in the related smartphone market has accelerated smart textile market growth by

enabling numerous applications such as personal health monitoring.

1.1.2 Printed Flexible Hybrid Electronics

While printed, flexible electronics offer many advantages, their performance cannot compete with
certain conventional electronic devices such as silicon integrated circuits (ICs). Printed flexible hybrid
electronics (FHESs) integrate the flexibility, low cost and large areas of printed, flexible electronics with
the high performance and low power consumption of conventional (opto)electronics devices such as
microcontrollers, analog-to-digital convertors, and light-emitting diode (LEDs) [3]. A typical

composition of an FHE setup is shown schematically in Figure 1-1a). Conductive traces, usually made
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from silver ink, are printed on a flexible substrate, and discrete, rigid components such as microchips
are mounted over top. An encapsulating layer protects the printed circuit from environmental factors,
such as humidity and physical abrasion. Because the mounted devices are small in comparison to the
entire circuit, the larger hybrid device can still bend and stretch as most of the strain is incurred by the
substrate and printed, flexible conductive traces. In some cases, the FHEs can be further designed to

keep the rigid components away from joints and other mechanically active areas.

@ conductive adhesive
& 7 encapsulant
«  conductive ink

. Plastic substrate

Figure 1-1: a) Typical composition of flexible hybrid electronics. It consists of printed traces on a flexible
substrate, with rigid device components mounted on top. b) A printed, flexible circuit trace damaged by
the high temperature required to deposit solder.

The rigid components require an electrical and mechanical connection to the printed conductive
traces. Solder is the gold standard for mounting components onto a conventional PCB, but it has a high
processing temperature: 204 °C for tin-lead (Sn-Pb) solder [3]. This temperature is too high for the vast
majority of flexible substrates. An attempt at depositing solder on an in-house circuit trace printed on
TPU and laminated onto a fabric is shown in Figure 1-1b), demonstrating that both the conductive line
and the substrate are damaged. Furthermore, solder is brittle and thus cracks upon bending and
stretching, compromising, and sometimes severing both the adhesive and electrical connection. It also
does not adhere properly to plastic substrates, and new environmental regulations are limiting the use

of lead-based solders [4].

1.1.3 E-textiles

E-textiles are FHESs integrated onto textiles. Devices can be integrated into clothing, furniture, bedding,
vehicle interiors among many other possibilities, and the devices range from sensors [5]-[8] and
displays [9]-[11] to nanogenerators [12]-[14] and photovoltaics [15]-[17]. As we are in contact with

textiles the vast majority of the day, the seamless integration of devices onto those textiles is of growing
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interest for applications in the internet of things, health and home care, fitness tracking, defense,
automotive, construction, food packaging and fashion. For instance, pressure sensors integrated directly

into the sheets of a bed could help immobile patients from developing bed sores [18].

One approach to e-textile fabrication is to weave conductive yarn into fabric, however the differing
mechanical properties of conductive yarn (increased stiffness, brittleness, etc.) compared to regular
yarn makes it difficult to work with and unpleasant for the end user. The more prevalent method used
by industry is to instead apply the techniques of printed flexible electronics to deposit electronics on
the surface of fabric. This allows the separation of the technology layer from the textile layer, which
allows the device integration to occur outside of the textile manufacturing facility. Typically, FHEs are

printed on a thermoplastic polyurethane (TPU) substrate, which is then heat laminated onto a textile.

Currently, one of the main limitations of e-textiles, as with the broader area of FHEs, is the lack of a
conductive, flexible, mechanically-binding interconnect. Electrical connections, with mechanical
strength and flexibility, are required between the printed conductive traces and microcontrollers,
batteries, etc. Similar to conventional electronics, access to a conductive interconnect would enable
modularity in e-textiles and FHEs — different components could be printed separately, potentially using
incompatible processes, and then brought together at the end during an assembly step. As
aforementioned, solder has been applied with limited success due to it is high processing temperature,
brittleness, and poor adhesion to flexible substrates. An ideal e-textile interconnect would be
conductive, flexible, durable, and printable. Various options have been explored to fulfill these
requirements with some of the earliest being mechanical methods, such embroidery, i.e. sewing on
components using a conductive thread [19], crimping [20] and poppers (snaps) [21], [22]. Despite the
excellent strength of the connection, embroidery suffers from the limitations of conductive threads:
they are stiff, difficult to work with and add extra steps to fabrication. Likewise, crimping and poppers
offer excellent mechanical strength, but are rigid and require modification of the components being
mounted. For instance, one end of the snap must be attached to the component being mounted on the

e-textile.
1.2 Electronically Conductive Adhesives

1.2.1 Background

Electrically conductive adhesives, or ECAs, are one of the most promising technologies for conductive,
flexible mechanical connections that would help overcome the limitations of the techniques described

3



thus far (i.e. solder, textile snaps, etc.). They have a low processing temperature, adhere to a wide range
of substrates, require fewer processing steps and can be mechanically flexible. An ECA is a material
that mechanically bonds two other materials and creates an electrical pathway between them. It consists
of a polymer matrix, which defines the mechanical properties, and a conductive filler, which defines
the electrical properties. Additional additives may be added to modify the final properties of the ECA.
There is a tradeoff between the mechanical and electrical properties — as more conductive filler is added
to improve the electrical properties, the mechanical properties degrade. The composition of a typical

ECA is shown in Figure 1-2.

network of conductive fillers

conductive filler

&
”
\, FCA Q polymer matrix
7
< <

conductive pad (printed
trace, device, etc...)

Figure 1-2: The typical composition of an electrically conductive adhesive (ECA).

Commercially, ECAs are available worldwide from several companies including DuPont, Henkel,
MG Chemicals, Atom Adhesives and Master Bond, among others. In industry, they are predominantly
used for lead frame die attachment and backplane attachment in solar cells. Commercially available
ECAs are predominantly epoxy-based and use silver microflakes (AgMfs) as their conductive filler.
Silver is used as it is the most conductive metal and relatively stable in air compared to other metals.
The main limitations preventing the widespread use of ECAs in printed, flexible electronics include

poor mechanical properties [23]-[25] and lower-than-desired conductivity [23] and adhesion strength.

1.2.2 Polymer Matrix

The choice of the material for the polymer matrix depends on the desired mechanical properties of the
composite, with epoxy resins [26]-[28], polyurethanes [28], [29] and silicones [30], [31] being popular
choices. Broadly, the polymer matrix can be classified as thermoplastic or thermoset depending on
whether the curing reaction is reversible or not, respectively. Thermoplastics are cured through cooling

and due to the reversibility of the curing, thermoplastic based ECAs are reworkable, like solder [32].
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This means that if a component is damaged, or a connection was not established, the circuit can be
easily repaired by reheating, i.e. softening, the ECA. On the other hand, thermosets are cured through
a reaction with a curing agent, often referred to as a hardener. With the help of catalysts, thermosets
may even be cured at room temperature. During curing, a three-dimensional cross-linked structure is
created, which results in shrinkage of the matrix. This applies a compressive force on the conductive
filler reducing the resistance of thermoset based ECAs [33], [34]. Thermosets also offer better heat and

chemical resistance and adhesion strength than thermoplastics.

One of the most common choices for an epoxy-based ECA is the epoxy resin bisphenol A diglycidyl
ether, also known as D.E.R. ™ 332 BADGE or DGEBA [28], [35]-[37]. It is a thermosetting resin
cured with triethylenetetramine, TETA. DGEBA-based epoxies exhibit many favorable properties for
the polymer matrix of an ECA including high moisture resistance, good heat and chemical resistance,
low viscosity, and good mechanical properties [38]. Good moisture, chemical and heat resistance is
especially important for ECAs aimed at e-textiles as the garment will be exposed to sweat from the user

and laundry detergent and abrasive forces during washing.

1.2.3 Conductive Filler

The other main component of an ECA is the conductive filler which creates the electrical connection
between the components joined by it. Ideally, the conductive filler would have a high conductivity to
facilitate the transfer of electrons and be able to maintain that conductivity with repeated
bending/stretching. The size, shape and nature of the material all influence its conductivity and viability
as a conductive filler. Further, the conductive filler should not hinder the mechanical properties of the

polymer matrix by requiring a high fill fraction.

1.2.3.1 Conductivity Mechanisms

The conductive pathway through the insulating matrix is created through percolation - a conductive
network formed by conductive fillers in contact - and tunneling mechanisms [27]. Percolation theory
states that a conductive pathway through an insulating material will be achieved once the amount of
randomly distributed filler surpasses a critical value, called the percolation threshold. The percolation
threshold depends on the size, shape, and agglomeration of the filler. Higher aspect ratio structures,
such as nanorods, nanotubes and nanowires, will have a lower percolation threshold than lower aspect
ratio structures, such as microflakes and nanoparticles [39], as demonstrated in Figure 1-3. This means

that less conductive filler is required to achieve conductivity. Below the percolation threshold, there
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may be localized conductive networks, but the conductivity of the composite will be low or negligible.
There may be some conductivity as electrons may hop between neighbouring conductive fillers through
tunneling. If the electron has enough energy, it may overcome the potential barrier, and hop from one
conductive filler to the next, even if the fillers are not in contact. The likelihood of an electron tunneling
between fillers depends on the distance between them. Even if two fillers are in contact, the electron
may have to tunnel through thin, insulating films present on the surface of the fillers. Once the fill
fraction of the conductive filler reaches the percolation threshold, the conductivity rapidly increases as
there is a continuous conducting pathway throughout the composite. A typical conductivity profile for
a composite around the percolation threshold is shown in Figure 1-4. When the conductive filler reaches
the percolation threshold, the conductivity of the composite increases by approximately twelve orders
of magnitude. Adding more filler beyond this point has less of an impact on the conductivity and

primarily serves to increase the robustness of the system.
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Figure 1-3: The percolation threshold dependence on the aspect ratio of the conductive filler. a) Silver
microflakes have a low aspect ratio and require a high fill fraction to create a continuous conductive
network through the matrix. b) Higher aspect ratio structures require a lower fill fraction.



B Polpol Elclroless M
®  Elgcfrochemical daposition NS
Particles ¢ = 100 nmi

a, (S.m")
=t
=

TR Ty g Ty iy vy Ty vy ey vy Ny Ty ey vy ey vy

L i L i 1 i i i i i L i L L

D‘Z 4 B ] 10 12 14I1BI1B
Volume fraction of Ag (%)

Figure 1-4: The percolation threshold of three different silver nanofillers in a P(VDF-TrFE) matrix, from
[40] (NWs = nanowires). (Reprinted with permission from Elsevier).

From the conductivity mechanisms, the resistance of an ECA can be defined as:
Rgca =Re+ Ry (1)

where Rgcy is the overall resistance of the ECA, Ry, also referred to as Rp, is the bulk resistance of the
conductive filler and Ry is the contact resistance between fillers [41]. The resistance of the filler
material, R, is usually negligible compared to the resistance between conductive filler particles, R,

The contact resistance can be defined as:
Ref=R¢ + R¢ 2

where R.is the constriction resistance and R; is the tunneling resistance [42]. The three sources of
resistance in a conductive composite are illustrated in Figure 1-5. The constriction resistance is due to
the flow of electrons being confined to a smaller contact area when travelling from one conductive filler

to the next. It is dependant on the diameter of the contact area:

R, = % 3)

where p. is the intrinsic filler resistivity and d is the diameter of the contact spot [27]. The constriction
resistance can be minimized by increasing the contact area, and sintering [43]. In ECAs, the sintering
of the conductive filler and the curing of the polymer matrix are accomplished during the same step.
The tunneling resistance, R;, represents the probability of an electron tunneling between neighbouring
conductive fillers and depends on the distance between neighbouring fillers and the properties of the

organic, insulating film, e.g. the polymer matrix and any remnant organic films on the conductive filler
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formed during their fabrication [42]. Assuming a uniform, fixed insulating film thickness between

conductive fillers, the tunneling resistance can be defined as:

Pt 4)
Ri=—
t A,

where p; is the tunneling resistivity and A. is the contact area [44].
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Figure 1-5: The three sources of resistance in a conductive composite, where Rj is the bulk resistance of the
conductive filler, R. is the constriction resistance and R is the tunneling resistance.

1.2.4 Alternate Conductive Fillers

Silver microflakes, as the name suggests, are micron-sized (~10 um) flakes with thicknesses of a few
hundred nanometers [45]. While they exhibit favourable electrical properties and are relatively low
cost, networks of AgMfs are brittle, and the flakes lose contact with each other under mechanical strain.
As will be shown in Chapter 2, commercial ECAs, which as mentioned above use AgMfs as the
conductive filler, break and lose conductivity when subject to mechanical strain. They are thus not
appropriate for use in FHE applications. Furthermore, as illustrated in Figure 1-3, the shape of flakes
results in a high percolation threshold, which necessitates high concentrations to achieve conductivity.
There is a trade-off with the filler concentration used. If it is too high, there is too little polymer
adhesive, which results in poor adhesion strength. If it is too low, conductivity suffers. Some mid-point
needs to be used and as such, both the adhesion strength and conductivity are lower than ideal.
Conductivity also suffers because flakes do not sinter as well as nano-sized structures at the

temperatures compatible with flexible substrates.

Due to the limitations of AgM{s, other nanostructures are being considered as conductive fillers for

ECA:s.



1.2.4.1 Carbon Nanotubes

Many studies have considered carbon nanotubes (CNTs) as a conductive filler in ECAs. They have
excellent mechanically properties, being approximately 10 — 100 times stronger than steel at a fraction
of the weight [46]. Also, due to their high aspect ratio, CNTs have a low percolation threshold, which
allows them to achieve conductivity at a low fill fraction. Percolation thresholds below 1 wt% have
been demonstrated experimentally [47], [48]. This allows for the use of more polymer adhesive and
indeed, low fill fractions of CNTs have been shown to increase the adhesion strength of CNT-based

ECAs [26].

However, CNT-based ECAs do not address the conductivity concerns of ECAs as they are not able
to achieve as high of a conductivity as AgMf-based ECAs. Although the bulk resistivity of CNTs can
be much lower than other materials, [26] unlike metallic fillers, CNTs cannot be sintered to reduce the
junction resistance between CNTs. As such, the resistance of their networks is high. The lowest reported
resistivity of pure CNT-based ECAs in literature is approximately 8.33 Q-cm [23] while the resistivity
of AgMfECAs is on the order of 10 Q-cm [23], [27], [49] and the resistivity of solder is approximately
2 x 10° Q-cm [50]. Moreover, the fabrication of CNTs results in metallic and semiconducting CNTs,
which are difficult to separate. Semiconducting CNTs are much less conductive than metallic ones and

therefore, contribute little to the conductivity of the ECA.

1.2.4.2 Silver Micro- and Nanostructures

Different morphologies of silver have been investigated for their viability as a conductive filler for
ECA:s. Silver nanoparticles (AgNPs) were one of the first alternatives to AgMfs explored. While AgNPs
do exhibit a lower percolation threshold than AgMfs [51], they cannot achieve as low of a resistivity
due to the increased number of contacts and the smaller size of these contacts [35], [52]. The high
number and smaller area of contacts may also make it more difficult for AgNP-based ECAs to maintain
an electrical connection under mechanical strain. Another morphology of interest are silver hexagonal
microsheets, which have a similar size and shape to AgMfs, but are smoother and straighter. This
smooth surface allows them to achieve better contact with each other. Silver microsheet-based ECAs
have demonstrated a bulk resistivity on the same order of magnitude as solder, 8 x 10° Q-cm [53].
However, like AgMfs, they require a high fill fraction to achieve good conductivity. Silver
microdendrites, which are a three-dimensional, branched microstructures, show a lot of potential as a
conductive filler. They can achieve similar conductivities to AgMfs at a lower fill fraction. Due to their

nanosized branches, they can be sintered at lower temperatures, as low as 80 °C, and their three-
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dimensional structure may potentially maintain a better electrical connection under mechanical strain
[54]. However, there is still a lot of work to be done before the synthesis of silver microdendrites is
industry ready. Silver microdendrites also have a higher percolation threshold than other silver

nanostructures.

1.3 Silver Nanowire ECAs

Silver nanowires (AgNWs) are one of the most promising conductive filler materials for ECAs due to
their excellent mechanical and electrical properties. Nanowires are cylindrical-shaped nanostructures
with typical diameters between 30 — 100 nm and lengths up to 200 um. Because they are crystalline,
the conductivity of AgNWs, ~0.8 x 10° S/cm, is comparable to the conductivity of bulk silver, 6.2 x
10° S/cm [55]. Unlike CNTs, overlapping AgNWs can be sintered to lower their junction resistance.

AgNWs are synthesized through a variety of chemical and physical processes but the most common
and most industry viable approach is the polyol process [56]. The polyol process involves the reduction
of an inorganic salt by a polyol in the presence of a capping agent [57]. In the presence of a seed,
nanowires will form. In the case of AgNWs, silver nitrate is reduced by ethylene glycol in the presence
of poly(vinyl pyrrolidone) (PVP) [58]. Originally, platinum seeds were used [55], but due to the cost
of platinum, and the desire to simplify the process, a self-seeding process using silver nitrate has gained
popularity [59]. The AgNW synthesis process is illustrated in Figure 1-6. In the initial phases of the
reaction, silver decahedral nanoparticles are formed and as the reaction proceeds, these nanoparticles
grow through Ostwald ripening [58]. PVP reacts more favorable with the newly formed {100} facets
than the {111} facets promoting the anisotropic growth of the nanoparticles into nanorods and
eventually nanowires. The presence of chloride ions in the solution helps facilitate the growth of
AgNWs by stabilizing the AgNPs [57]. The polyol process does also create AgNPs but the AgNWs can
casily be separated from the AgNPs through centrifugation [55]. The resulting nanowires have a
pentagonal cross section and a 5-fold twinned crystal structure with sides bounded by {100} facets

[58]. Their longitudinal axes align along the <110> direction.
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Figure 1-6: A schematic of the polyol process used to synthesize AgNWs, from [57]. (Reprinted with
permission from Elsevier).

When used as a conductive filler in an ECA, AgNWs can address the conductivity, adhesion strength
and flexibility concerns related to AgMf-based ECAs. To begin with, AgNW ECAs have already been
demonstrated to have superior electrical properties over AgMf ECAs. Wu et al. showed that a 56 wt%
AgNW ECA had better conductivity than a 56 wt% and even a 75 wt% ECA filled with 1 um Ag
particles [27]. And Wang et al. showed that at fill fractions of 55 and 65 wt%, AgNW ECAs perform
better electrically than AgMf ECAs [33]. At these fills, the percolation threshold of NWs is certainly
surpassed, and due to their small diameter, AgNW junctions sinter much better than flake-flake
junctions. Wang et al. also showed that the higher surface area of AgNWs, compared to AgMfs, has a
better interaction with the epoxy resin, resulting in a higher cross-linking density of the polymer matrix
[33]. This increases the shrinkage of the epoxy resin, which imparts a compressive force on the

nanowire junctions, reducing the contact resistance.

The lower percolation threshold of AgNWs allows for a lower metal fill and therefore, higher
adhesive content, which in turn should lead to stronger adhesion. Even at equivalent fill fractions, Li et
al. demonstrated that AgNWs ECAs have a higher shear strength than AgMf ECAs [60]. This was
attributed to the larger surface area of the AgNWs, compared to the AgMfs, which can be wetted more
casily by the epoxy resin. Furthermore, although the impact of AgNWs on the mechanical flexibility
of ECAs has not been studied, AgNWs in transparent electrodes have been shown to be highly bendable
and stretchable with minimal impact on conductivity [61]-[63]. The long reach of the AgNWs allows
the conductive network to remain intact when bent or strained. In addition, the AgNW network, which

is web-like with thin pathways and open space in between, can rotate and deform under mechanical
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strain. Further, the pentagonal shape of polyol-synthesized AgNWs improves their yield strength
compared to bulk silver [61].

As alluded to above, an additional advantage of AgNW is that because of to their smaller diameters,
their junctions sinter at lower temperatures than AgMfs [33], [64]. This is due to the Gibbs Thomspon
effect. If comparable conductivities to conventional ECAs are attainable at lower temperatures using
AgNWs, more applications are open to the ECA. For instance, TPU, which has a greater mechanical
flexibility than PET, is more sensitive to the processing temperature than PET. Paper and textiles are

even more thermally sensitive.

Although these benefits are numerous, there are several limitations preventing AgNW ECAs from
being adopted by industry. Commercially available AgNWs are approximately 40 — 50x more
expensive than AgMfs, due to their synthesis process. This increases the raw material cost of the ECA
even though in many cases less silver can be used. Secondly, AgNW agglomeration is an issue at higher
filler fractions. And thirdly, the small nanowire diameter means a smaller contact area at overlapping

nanowires, limiting conductivity.

1.4 Silver Nanowire Microflake Hybrid ECAs

The shortcomings of one conductive filler can be addressed by adding a second conductive filler,
referred to as a secondary or auxiliary filler. The strengths of the auxiliary filler address and mask the
weaknesses of the primary filler and vice versa resulting in an ECA with superior properties compared
to one with either of the fillers individually [65]. Further, the ratio between the primary and auxiliary
filler can be fined tuned to optimize the results. The auxiliary filler can be a different size [66], shape
[49], [65], [67] or even material [37], [64], [68]. The auxiliary filler can be chosen to improve the
conductivity, lower the percolation threshold and/or improve the mechanical properties depending on
the application. The advantages of silver microflakes over silver nanowires include a lower cost, larger
contact area [41] and lower oxidation rates while the advantages of silver nanowires include better
mechanical and electrical properties, a lower sintering temperature [41], and a lower percolation
threshold. By combining the two fillers in one ECA, the ECA will exhibit better electrical and

mechanical properties while being lower cost and lightweight.

There have been several reports of silver nanowire/microflake hybrid ECAs. The silver nanowires
bridge neighbouring silver microflakes creating an electrical connection between them and the silver

microflakes act as junctions in the nanowire network [69]. Due to the large contact area provided by
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the AgMfs, the small diameter/contact area between AgNWs is no longer a concern. The hybrid ECAs
have been shown to have a lower percolation threshold and improved conductivity [67], [69], [70]
compared to either pure Mf and pure NW ECAs, as shown in Figure 1-7. For the highest conductivity
at a fixed total silver fill, there is an optimal ratio of silver nanowires to silver microflakes [71]. Above
the optimal ratio, replacing more silver microflakes with silver nanowires results in agglomeration of
the nanowires on the surface of the microflakes increasing the contact resistance and therefore,
decreasing the conductivity. The optimal nanowire to microflake ratio is typically on the range of 20 to
30% of the total silver content [71], which means the majority of the filler is the AgMf{s, alleviating
some of the cost concerns associated with AgNWs. At these ratios of AgNWs to AgMfs, agglomeration
of the AgNWs is not a concern. As aforementioned, the larger contact area provided by the AgMfs at

junctions in the network further helps improve the conductivity of the ECA.
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Figure 1-7: The conductivity of a silver nanowire ECA (blue), a silver-coated copper microflake ECA
(black) and a hybrid ECA (red) using the two fillers, from [64]. The hybrid ECA exhibits the lowest
resistivity and percolation threshold. (Reprinted with permission from Elsevier).

Despite the evidence of improved electrical properties, there is still more that needs to be understood
about silver nanowire microflake hybrid ECAs before they are ready for commercialization in FHEs.
First, although their size and aspect ratio are the key reasons for the advantages of NWs over Mfs, no
one has studied the effect of diameter and length on the properties of NW or NW/Mf hybrid ECAs.
Second, one of the most common methods for mixing an ECA is ultrasonication [33], [35], [67], [68],
which has previously been shown to break AgNWs, degrading their performance [72]. The impact of
the ultrasonication on the properties of the ECA needs to be understood and will be addressed in this

thesis. Last but not least, as the focus of commercial ECAs has been as a solder replacement, which is
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typical used on mechanically rigid PCBs, the flexibility of ECAs has been neglected. Due to the
growing demand for ECAs in FHEs, which are subject to bending and straining, I study for the first
time how the addition of NWs to flake-only ECAs can improve their ability to bend and stretch and

their ability to retain these improved properties over many cycles.

1.5 Thesis Organization

The purpose of this work is to investigate the application of silver nanowires as a secondary filler to
silver microflakes in a controlled manner to improve the mechanical and electrical properties of ECAs
for FHEs. The key parameters that will be focused on are the flexibility, conductivity, and adhesion
strength of the ECA, with flexibility taking priority. Chapter 2 will establish the materials and
methodologies used in this work as well as establish a baseline by investigating the properties of pure
silver microflake ECAs and a commercial ECA. Chapter 3 investigates the addition of the silver
nanowires into the ECA fabrication process and addresses potential obstacles, such as damage to the
silver nanowires from ultrasonication. It investigates the influence of the morphology of the nanowires
on the properties of the ECA to determine the optimal configuration. Chapter 4 demonstrates the real-
world viability of the optimal ECA by fabricating an FHE device — a light emitting diode integrated on
a flexible substrate. The device is compared against an identical device fabricated using the flake-only
ECA. Finally, Chapter 5 summarizes the key findings of this work, and discusses future work that needs

to be done before hybrid silver nanowire microflake ECAs are ready for market.
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Chapter 2

ECA Preparation and Characterization

In this chapter, a description of how I fabricated a pure microflake ECA in-house is first described.
This procedure will be the basis of all ECA fabrication in this thesis, with some modifications taken for
the addition of nanowires (to be described in Chapter 3). Afterwards, in Section 2.2, the methodologies
used to characterize all ECAs in this thesis are described. The characterization results of my microflake
ECA and the commercial ECA are presented in Section 2.3 as a baseline against which the

nanowire/microflake ECAs in future chapters will be compared.

2.1 Fabrication of Microflake ECA

2.1.1 Materials

Silver microflakes (AgMfs) with a nominal diameter of 10 pm were used as the conductive filler. The
epoxy resin Bisphenol A diglycidyl ether (DGEBA) was used as the polymer matrix and it was cured
using Triethylenetetramine (TETA). The DGEBA, TETA, and AgMfs were purchased from
MilliporeSigma (Burlington, Massachusetts, USA) and used as received. The DGEBA slowly
crystallizes over time and was periodically heated to 50 °C to reverse crystallization as directed by the

manufacturer.

2.1.2 Fabrication
The AgMf samples were prepared using the following steps. It is a modified version of the procedure
given in [37]:
1. The AgMfs were weighed based on the desired fill fraction of 60 wt% and transferred to a
centrifuge tube.
The mass/fill fraction of the conductive filler can be calculated using:

m .
Wiiller = —==-x 100 % W)

Myptal

where wyer is the fill fraction in wt%, mye- is mass of the conductive filler, and my..s is the total mass
of the ECA, i.e., the resin, hardener, and conductive filler combined. The mass of the solvent is not
included as it is removed during curing. The fill fraction was fixed at 60 wt% as this is approximately

the percolation threshold for AgMfs (the exact percolation threshold depends on the size, size
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distribution, and shape of the flakes) [73]. This allows a good conductivity to be achieved, while
keeping the amount of conductive filler used minimal. Using less filler reduces the cost and weight of
the ECA and improves the mechanical properties as excessive filler degrades the mechanical properties
of the polymer matrix. Adding more filler past the percolation threshold has a diminishing return on

improving the conductivity.
2. 50 pL of ethanol was added to the centrifuge tube and vortex mixed for 10 seconds.

This solvent is used to facilitate mixing. It is briefly mixed with the conductive filler prior to adding
the resin as without doing so, the resin would displace the solvent when it is added, making it harder to

mix.

3. 120 mg of DGEBA (epoxy resin) was added to the centrifuge tube. The epoxy resin was heated
for 10 minutes at 60 °C prior to adding it.

The amount of resin used was fixed as this allowed the amount of hardener added to be fixed too.
For a fixed wt%, the total amount of conductive filler added is fixed too. The purpose of heating the
epoxy resin prior to adding it is twofold. First, it reduces the viscosity of the resin making it easier to
work with when weighing it and easier to mix. Secondly, the resin slowly crystallizes over time at room

temperature. Heating the resin reversed any crystallization that had taken place.
4. The mixture was ultrasonicated for 90 seconds and then vortex mixed for 30 seconds.

The combination of ultrasonication and vortex mixing facilitated a good dispersion in the resin. These
short mixing times were used as when silver nanowires (AgNWs) are incorporated into the process in

subsequent chapters, long mixing times can be problematic (as will be discussed in Chapter 3).

5. 16 puL of TETA (hardener) was added to the mixture. The mixture was vortex mixed for an

additional 2 minutes.

The hardener and resin were mixed at a ratio of 13:100 by weight, respectively. Due to the small
amount volume of hardener required, it was easier to convert the required weight to a volume and

measure it using a pipette.
6. The ECA was printed onto the appropriate test coupon using stencil printing.

The ECA was printed onto an 89 pm thick film of thermoplastic polyurethane (TPU) (ST-604, Bemis
Associates Inc.) for flexibility, conductivity, and microscopy measurements, and onto aluminum 5052

for shear strength measurements. The plastic liner was removed from the TPU prior to printing and the
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substrate was cleaned with isopropanol alcohol. The aluminum was cleaned with acetone prior to

printing.

The stencil, along with a printed sample, is shown in Figure 2-1. The stencil consists of a 12.7 cm x
17.78 em x 50.8 um thick, stainless-steel foil mounted in a 20.32 cm by 25.4 cm frame for hand printing.
Once the ECA is transferred onto the metal foil, a squeegee (Speedball 4491, 65 durometer) is passed
over it to transfer the pattern onto the substrate. The print direction aligned with the direction of the

applied strain during the flexibility testing.

Figure 2-1: a) The stencil used for printing the ECA samples. The pattern in the bottom right was used for
printing samples for flexibility and conductivity tests, while the pattern in the top right was used for
printing samples for single-lap shear tests. b) A printed and cured sample for flexibility tests.

7. Precure the ECA for one hour at 60 °C.

The purpose of this step is to remove any residual solvent. It is done at a lower temperature and on a
hot plate, as opposed to a vacuum oven, to slowly remove the residual solvent. Removing it too quickly

could leave voids in the ECA, weakening its mechanical properties.
8. Cure the ECA for two hours at 150 °C.

After the residual solvent is removed in the previous step, the temperature of the hot plate is ramped
to 150 °C to fully cure the epoxy. This step also helps sinter the conductive filler, which improves the
flake-flake contacts and thus overall electrical properties of the ECA.
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2.1.3 Commercial ECA Deposition
The commercial ECA used as a reference was the 8330S epoxy produced by MG Chemicals

(Burlington, Ontario, Canada). The two-part epoxy was mixed according to the vendor’s specifications:
1. 1.1 partof mixture A and 1 part of mixture B were weighed and mixed thoroughly using a spatula.

As recommended by the vendor, the two parts were measured by weight, as opposed to by volume
as less than 1 mL was being used. The ECA was mixed in the weighing boat the two parts were

measured out in.
2. The ECA was deposited and cured using steps 6 - 8 from Section 2.1.2.

According to the product’s specification sheet, the ECA could be cured at as low as 65 °C for two
hours. However, the same temperature and duration used for the AgMf samples was used here, which
is higher and longer (when including the precure) than the spec sheet, to ensure a fair comparison with
the AgMf samples (since higher temperatures and longer cure durations typically lead to improved

conductivities).
2.2 Characterization

2.2.1 Electrical Conductivity Measurements

Conductivity measurements were taken using a four-point probe (T2001A3-US, Ossila Ltd). A four-
point probe was used as it eliminates contact resistance. As the name suggests, four probes, with equal
spacing, are applied to the sample as shown in Figure 2-2. The two outer probes apply a current to the
sample and the voltage across the inner probes is measured. The voltmeter has a high impedance, thus
preventing any current from flowing through it. The sheet resistance can then be calculated using [74]:
my\V )

R=C-(—=)—

S (ln 2) I
where R, is the sheet resistance, V is the voltage across the inner probes, / is the applied current and C

is a geometric correction factor based on the sample dimensions and probe spacing.
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Figure 2-2: A four-point probe schematic. § is the spacing between the probes.

From the sheet resistance, the resistivity can be calculated using [74]:
p=Rs-t 3)

where p is the resistivity and ¢ is the thickness of the sample. In this work, t = 50.8 um for all samples

(the thickness of the stencil used).

Resistivity measurements were taken at three points along the length of the sample to account for
variations due to the hand-printing. The lowest resistivity measurement, usually the measurement at the
center of the sample, was taken as representative of the whole sample as it is believed this is the
resistivity achievable with an automated process. The reported mean resistivity is the mean of the best

3 - 6 samples prepared, depending on the study and number of samples prepared.

2.2.2 Single-lap Shear Tests

A single-lap shear test measures the maximum tensile load an adhesively bonded joint can withstand
before breaking (shearing) [75]. It is a measure of the bond strength of the adhesive and is commonly
used due to its simplicity and low cost. The tests were conducted according to the ASTM D1002
standard using an 810 Material Test System equipped with 647 Hydraulic Wedge Grips. The tests were
carried out with a constant displacement rate of 1.3 mm/s and the samples had an overlap area of 12.7
mm by 25.4 mm. The sample geometry is shown in Figure 2-3. The samples have a spacer on either
end, a 25.4 mm by 25.4 mm piece of aluminum, to align them within the wedge grips. Aluminum 5052
was used as the substrate as this is the material for which the single-lap shear strength of the commercial

ECA is known.
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Figure 2-3: The single-lap shear strength sample geometry based on the ASTM D1002 standard.
The test gives the maximum load applied before the failure. From this value, the shear strength of

the ECA can be calculating using:

F “)

where 7 is the shear strength of the sample, F'is the maximum load applied and 4 is the cross-sectional

area, i.e. the area of the overlap.

2.2.3 Flexibility Tests

Strain cycling and maximum elongation tests of the ECAs were conducted using a linear stage (Zaber
Technologies X-LHM150A). The setup, with a sample ready to be tested, is shown in Figure 2-4. One
end of the sample was clamped at the end of the axis and the other end of the sample was clamped onto
the linear stage and would strain/relax the sample as the linear stage moved. The resistance of the
sample was measured via a digital multimeter (SIGLENT Technologies SDM3045X) attached to the
clamps holding the sample. The speed of the linear stage was set at 1 mm/s and the initial length of the
sample between the clamps was 1 cm. For the flexibility measurements, 3 cm x 0.5 cm x 50 pm strips

of the ECA were stencil printed onto a 5.08 cm x 3.81 cm x 89 pm piece of TPU.
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Figure 2-4: The flexibility test setup. The clamp on the right is fixed, while the clamp on the left is attached
to the linear stage and moves freely.

2.2.3.1 Test Automation

To coordinate the strain cycling and electrical measurements, custom software using the Python™
programming language was written. This allowed precise control over which points in the strain cycle
electrical measurements were taken and how the strain cycling occurred. Zaber Technologies and
SIGLENT Technologies both offer programs to control their products, the linear stage and digital
multimeter respectively, but these programs cannot communicate with each other and therefore cannot
coordinate the tests. The linear stage was controlled using the Zaber Motion Library, by Zaber
Technologies, which provides an application programming interface (API) for communicating with the
linear stage. The digital multimeter was controlled using the virtual instrument software architecture
(VISA) API. The Keysight IO Libraries Suite 2021 was used as the VISA library and the PyVISA
Python™ package was used to interact with the VISA library.

The custom software begins by connecting to the instruments, and setting the linear stage speed to
1.0 mm/s. After waiting a fixed amount of time, it begins the strain cycling. It stretches the sample to
the desired strain, usually 30%, and waits 300 ms for the digital multimeter to stabilize (including
determining the measurement range) before taking the resistance measurements. It then takes the
desired number of measurements, waiting one second between measurements. It then relaxes the
sample, again waiting 300 ms for the digital multimeter to stabilize and takes the same number of
resistance measurements. This is repeated for the desired number of cycles, usually 100 or 250. After

the strain cycling is completed, the software continues to take resistance measurements for ten minutes,
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with one second between measurements, to analyze the recovery behaviour of the sample. The software

then saved the data and closed the connections.

For maximum elongation measurements, where the sample is subjected to an increasing amount of
strain until it loses conductivity, the software follows a similar procedure, except it skips the relaxation
step. The sample is strained by the desired step-size, usually 5%, resistance measurements are taken,
and the software increases the strain again by the step-size. This is repeated until the desired strain is
reached. Afterwards, the sample is relaxed, and the software concludes as before, taking resistance

measurements for ten minutes.

2.2.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were taken using a Schottky Field Emission Scanning
Electron Microscope (SU5000, Hitachi High-Tech Corporation) to observe factors such as the
dispersion of the conductive filler, possible damage to the filler during mixing, and changes in the ECA
after strain cycling. In the case of the hybrid ECAs, the interaction between the silver nanowires and
microflakes was of interest. To prepare a sample for SEM, a strip of ECA, approximately the length of
the SEM stub, was cut from a flexibility sample, either before or after straining, and mounted onto the

SEM stub using carbon tape.

2.3 Baseline Results

To establish a baseline against which the hybrid silver nanowire microflake ECAs (in Chapters 3 and

4) can be tested, 60 wt% pure AgMf and commercial ECA samples were prepared and characterized.

2.3.1 Conductivity

As shown in Figure 2-5a), the mean resistivity of the commercial ECA was 9.3 x 10° Q-cm and the
mean resistivity of the 60 wt% pure AgMf samples was 1.9 x 10 Q-cm. The resistivity of the 8330S
commercial ECA is lower than the 7.0 x 10 Q-cm specified by the vendor, MG Chemicals, due to the
higher curing temperature. The resistivity of the 60 wt% AgMf reflects values seen in literature for

similar curing conditions and composition [49].
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Figure 2-5: a) The resistivity of the 8330S commercial ECA and the in-house 60 wt% AgM{f ECA. b) An
SEM image of an in-house 60 wt% pure AgMf ECA showcasing the continuous conductive pathway formed
by the AgMfs for electrons to travel through.

The SEM image of the in-house 60 wt% pure AgMf ECA, shown in Figure 2-5b), confirms the
expected behaviour of conventional AgMf ECAs. Above the percolation threshold, there is a
continuous network of AgMfs in contact that allows current to flow through the insulating polymer
matrix. The main source of resistance is the constriction resistance, i.e. the resistance between
neighbouring AgMfs, as the bulk resistance of silver is low and the electrons do not need to tunnel

between fillers when the fillers are in contact.

2.3.2 Flexibility

The flexibility results for strain cycling at 30% strain for 100 cycles are shown in Figure 2-6. The 8330S
samples broke during the first cycle and are thus not shown on the graph. There were large ruptures in
the ECA visible by eye and the samples did not recover after 10 minutes after the conclusion of the
cycling. The best performing sample had a resistance increase of over 17,000x after the first cycle. This
is expected as the current focus of commercially available ECAs is solder replacement and therefore,
flexibility is not a priority. The 60 wt% AgMf sample peaked at an increase of 25x during the 100"
cycle and then dropped to 14x during relaxation. After 10 minutes of relaxation, the resistance of the

sample recovered to 5x the original resistance. Small cracks were visible by eye along the sides of the
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ECA but there were no ruptures. In Figure 2-6b), the results of straining a 60 wt% AgMTf sample to
150% are shown. The sample failed, defined as the resistance increasing to over 1 MQ (essentially an
open circuit), after 75% strain. After releasing the strain, the sample regained conductivity but there
was plastic deformation of the substrate. After 2 minutes of relaxation, the resistance recovered to 7.1x

the initial resistance before straining.
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Figure 2-6: The a) strain cycling (100 cycles to 30%) and b) max elongation results for the baseline 60 wt%
pure AgMf ECA. The commercial ECA samples are not shown as they broke during the first cycle of the
strain cycling.

SEM images of a sample after strain cycling at 30% over 100 cycles, one of which is shown in Figure
2-7a), reveal the formation of microscopic cracks in the ECA. The repeatedly applied strain evidently
damages and breaks some of the conductive pathways formed by the conductive filler, reducing the
number of pathways available for the electrons to travel through, thereby increasing the resistance.
During relaxation, some of these pathways are reformed (the flakes are in contact again) lowering the
resistance. A similar structure is seen in Figure 2-7b), a sample that was strained to failure (75% strain).

In this case, the cracks completely severed the electrical connection.
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Figure 2-7: SEM images of an in-house, 60 wt% pure AgMf ECAs after a) strain cycling to 30% for 100
cycles and b) straining to failure (75%).

2.3.3 Singe-Lap Shear Strength Tests

The single-lap shear strength test results are shown in Figure 2-8. The shear strength of the commercial
ECA was approximately 5.0 MPa, higher than the reported 2.6 MPa by the vendor due to the higher
curing temperature. The shear strength of the 60 wt% AgMf ECA was approximately 6.0 MPa. This is
resembles the approximately 5.0 MPa reported in literature for this composition and curing conditions
[37]. The discrepancy is from the difference in substrates, aluminum 5052 vs copper clad FR-4. The

samples failed both adhesively (adhesive delaminated from the substrate) and cohesively (adhesive

ripped apart).
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Figure 2-8: The single-lap shear strength test results of the commercial and in-house 60 wt% AgMf ECAs.
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2.4 Conclusion

In this chapter, the materials, fabrication procedure and characterization methods of pure AgMf and
commercial ECAs were presented. The fabrication procedure was validated by preparing in-house, 60
wt% AgMf ECA samples and comparing them to literature and the commercial 8330S ECA. As
expected, the conductivity of the 8330S was superb, surpassing the 60 wt% AgMf ECA by an order of
magnitude as conductivity is currently the focus of the ECA market. However, the 8330S ECA showed
poor flexibility results, losing conductivity while being strained to 30% and thus it is unsuitable for use
in flexible device applications. The AgMf ECA’s resistance increased 25x during the 100" cycle at
30% strain, and lost conductivity after being strained beyond 75%. The shear strength of the two ECAs
was comparable at 5.0 MPa and 6.0 MPa for the 8330S and 60 wt% AgMf ECA, respectively.
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Chapter 3
Hybrid Silver Nanowire/Microflake ECA Optimization

In this chapter, I first present the modified fabrication procedure to incorporate nanowires into
nanowire/microflake hybrid ECAs. Key steps in the procedure, relevant to nanowires, will be studied
and optimized. Afterwards, the impact of nanowire/microflake concentration ratio and morphology of
the nanowires on the properties of the hybrid ECA will be studied. The results of the investigations in

this chapter will be compared against the baseline ECAs from Chapter 2.
3.1 Fabrication of Hybrid Nanowire/Microflake ECAs

3.1.1 Materials

Silver nanowires (AgNWs) were purchased from Novarials Corporation (Woburn, MA) and used as
received. The various AgNW series purchased, along with their properties, are listed in Table 3-1. The
name denotes the medium, diameter and length of the AgNWs. The prefix, A or B, denotes whether the
AgNWs arrive dispersed in a solvent or as a wet powder, respectively, the digits denote the average
diameter of the AgNWs, in nm, and the suffix, SL, UL or none, denotes the length series, short length,
ultralong or standard, respectively. In a hybrid sample, the AgNW to AgMf ratio is a weight ratio. For
instance, a 1:4 sample contains 4x as many AgMfs by weight as AgNWs, i.e., the AgNW fill is 20% of

the total silver content.

Table 3-1: The AgNWs purchased from Novarials for testing.

Name Diameter [nm] Length [um] Aspect Ratio Medium
A30SL 30 5 167 10 mg/mL in ethanol
A30 30 30 1000 10 mg/mL in ethanol
- 30 150 5000 10 mg/mL in ethanol
AS50 50 40 800 10 mg/mL in ethanol
A70 70 50 714 10 mg/mL in ethanol
A70UL 70 150 2143 10 mg/mL in ethanol
A100UL 100 150 1500 10 mg/mL in ethanol
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B45 45 10 222 Wet powder

B100 100 10 100 Wet powder

The diameter and length values showed in Table 3-1 are the specifications provided by the
manufacturer. Although the stated diameter is the average diameter of the nanowires, the length value
is more indicative of the length of the longest nanowires in the series. SEM measurements performed
by our group of the 30 nm diameter AgNWs reveal average lengths of 2.7, 27 and 88 pm, respectively
for the A30SL, A30 and A30UL series [76].

3.1.2 Fabrication

Prior to Step 1 from Section 2.1.2, the following additional steps were taken to incorporate AgNWs
received in solution into the hybrid ECA:

1. The amount of AgNWs, based on the desired fill fraction (total silver content = 60 wt%) and

NW:Mf ratio, were centrifuged for 10 minutes.

This step is taken as the AgNWs need to be removed from their solvent. The excess solvent would

prevent the ECA from mixing properly, plus the resulting viscosity would be too low to print the ECA.

2. The excess solvent was decanted and the AgNWs were combined into a new, clean centrifuge

tube.

The AgNW solution had to be distributed among more than one centrifuge tube for centrifuging, and
so, after decanting the solution, were combined into one centrifuge tube before moving onto the next

steps.

3. The remainder of the procedure continues with Step 1 from Section 2.1.2 where the AgMfs are

added to the same centrifuge tube as the AgNWs.
The following steps were taken for AgNWs in wet powder form:

1. The AgNWs were weighed based on the desired fill fraction (total silver content = 60 wt%)
and NW:Mf ratio and transferred to a centrifuge tube.

The wet powder AgNWs could then be processed similarly to the AgMf powder.
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2. Continue with Step 1 from Section 2.1.2 where the AgMfs are added to the same centrifuge
tube as the AgNWs.

3.2 Mixing Optimization

One important consideration for the preparation of AgNW/AgMf hybrid ECAs is the sensitivity of the
AgNWs to the processing conditions. AgNWs are long, thin one-dimensional nanostructures and
therefore, need to be handled with greater attention. For instance, ultrasonication is required to disperse

the conductive filler in the epoxy resin, but long ultrasonication times have been shown to damage and

even break AgNWs [72].

3.2.1 Ultrasonication Study

To determine the optimal ultrasonication time, 1:6 A30UL (30 nm diameter, 150 pm length)
AgNW/AgMTf hybrid ECAs were prepared using different ultrasonication times: 1.5, 5, 10 and 20 min.
A30UL AgNWs were chosen due to being long and thin, compared to the other AgNWs, which should
make them more susceptible to damage during ultrasonication, thus highlighting the results. The results

of the study are shown in Figure 3-1.
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Figure 3-1: 1:6 A30UL AgNW/AgMf hybrid ECAs processed using different ultrasonication times: (a) their
resistivity and (b) resistance change during flexibility measurements at 30% strain over 250 cycles.
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It can be seen in Figure 3-1a) that there is an improvement in resistivity from 1.5 min. to 5 min. of
sonication time. Further increases in sonication time, past 5 min., increases the resistivity. The
resistivities of the 5- and 10- min. samples are similar at 1.1 x 10~ and 1.6 x 107 Q-cm, but increases
by an order of magnitude at 20 min. The flexibility results are shown in Figure 3-1b). The sample
sonicated for 10 min. showed the best flexibility. The resistance of the 10 min. sample increased 14x
during the 250" cycle and recovered to 8.5x during relaxation. After 10 min. of recovery, the resistance
decreased to 4.7x the initial resistance. Based on the conductivity results and SEM images (Figure 3-2),
it is believed that the flexibility result of the 5 min. samples in Figure 3-1b) is an anomaly and they
should instead show a flexibility improvement over the 1.5 min. samples. The anomaly could be due to
issues with the test setup, sample/substrate preparation or a number of other factors. It is not clear

whether the flexibility would be better or worse than the 10 min. sample.

During ultrasonication, there are two competing mechanisms with counteracting results. The first is
the beneficial dispersion of the conductive filler(s) in the epoxy resin and is the purpose behind the
ultrasonication step. A good dispersion of the conductive fillers will facilitate the formation of the
conductive pathways through the polymer matrix and will improve the flexibility of the ECA. The
second is detrimental damage to the nanowires. It has been noted by others that sonication can cause
nanowires to break [72], which severs or impedes conductive pathways. The damage also introduces

other defects which decrease conductivity [77] .

From the SEM images (Figure 3-2), and the conductivity and flexibility results (Figure 3-1), the
dispersion of the conductive fillers is the dominant mechanism in the first phases of ultrasonication. In
Figure 3-2a), a sonication time of 1.5 min. was used and AgNWs clumps are visible. These clumps are
gone and a good dispersion of AgNWs is observed in Figure 3-2b), where a sonication time of 10 min.
was used. This dispersion and separation of the clumps explains the improvement in conductivity and
flexibility shown in Figure 3-1. There is some slight damage to the AgNWs at 10 min, with some “L”-
shaped AgNWs visible, which explains the slight decrease in conductivity from 5 min. to 10 min. From
10 min. onwards, the ultrasonication primarily works to damage the AgNWs. At 20 min., shown in
Figure 3-2c¢), there is substantial damage to the AgNWs with some AgNWs bent at large angles and
“V”-shaped AgNWs seen.

Based on these results, the optimal ultrasonication time is somewhere between 5 to 10 min. dependent

on the flexibility of the 5 min. samples.

30



a) 1.5'fiin. Pt . ' 2§ b)10'min_

5 e s

SUS000 10,0k x8.00k SE(L) ' Sdopm [l SUS000 10.0KV x8.00K SE(L _ ' Y 55 dopm

-

SU5000 10.0k\V: 8,00k SE(L) pom, R

Figure 3-2: SEM images of 1:6 A30UL AgNW/AgMf hybrid ECA samples prepared using ultrasonication
times of a) 1.5 min. b) 10 min. and ¢) 20 min.

3.2.2 Vortex Mixing Study

In addition to ultrasonication, the samples are subsequently mixed with a vortex mixer which also has
the potential to further damage and/or break the nanowires. To investigate this, two 1:6 A30UL
AgNW/AgMf hybrid ECAs were prepared using different vortex mixing times after adding the
hardener: 90 seconds, and 120 seconds. The flexibility measurements are shown in Figure 3-3. The
sample that was vortex mixed for 1.5 min. showed a resistance increase of 14x during the 250" strain
cycle, while the sample that was vortex mixed for 2 min. showed an increase of 28x during the 250"
cycle. The samples recovered to 4.7x and 5.1x after 10 minutes of relaxation, respectively. This
suggests that prolonged mixing damages the nanowires. For this reason, 90 seconds was chosen as the

optimal vortex mixing time after adding the hardener.
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Figure 3-3: The flexibility results at 30% strain over 250 cycles of 1:6 A30UL AgNW:AgMf hybrid ECAs
ultrasonicated for 10 minutes, then vortex mixed for 90 seconds and 120 seconds.

3.3 Nanowire:Microflake Ratio

The ratio of the AgNWs to AgMfs is important in determining the properties of the ECA. AgNW/AgMf
ECAs were prepared at different ratios using both A30UL (30 nm diameter, 150 um length, 10 mg/mL
in ethanol) and B45 (45 nm diameter, 10 um length, wet powder) AgNWs and analyzed. Long, thin
AgNWs and shorter, thicker ones were chosen as long, thin AgNWs tend to agglomerate more readily
than shorter, thicker ones due to their larger surface-area-to-volume ratios [ 78]. The conductivity results
are shown in Figure 3-4. The ECAs with a 0% AgNW fill are pure AgMf ECAs. These results reflect
similar trends seen in literature [71]: the resistivity of the ECA improves with the addition of nanowires
at lower NW:Mf ratios, but gets worse at higher ratios. The most conductive samples are the 1:4 and
1:5 for the B45 and A30UL AgNWs, respectively. As expected, the optimal ratio of the A30UL AgNWs
is lower than the optimal ratio of the B45 AgNWs due to increased agglomeration of longer, thinner

nanowires.
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Figure 3-4: The conductivity of the hybrid ECA as a function of the AGNW to AgMf ratio at 60 wt% total
silver. The 0% AgNW fill represents a pure AgMf ECA.

SEM images of the A30UL samples, shown in Figure 3-5, confirm the expected behaviour of the
AgNWs. As the AgNW fill increases, from 1:8 to 1:5, and more AgMfs are replaced by AgNWs (as
the total silver fill is kept constant), the conductivity improves as more AgNWs are present to bridge
neighbouring AgMfs. However, as the AgNW fill keeps increasing, past 1:5 to 1:4, the AgNWs begin
agglomerating on the surface of the AgMfs, seen in Figure 3-5¢). Thus, the additional NWs added are
less effective at providing conductive pathways, while at the same time there are less flakes. Overall,

then, there are fewer pathways which in turn lowers the overall conductivity of the ECA.
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Figure 3-5: SEM images of A30UL AgNW/AgMf hybrid ECA samples prepared using ratios of a) 1:8 b)
1:5 and c) 1:4 AgNWs to AgMfs. The total silver fill fraction was kept constant.

The effect of the ratio on flexibility has not been studied before. The flexibility results of the various
ratios are shown in Figure 3-6. The results align with the conductivity results: the B45 1:4 samples
(20% AgNW fill) which are the most conductive, at approximately 3.9 x 10~ Q-cm, are also the most
flexible with the resistance increasing 25x during the 100" cycle and recovering to 15x during
relaxation. For A30UL, the 1:5 samples are the most conductive, at approximately 7.6 x 10 Q-cm, and
the most flexible with a resistance increase of 18x during the 100™ cycle and recovering to 7x during
relaxation. The flexibility results follow the conductivity trend for similar reasons. As the AgNW fill
increases, more AgMfs are replaced by AgNWs. The flexibility improves since the NWs have a further
reach than flakes and can thus better keep the network in contact when strained. At higher NW
concentrations where they agglomerate (Figure 3-5c¢), they are less able to keep the network connected,

especially with the lower flake density, which in turn decreases the flexibility.
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Figure 3-6: The flexibility results at 30% strain over 100 cycles of different ratios of a) B45 and b) A30UL
AgNWs to AgMfs, at 60 wt% total silver. The 1:8 B45 ECA broke after the first cycle.

Due to the consistency of the results, i.e., better conductivity, and better flexibility, 1:4 and 1:5 were

chosen as the optimal ratios for the B45 and A30UL AgNWs/AgMf ECAs, respectively.

3.4 Silver Nanowire Parameters

In addition to the processing parameters, the morphology of the AgNWs themselves, i.e., diameter and

length, are important for determining the properties of the ECA and has not been studied before.

3.4.1 Length

To understand the impact of the length of the AgNWs on the properties of the ECA, 1:6 AgNW/AgMf
hybrid ECAs were prepared with AgNWs with an average diameter of 30 nm and lengths of 5, 30 and
150 pm (A30SL, A30 and A30UL). The total weight of NWs was kept the same, which means that
there are a fewer number of NWs in the samples using longer NWs compared to samples using short
NWs. The conductivity results (Figure 3-7a) clearly show that as the length of the AgNWs increase,

the resistivity decreases. The formulation with 150 um long NWs had a mean resistivity of 8.6 x 10
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Q-cm. SEM imaging, shown in Figure 3-8, helps further explain the trend. It can be seen that the longer
NWs (Figure 3-8b) traverse the gap between flakes much better, and thus better keep the network in
electrical contact. The shorter NWs on the other hand appear to settle in the gaps between the AgMfs
instead of bridging them. Furthermore, electrons must traverse more particle-particle junctions when

moving through shorter NWs, and these contacts are higher resistance than the NWs and flakes

themselves.
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Figure 3-7: The a) resistivity and b) flexibility dependence on the length of 30 nm diameter AgNWs in 1:6
AgNW/AgMf hybrid ECAs.
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Figure 3-8: SEM images of 1:6 30 nm diameter AgNW/AgMf hybrids ECAs with lengths of a) 5 pm and b)
150 pm.

The flexibility results are shown in Figure 3-7b). As expected, the ECAs with longer nanowires better
retain their resistance with straining. When strain is applied to the system, the AgNWSs can deform and
rotate to accommodate the applied stress [61]. The longer nanowires provide a longer reach which helps
keep the network in better electrical contact. The resistance of the 1:6 A30UL ECA sample increased

21x during the 100" cycle and recovered to 11x during relaxation.

The results of the single-lap shear tests are shown in Figure 3-9. For this set of tests, only the A30
(30 pm) and A30UL (150 um) AgNWs were used and two samples of each were prepared. One of the
A30UL AgNW ECAs broke after curing indicating a low bonding strength. The tests indicate that ECAs
prepared with shorter AgNWs have higher shear strengths than samples prepared with longer AgNWs.
Both the A30 and A30UL samples failed adhesively (adhesive delaminated from the substrate) and
cohesively (adhesive ripped apart). Furthermore, from an experimental perspective, I found it was more
difficult to remove excess ethanol from the longer AgNW solutions while decanting. The residual
ethanol that could not be removed made the longer AgNW ECAs more difficult to print on the
aluminum and they did not hold their shape as well. This issue was not seen with the flexibility samples

due to a strong adhesion to the TPU substrate.
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Figure 3-9: The single-lap shear test results of 1:6 30 nm diameter AgNW/AgMf hybrid ECAs with two
different AgNW lengths.

Despite showing poor adhesion results, the longer 150 um AgNWs were selected as the optimal
length for the AgNW/AgMTf hybrid ECA due to their superior conductivity and flexibility results. As
will be demonstrated in subsequent chapters, the lower adhesion strength is still sufficient for real world

applications as the ECA is able to bond a through-hole LED onto a TPU substrate (Chapter 4).

3.4.2 Diameter

The effect of the diameter on the properties of the ECA was studied by preparing 1:5 AgNW/AgMf
hybrid ECAs using 150 um long nanowires with diameters of 30, 70 and 100 nm (A30UL, A70UL and
A100UL). The conductivity results are shown in Figure 3-10a). The three diameters of AgNWs show
approximately the same conductivity, on the order of 2 - 3 x 10~ Q-cm. There are multiple factors that
appear to negate each other. On one hand, thinner nanowires sinter better at lower temperatures. The
150 °C used in the fabrication procedure has been shown to be the optimal sintering temperature for
these same 30 nm AgNWs which leads to the highest network conductivity [76]. The optimal sintering

temperature of the thicker nanowires is higher. On the other hand, the constriction resistance at the
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nanowire junctions is higher for thinner nanowires because of the smaller area of the contact.
Furthermore, the conductivity of the thinner nanowires themselves is lower than that of thicker
nanowires [79] since the electrons are closer to the surface where they can scatter. Lastly, thinner
AgNWs are more susceptible to damage and breaking from the mixing procedures, which was shown
in Section 3.2.1 to lower network conductivity.
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Figure 3-10: The a) conductivity and b) flexibility dependence on the diameter of the AgNWs for 1:5 150
pm long AgNW/AgMf hybrid ECAs.

The flexibility results are shown in Figure 3-10b). There is a clear trend that samples with thicker
nanowires are more flexible. During the 250" cycle of 30% strain, the resistance increased 36x, 24x
and 19x for the 30 nm, 70 nm, and 100 nm AgNW samples, respectively. During relaxation, the
resistance recovered to 21x, 21x and 16x, respectively, and after 10 minutes of relaxation, the samples
recovered to 11x, 7.9x and 4.8x, respectively. SEM images of samples containing 30 nm and 100 nm
diameter NWs after strain cycling are shown in Figure 3-11. Compared to a similar sample before strain
was applied (Figure 3-5b), the 30 nm diameter NWs in Figure 3-11a) appear more bunched up while
the 100 nm diameter NWs in Figure 3-11b) remain better dispersed. This is likely due, in part, to the
fact that there are a higher number of NWs when thinner NWs are used and they have larger surface-

area-to-volume ratios, which causes more agglomeration when they are brought closer together during
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straining. Also, one would expect thinner NWs to break more easily with stretching, and indeed it
appears that the average NW length is less in the thinner NW sample after straining. The thinner NWs
also incur more damage during the mixing procedures which could make them more susceptible to

breaking under applied stress.
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Figure 3-11: SEM images of 1:5 150 pm long AgNW/AgMf hybrids ECAs after strain cycling with
diameters of a) 30 nm and b) 100 nm.

For the single-lap shear tests, test coupons were prepared using 1:6 AgNW/AgMfhybrids ECAs with
A30 (30 nm, 30 um), A50 (50 nm, 40 pm), B45 (45 nm, 10 um), and B100 (100 nm, 10 um) AgNWs.
The A30 and A50 AgNWs are solution based at 10 mg/mL in ethanol and the B45 and B100 are wet
powders. Two coupons of each size AgNW were prepared. The results are shown in Figure 3-12. For
the wet powder AgNWs, the larger diameter has a larger shear strength at the same AgNW length. For
the solution based AgNWs, the larger diameter also has a larger shear strength, even at a slightly longer
AgNW length which, as shown in Section 3.4.1, should negatively impact the shear strength of the
formulation. Thinner nanowires have a higher surface-area-to-volume ratio. This leads to a higher total
amount of NW surface area in the sample, and as discussed in a paper where carbon nanotubes were
used in an ECA [80], more of the epoxy resin is thus attracted to NW surfaces and away from the
adherend (substrate) [80].
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Figure 3-12: The single-lap shear test results for 1:6 AgNW/AgMf hybrid ECAs prepared with different
diameter AgNWs. The solution based A30 and ASO AgNWs have lengths of 30 and 40 pm, respectively,
while the wet powder B45 and B100 both have lengths of 10 pm.

Based on these results, i.e., the improved mechanical properties without sacrificing electrical

properties, the larger diameter AgNWs were selected as optimal for improving the properties of ECAs.

3.5 Baseline Comparison

By narrowing in on the fabrication steps relevant to nanowires and studying the effect of the nanowire
dimensions on the properties of the ECA, ECAs with improved conductivity and flexibility compared
to flake-only ECAs were achieved. The results are shown in Figure 3-13 and Figure 3-14. Using the
A30UL (30 nm diameter, 150 um length, 10 mg/mL in ethanol) and B45 (45 nm diameter, 10 pm
length, wet powder) NWs, resistivities as low as 7.6 x 10* Q-cm and 3.9 x 10* Q-cm, respectively,
were achieved compared to 1.9 x 102 Q-cm for the in-house fabricated flake-only ECA. After 100
cycles to 30% strain, resistance increases as low as 9.8x were demonstrated compared to 25x for the
flake-only ECA. As shown in Figure 3-14b), the flake-only ECA lost conductivity after 75% strain
while an A30UL AgNW/AgMf ECA was able to sustain conductivity at even 120% strain. The

commercial ECA broke while being strained to 30%.
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Figure 3-13: The improved conductivity of the AgNW/AgMf ECAs compared to the baseline flake-only
ECA. All ECAs have a total silver content of 60 wt%.
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Figure 3-14: The a) strain cycling to 30% and b) maximum elongation results of the AgNW/AgMf ECAs
compared to the baseline flake-only ECAs.

Shorter and thicker nanowires demonstrated better shear strengths than longer and thinner nanowires
but the shear strength of all the hybrid AgNW/AgMf ECAs was lower than the baseline AgMf ECAs.
The results are shown in Figure 3-15. Using the larger diameter NWs, which also showed a superior

flexibility, should alleviate some of the shear strength concerns with using the longer NWs.
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Furthermore, as will be demonstrated in Chapter 4, the shear strength of a hybrid ECA using the
optimized parameters is sufficient for real-world applications. However, if a higher shear strength is
required, methods not explored in this chapter, such as a lower metal fill (lower than the 60 wt% used
here) or using a solvent-free formulation [37], could be explored. NW networks have a far lower
percolation threshold than networks of flakes. And further, hybrid ECAs have an even lower percolation
threshold than either of the structures individually due to the synergistic effect of the two fillers [64].
This allows the use of lower fill fractions. While the conductivity would be slightly reduced, the shear
strength should increase due to more epoxy resin present. Since, as demonstrated in this chapter, the
hybrid AgNW/AgMf ECAs have a higher conductivity than the flake-only ECA, the slight decrease in

conductivity should not be a concern.
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Figure 3-15: The shear strength of the AGNW/AgMf ECAs compared to the baseline flake-only ECA.

3.6 Conclusion

In this chapter, the fabrication procedure for AgNW/AgMf hybrid ECAs was presented. Key
parameters in the procedure, namely the ultrasonication time, vortex mixing time and the AgNW to
AgMTf ratio, were studied and optimized. The optimal parameters found are given in Table 3-2. The
influence of the diameter and length of the nanowires on the properties of the ECA were also
investigated. Longer nanowires demonstrated superior conductivity and flexibility, compared to shorter
nanowires, but a lower shear strength. The diameter of the AgNWs did not affect the electrical
properties of the ECA, but larger diameters improved the mechanical properties, both flexibility and
adhesion strength. Therefore, longer, thicker nanowires are chosen for the optimal ECA formulation

and will be used in the demonstration device presented in the next chapter.
43



Table 3-2: Optimized parameters for the fabrication of highly conductive, flexible AgNW/AgMf hybrid
ECAs.

Parameter Optimal Value

5 - 10 min. *dependent on
Ultrasonication Time
further flexibility results

Vortex Mixing (post
1.5 min.
hardener)
1:5 for A30UL AgNWs
AgNW to AgMf Ratio

1:4 for B45 AgNWs
Length 150 pum (UL series)

Diameter 100 nm
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Chapter 4

Demonstration Device

In the previous chapter, the electrical and mechanical performance advantages of the
nanowire/microflake ECAs over pure microflake ECAs were demonstrated through in-lab
characterization. In this chapter, the real-world viability of the ECAs for flexible hybrid electronics is
demonstrated through the preparation and characterization of a light emitting diode (LED) integrated
onto a flexible substrate (TPU). The LED, through changes in its intensity, provides real-world,
observable feedback to changes in the ECA as the device is strained. After the real-world validation of

the ECA, the LED device is used to create a wearable, flexible LED patch.
4.1 Device Setup

4.1.1 Fabrication

To prepare the devices, strips of the ECA were prepared in the same manner as for the flexibility tests
described in Section 2.2.3. Before the precure step, the LED was mounted onto the TPU substrate via
the ECA. The leads of the LED were bent to allow a good connection with the ECA and pressure was
applied with a binder clip during curing to embed the LED in the ECA to establish a strong mechanical
connection. Two pieces of aluminum, covered with Teflon to prevent them from sticking to the
ECA/substrate, were placed inside the binder clip to distribute pressure more evenly across a larger
area. Fabricated devices after curing, with and without the binder clip, are shown in Figure 4-1. Two
parallel strips of ECA, as opposed to creating a gap in one strip, were used to ensure uniform strain was
applied to the ECA. The devices were cured in the vacuum oven, as opposed to the hot plate, as the

devices could not make good contact with hot plate surface due to the binder clip.

Figure 4-1: a) A flexible device post curing. The binder clip is used to apply pressure to the LED leads
during curing. b) A flexible device ready for testing (with the tools used for curing removed).
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4.1.2 Testing Methodology

The testing methodology is based on a similar printed, flexible device [81]. A modified version of the
flexibility tests described in Section 2.2.3 was employed to test the devices. The LED end of the sample
was placed in the stationary clamp, and the end opposite of the device was clamped to the moving linear
stage. While the LED end of the sample was placed in the stationary clamp, the LED itself was not
supported by the clamp and only held in place by the ECA. The test setup was placed in a closed
cardboard box to block out ambient light, which would interfere with measurements of the LED
intensity. A piece of insulating tape was stuck onto the metal portions of the linear stage clamps to
prevent them from creating a short circuit. An external DC power supply (GQ-A305D, GQ Electronics
LLC) set at 5 V applied power to the device during testing. A cellphone on the cardboard box took

photos of the device through a small, 2 cm x 2 cm, opening in the box.

The tests were run using a modified version of the software described in Section 2.2.3.1. The strain
cycling was unchanged, except instead of taking resistivity measurements during straining/relaxation,
the software would issue commands via the Android Debug Bridge to the connected cellphone to take

photos of the device.

4.1.3 Data Analysis

To extract intensity information from the photos, a separate program was written using the Python™
programming language. The program would read the images in as grayscale and crop them to the
relevant portion containing the LED. Based on the position of the LED in the image, it would select a
column of pixels and compare their values to the maximum intensity of the LED. The steps are shown
in Figure 4-2. Image manipulation, such as cropping, and analysis were performed using the OpenCV

library.

b)

a) C) d ) 10 Sample LED intensity
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Figure 4-2: The processing steps to extract the intensity data from images of the device: a) the original
image, b) the cropped grayscale image, c) a column of pixels is selected, shown in white, and d) the intensity
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plot from the selected column. Features in the image, such as the light reflecting off the ECA strips, are
visible in the plot.

4.2 Characterization

To characterize the fabricated devices, the devices were strain cycled at 20%. 20% strain was chosen

for the demonstration as this is the maximum strain typically seen in wearable applications [82].

4.2.1 Baseline Results

The results of strain cycling the LED device using the flake-only ECA at 20% strain for 300 cycles are
shown in Figure 4-3. The slight decrease in the intensity of the LED from the initial state to subsequent
states is due to the LED shifting (tilting) after the initial strain cycle. The LED turned off while under
strain after 217 cycles but recovered during relaxation. After 256 cycles, the LED did not turn back on

during relaxation. This is consistent with one of the main issues of conventional ECAs — poor flexibility.
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Figure 4-3: The measured intensity of the LED using the flake-only ECA during a) relaxation and b)
straining at various cycles during strain cycling at 20% for 300 cycles.

An inspection of the device after the strain cycling was completed revealed tears in the ECA strips
and TPU substrate at approximately the halfway point between clamps, as shown in Figure 4-4a). This
same failure mode occurred in other flake-only devices prepared as shown in Figure 4-4b). In addition
to the stress applied by the linear stage, the ECA/substrate has to now support the load of the LED too.
It is believed this, and the weight of the LED tilting during straining/relaxation, contribute to the tear.
Unlike the commercially available ECA from Chapter 2, where only the ECA ruptured during straining,
the ECA and substrate were both torn in this case indicating a strong bond between ECA and substrate.
It is known that the tearing is not a result of the pressure applied during curing as the torn portion was

not under pressure during curing.
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Figure 4-4: a) The baseline device after 300 cycles to 20% strain. The tears in the devices are circled in red.
b) An earlier flake-only prototype exhibiting the same mode of failure.

4.2.2 Optimized ECA

The results of strain cycling the LED device using the optimized hybrid nanowire/microflake ECA (1:5
A100UL, prepared using 10 minutes of ultrasonication) at 20% strain for 500 cycles are shown in
Figure 4-5. The device did not show any decrease in intensity during any of the cycles reflecting the
excellent mechanical and electrical properties of the optimized ECA and the ability of the ECA to
maintain these properties. The slight decrease in the intensity of the LED from the initial state to
subsequent states during relaxation is due to the LED shifting (tilting) after the first strain cycle as
shown in Figure 4-6. During the first strain cycle, the weight of the LED shifted, and it remained in that
position for subsequent measurements. However, this did not impact the electrical or mechanical
connection between the LED and ECA as shown by the unchanging intensity during straining in Figure
4-5b).

The ability of the ECA to resist tearing and breaking during repeated straining is a result of the
increased cohesive strength of the nanowire-containing ECA compared to the flake-only ECA. The
larger total surface area of the nanowires compared to flakes allows them to absorb more of the epoxy
resin onto them. This lowers the adhesion strength of the ECA as seen in Chapter 3, but increases the
ECA’s cohesive strength and therefore, ability to withstand tearing and ripping during repeated
straining [80].
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Figure 4-5: The measured intensity of the LED using the optimized nanowire/microflake ECA during a)
relaxation and b) straining at various cycles during strain cycling at 20% for 500 cycles.

Figure 4-6: The LED attached to TPU using the optimized ECA a) before and b) after 500 cycles at 20%
strain. During the first strain cycle, the position of the LED shifted but the ECA maintained an excellent
electrical and mechanical connection.

4.3 Flexible Hybrid Electronics

With the viability of the optimized ECA for real-world applications having been demonstrated, the
LED device was used to fabricate a wearable, flexible LED patch using the steps from Chapter 1. The
optimized ECA device was encapsulated using a second TPU layer and then laminated onto a
stretchable fabric in an oven at 120 °C using the binder clip/aluminum method described earlier. The
fabric could be any textile, such as athletic wear or a vehicle seat cover. The fabricated FHE device is
shown in Figure 4-7. Laminating the device onto the textile at the end allows the separation of the
technology layers from the textile layers. In an industrial setting, the garment/textile and technology
layer could be manufactured separately, in different facilities, and then brought together at the end. A
small portion of the ECA strips were left unencapsulated to allow a connection to an external power

source.
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Figure 4-7: a) A schematic of the wearable, flexible patch. b) The wearable, flexible LED patch created
from the optimized ECA device laminated onto a fabric and encapsulated with TPU. ¢) The LED patch
clipped to a t-shirt.

4.4 Conclusion

In this chapter, the fabrication procedure and flexibility testing methodologies from previous chapters
were adapted to print and test a real-world equivalent device — an LED on a flexible substrate. Through
changes in the intensity of the LED, the device provided observable feedback on changes in the ECA
and the connection between the ECA and LED during straining/ relaxing. In this case, the main change
observed was the LED turning off after repeated strain cycling in the baseline device which used a
flake-only ECA. The LED turned off while under 20% strain after 217 cycles but recovered during
relaxation. After 256 cycles, the LED did not turn back on during relaxation. A device utilizing the
optimized nanowire/flake ECA (1:5 A100UL prepared using 10 minutes of ultrasonication) showed no
change in the intensity of the LED during strain cycling to 20% strain over 500 cycles demonstrating
the excellent mechanical and electrical properties of the ECA as well as its durability. With the viability
of the optimized ECA demonstrated, the LED device was used to create a wearable, flexible LED patch.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this work, silver nanowire-enhanced microflake electrically conductive adhesives (ECAs) were
formulated as a flexible, conductive interconnect for flexible hybrid electronics (FHESs). The nanowire/
microflake ECAs showed improved conductivity and flexibility over conventional microflake ECAs.
The nanowire/microflake ECAs showed resistivities as low as 3.9 x 10 Q-cm, compared to 1.9 x 107
Q-cm for the flake-only ECA. After 100 cycles to 30% strain, the resistance of the nanowire/microflake
ECA only changed 9.8x while the resistance of the flake-only ECA changed by 25x. A commercially
available ECA broke while being strained to 30%. Despite showing a lower shear strength, the real-
world viability of the nanowire/microflake ECA was demonstrated through the integration of a light-

emitting diode (LED) on a flexible substrate.

The improved properties of the nanowire/microflake ECA were achieved by focusing on the steps
and parameters relevant to the nanowires and optimizing for them. In Chapter 2, the fabrication
procedure for conventional ECAs was presented and the testing methodologies for the conductivity
(four-point probe), flexibility (strain cycling using a linear stage) and shear strength (single-lap shear
strength tests following the ASTM D1002 standard) of the ECA were established. The fabrication
procedure and testing methodologies were used to prepare and characterize a flake-only ECA and a
commercially available ECA to establish a baseline against which the nanowire/microflake ECA would

be tested against.

In Chapter 3, silver nanowires were integrated into the microflake ECAs using different processing
parameters and nanowire dimensions. The nanowires bridge neighbouring microflakes to improve the
conductivity and the nanowire network can rotate and deform under strain to maintain an electrical
connection. It was found that during the initial phases of ultrasonication, up to approximately 10 min.,
the sonication primarily works to disperse the conductive filler in the epoxy resin. Further
ultrasonication, beyond 10 min., primarily functions to damage the nanowires, which degrades the
properties of the ECA. Similar mechanisms were observed with prolonged vortex mixing. It was also
shown that there is a fine-balance between the amount of nanowires and flakes in the ECA for a fixed
total silver content. If an insufficient amount of nanowires are added, the ECA will underperform. If
too many nanowires are added, they agglomerate on the surface of the flakes and degrade the properties

of the ECA. Longer and thinner nanowires have a lower optimal ratio than shorter and thicker nanowires
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as they are more prone to agglomeration. The A30UL nanowires (30 nm, 150 um, 10 mg/mL in ethanol)
had an optimal ratio of 1:5, while the B45 nanowires (45 nm, 10 um, wet powder) had an optimal ratio
of 1:4. ECA prepared with longer nanowires showed an improved conductivity and flexibility over an
ECA prepared with shorter nanowires of the same diameter. Finally, it was found that the nanowire
diameter does not impact the conductivity of the ECA but larger diameters showed better flexibility.
Shorter and thicker nanowires showed better shear strengths than longer and thinner nanowires, but the
shear strength of all the nanowire/microflake ECAs was lower than the conventional ECAs. However,
it was demonstrated in Chapter 4 that the strength of even the ECAs containing long nanowires was

sufficient for real-world applications.

In Chapter 4, an LED was integrated onto a flexible substrate using the flake-only ECA and the
optimized hybrid ECA. Using the conventional, flake-only ECA, the device failed after 256 cycles to
20% strain. In contrast, the device using the hybrid ECA did not show any change after 500 cycles to
20% strain reflecting the improved electrical and mechanical properties of the ECA and the ability of
the ECA to maintain those properties. The optimized ECA device was encapsulated with an additional

layer of TPU and laminated onto a stretchable fabric to create a wearable, flexible LED patch.

The novel contributions of this work to the field of ECAs for FHEs lie in three places: the
investigation of the flexibility of nanowire-enhanced microflake ECAs, the investigation of the effect
of the nanowire morphology on the properties of the ECA and the study of the effect of the mixing
method on the ECA. For the first time, the improved flexibility of hybrid nanowire/microflake ECAs
was shown. As the focus of ECAs thus far has been as a solder replacement, the flexibility of the ECA
has been neglected. As shown in this work, AgMfs are not the ideal conductive filler for flexible ECAs.
The conductive backbone formed by the AgMfs needs to be supported by an auxiliary filler that can
maintain an electrical connection under strain. AgNWSs are the most promising candidate for this.
Furthermore, this work emphasized the importance of examining the properties of the conductive filler
used. It is not enough to synthesize/purchase a batch of AgNWs and add them to the ECA as is usually
done. The AgNWs need to be the correct diameter, length, and in the correct portion to the AgMfs to
optimize the properties of the ECA. Finally, this work illustrates the importance of catering the
fabrication procedure towards the conductive filler(s) used. Ultrasonication is a popular mixing method
for ECAs, but as demonstrated in this work, prolonged ultrasonication deteriorates the properties of the

ECA by damaging the silver nanowires.
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5.2 Future Work

While sufficient progress has been made in this work to improve the electrical and mechanical
properties of hybrid nanowire/microflake ECAs, there is more that needs to be understood and studied
before they are ready for commercialization. One of the main issues that silver nanowire-based
materials face is the oxidization and degradation of the nanowires over time, which in turn degrades
the properties of the materials [78]. As only a small amount of nanowires are added to the microflake
ECA and the nanowires are encapsulated in the epoxy resin, it needs to be investigated whether the
nanowire degradation is a point of concern in this application and if it is, passivation techniques of the

nanowires need to be explored.

Some next-generation substrates in the field of flexible hybrid electronics, such as textiles and paper,
have lower temperature tolerances than the substrates used in this work and cannot tolerate curing
temperatures of 150 °C. One of the advantages of silver nanowires over microflakes is their lower
sintering temperature [33], [83]. As such, the viability of nanowire/microflake ECAs at lower curing

temperatures should be investigated.

An additional advantage of silver nanowires that should be explored is their lower percolation
threshold. Not only do silver nanowire networks have lower percolation thresholds than networks of
flakes, ECAs using hybrid fillers have previously been demonstrated to have lower percolation
thresholds than ECAs using either filler individually [64]. Using a lower metal fill could reduce the
weight and cost of the ECA. Though this would reduce conductivity slightly, it is shown in this work
that NWs improve the conductivity compared to flake-only ECAs so, depending on how much the metal
fill is reduced, the conductivity could be maintained at a similar level to conventional 60 wt% flake-

only ECAs while the mechanical flexibility should increase.

A potential limitation of the nanowire/microflake ECAs presented in this work is their lower shear
strength compared to the flake-only ECA and commercially available ECA. If a higher shear strength
is required, the use of metal fills less than the 60 wt% used in this work, as described in the previous
paragraph, would improve the shear strength. It is recommended to also address the presence of residual
ethanol after centrifuging, which has been identified in this work as a possible source of the lower shear
strength. The optimization of the amount of ethanol added during the preparation of the
nanowire/microflake ECAs should be investigated. The transition to a solvent-free formulation should
also be considered as this has been shown to improve the shear strength of other hybrid ECAs [37]. To

accomplish a solvent-free formulation, other mixing techniques will need to be explored.
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Finally, the conductivity and flexibility of the ECAs using the optimal nanowires (100 nm diameter,
150 um long) could be further refined and optimized. The ultrasonication, vortex mixing, and ratio
optimization studies were performed using 30 nm diameter, 150 um long nanowires as it is believed
the longer and thinner nanowires are more susceptible to damage during mixing and more likely to
agglomerate in the ratio optimization study. By replicating the studies with the 100 nm diameter, 150

pm long nanowires, incremental improvements in the properties of the optimized ECAs should be

possible.
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