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Abstract

During the recent two decades, considerable efforts have bessde to explore new
generations of interconnecting materials and printed lines to replace the traditionally used
toxic leadbased solders in electronic industries. Electrical conductive adhe$ivg (ihich
consistsof conductive metallic particles and a polymeric matrix has attractgeat deal of
attentionas one ofthe most promising alternative materialkhe conventional ECAs are
typically made of silver micro flakes and epoxy resin. The &ectrical conductivity of

these ECAs is their main drawback compared to traditionaldaadd soldersvhich hinders

their applicabilty i n t odayds bl oo mi n4n esotmeuws amoonh of c i nd
researchworks have been conducted to enhance thectrégdal conductivity of the
conventional ECAsincluding increasing the polymer shrinkage, surface modification of
silver flakes, introduction of low melting components to the ECA formulation, and the use of
nanasized conductive materials inside the fotation of the conventional ECAs. All of
these approaches affect the qualityiraér filler interaction inside the electrical netwoif,

different ways

The recent progress in nanotechnology helped material scetdisprecisely design
nanomaterialsvith different morphologies and surface chemistry. Owimghis capability,
incorporation of nansized conductive fillers with different natures, morphologies, and

surface properties inside the conventional formulation of ECAs has dramsidemble



attention to overcome the common drawbacks of conventional EGésh as poor electrical
and mechanical properties, reliability issues, and large filler cortérats been reportatiat

the introduction of conductive nanomaterials into the conventional EE@2Asmprove the
electrical conductivity of ECAs if their size, morphology, and the ratio between nanofiller
and silver flakess carefully taken under consideratidn. this project, we developed new
generations of hybrid electrical conductive adhesiveSAE by introducing conductive
nanofillers (spherical silver nanoparticld®g NPs) high aspeetatio silver nanobelt$Ag
NBs), and graphene)into the conventional formulation of ECAsSTo harness the
characteristic properties of the nanofillers and talifate their homogeneous dispersion

inside the epoxy, nanofillers were functionalized

In the frst step of this projectsphericalAg NPs were synthesized and simultaneously
functionalized with thiocarboxilic acidsesulting inthe formation of NPs less than 5 nm.

Two thiocarboxylic acids with the same chemical structure but different chain leBgihs (

11 carbons) were used to functionalize the NPs. We showed that the size and the electrical
properties of the NPs can bentrolledby varying the chain length of tinecovering organic

layer. The diameter of theAg NPs functionalizd with the shorchain acid wagwo times

smaller than those with the lomdain acid. We also found that the shadrain functionalized

NPs wee electrically conductive while the lofwpain functionalized ones were
nonconductive. The shechain functionalized NPwere incorporated into the conventional
ECAs We foundthat at low NPs contents (< 20 wt %)he electrical conductivityof the

hybrid ECAsincreasedlue to the filling of NPs into the interstices of the miesedsilver
v



flakes, bridging of the NPs among separated flaled sintering of the NPs @dlativelylow
curing temperatureof 150 °C However, higher NPs contentseduced the lectrical
conductivity because they may clustand increasethe gaps between the silver flakes.
Furthermore, at higher NPs contetite number of contact pointadreaseswhich in turn

decreasgthe electrical conductivity of the final ECAs.

The positie effect of the synthesized NPs on the electrical conductivity of the
nanocomposités basicallyattributedto the increased number alectrical pathways inside

the electrical networkdue tothe bridging of the NPs between separated silver flakes.
However, a large amount of NPs are needed to form effective bridges inside the network
which increases the number of contact points inside the filler system and also increases the
cost of the final ECAs. In theecondstep, we implement a novel type agih aspectatio

silver nanostructuresilver nanobelts Ag NBs), as cdfiller inside the conventional
formulation of the ECAsThe Ag NBs (1640 nm thick, 106400 nm wide and-10 um long)

were synthesized through sesembly and roostemperature joinig of hexagonal and
triangular silver unit blocks which were synthesized by chemical reduction of silver mitride
the presence gioly(methacrylic acid) The incorporation of a small amount of the Ag NBs

(2 wt%, NBs to flakes weightatio, K = 0.03) intoa conventional ECA with 60 wt%ilver

flakes resulted in an electricebnductivity enhancement of 18% in comparison to that of

the conventional ECAs with the same total silverghefraction, while addition o2 wt% K

= 0.03) NBsinto the conventionaECA with 80 wt% silver flakes enhanced the electrical

conductivity of the hybrid ECA approximately 240%. These results imply high asgiexct
V



NBs are more effective to improve the electrical conductivity of ECAs at concentrations

close to percolation teshold.

Considering the importance of the aspetio of the nanofillersin the next stepwe
implemented graphene, which is known for its exceptional electrical, mechanical and thermal
propertiesto further reduce the amount of silver flakes while maintaining a high electrical
conductivity.Graphene, possessing the highest asfict among all the nanostructurasd

also due to its 2Dstructure can provide extremely high surface area for electron
transformation inside the electrical networowever, to exploit the interesting properties of

the graphene, their single layer structure must be preserved inside the polymeric matrix. To
achieve this goal, we applied two types of swefacodificationto exfoliate and stabilize
graphene layergrirst, we decorated graphene surface with Ag NPs, functionalized with a
short chain length thiocarboxylic acid, and introduced this 2D nanostructure into the
conventional ECAsThe electrical conductivity measurentenmevealed that the decorated
graphene significantly improgehe electrical conductivity of the conventional EC#dy at

low filler concentrationswhile to achieve high electrical conductivitglevated curing
temperatures are needed. This situatioa iesult ofthe increased number of contact paint
because of Ag NPs on graphene surfggecond, we used a naovalent approach to
stabilizegraphene usinghe surfactantsodium dodecyl sulfate (SDSpur resultsshowed
thatthe stabilization of graph® with SDS noticeably enhance the electrical conductivity of
the ECAs which is attributed to the role of SDS iaxploiing the high aspeatatio of

graphene. In order to examine this hypothegesuseda larger sizggraphene and applied the
Y



same SDS moafication protocol. The electrical resistivity measurements showed that the
electrical conductivity enhancement in the case of hybrid ECAs with largé ré@ified
graphene was more significant than that with smalliSb@&lified graphenéelhe percolation
threshold for the hybrid ECA with 1.5 wt%f both large and smadjraphene was reduced to
an interestingly low value of 10 wt% while this value for conventional ECAs, and hybrid
ECAs with nommodified grapherewas 40 wt%. Furthermoredding 1.5 wt%of large
SDSmodified grapheneto the conventional ECA with 80 wt% silver flake contesgulted

in a very low electrical resistivity of 1.6 x Py . ¢m which is | ower

leadbased solders.
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Chapter1.l nt r oducMotoinvati on, and Thesis Ol

Leadbased solders are conventionallged as electrical interconnecting materiais
electronicmanufacturing providing electrical paths between one circuit element and another
upon their attachment tosystem leveboard However, lead has long been recognized as a
hazardousnaterial to human beings and anvironment. The leadased solders are mainly
consuned in the production of electronic devices, whidually possesa life time of less

than 5 yearswhich leads ta hugeamount of leachccumulation idandfills each year. For
instance, the total lead consumptionthe US for 2000 was 52,400 metric tores which

more than 10% was used in production of {baded solder§l]. Many countries have
started to establistestrictedregulations to abandon the application of leath@ir electronic
industries. This situation has inspired material scientists and researchers to find proper
alternatives fothe conventional eutectic solderf.o day 6s bl oomi ng el ect r ¢
e.g., multilayer printed circuitf2], thin-film transistors (TFTs]3], transparent conductive
coating[4], solarcells[5], and batteries, require advanced materials that offer high electrical
conductivity, good flexibility, prper strehability, and satisfactorgnechanical strength. In
addition, these materials should be cost effecteeyironmentally benign, and easily
processhle. In this regardelectricaly conductive adhesives (ECAs) are considerethas

mostpromisingalternative interconnection materials for future application

ECAs consist of a polymeric matrix, granting the physical and mechanical properties, and
conductive fillers, providing the electrical pathwalgroughout the matrix. Depending on the
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applications and d#red electrical properties different types of polymers and conductive
fillers can be implemented. The conventional ECAs, which h&eadyfound their way into
market, are usually based on epoxy as the polymeric matrix and silver flakes as conductive
filler. Epoxy provides excellent adhesion, low shrinkage, superior resistance to thermal and
mechanical shocks, arubs a reasonable cod6]. On the ater hand, different types of
metallic particle such as copper, nickel, and silver have been used as conductive fillers in the
formulation of ECAJ71 10]. However, silver flakedue toits excellent electrical and thermal
conductivities at room temperature, easy processability, and the conductive naiigre of
oxide hasbeen the first and foremost utilized conductive fillesidie the conventional ECAs

[11].

Although the conventional ECAs (epty + silver flakes) offer several advantages over the
traditional solders, including environmental friendliness, finer pitch printing capability,

milder operating condition, fewer processing steps, and mexibility [12,13], the complete

replacement of the traditional solders wiitie conventional ECAs has ngét been achieved,

mainly because opoor electrical conductivity. Despitelahe progress, thelectrical

conductivity ofthe conventional ECAs (I1#10*q . cm) is still | ess than
sol der s®q.4&c [®). This dit@ation is related to their different working mechanism.

In an ECA electrons are transferred through the electricavokk via the contact points

between conductive fillers or by turihieg effect. On the other hanthe eutectic solders

work based on solder reflow in which current is passed through the metallis [A&ihdin

contrast to soldering, silver flakes inside #poxy cannot render the metalleadipathways

2



for electron transfrmation as metal solders do, but form a small contact point via the
formation ofa percolated networkwhich is more difficult for electrons to be transferred

through.

It may seemone wa to improve the electrical conductivity of the conventional ECAS is
loading more silver flakes into epoxy to provide more electrical paths. However, after a
specific concentration (i.e., percolation threshold) the electrical network becomes stable and
addng more silver flakes to epoxy does magnificantly affect the electrical conductivity
Besides, in order to fully replace traditional solders with EChe satisfied electrical
conductivity and good adhesive strength should be comlpi&d8]. Adding more filler to

epoxy decreases the mechanical strength of the final composite (due to the decreased volume
fraction of polymeric matrix) and also negatively influences the processability, and the final

cost of he composit¢19].

In resposeto these concerns, research activities have stepped up to implement hybrid filler
systems, i.e., theombination of naneized conductive materials and micisined siher
flakes, as the conductive filler systemsidethe formulation of ECA$15,20'22]. The recent
progressin nanotechnology helps material scierstist precisely design nanomaterials with
different morphologies and surface chemistry. Owiaghis capability, incorporation of
nanoesized conductive fillers with different natures, morphologies, and surfagerfies
inside the conventional formulation of ECAashdrawn considerable attentitmovercome

the common drawbacks tie conventional ECAs, such as poor electrical and mechanical

3



properties, reliability issues, and large filler contdifite utilizationof nanesized conductive
material can enhance the electricainductivities of ECAs at lowiller content without
sacrificing the mechanical and adhesive properties. Since the electrons are transferred
through the electrical pathways inside epoxy andetipeghways are formed via the linkage

of conductive filler,the quality of contact between neighboring fillers are crucial issues
affecting the final electrical performance of the hybrid ECR8]. To harness the
characteristic properties of the nasiaed materialsdifferent parameters such as their size,
aspectratio, morphology, surface properties, the ratio of silver flakes to nanofillers, and the
dispersion techniques should be @akundercareful consideration.In current research,
spherical silver nanoparticles (Ag NPs), high aspatit silver nanobelts (Ag NBs), and
graphene nanosheets were implemented as conductifiber inside the conventional
formulation of ECAs the efect of these conductive nanomaterials, their morphology, and
surface properties aime electrical conductivity ahe resultant composites was investigated

for each case

The unique electricgR4i 26], thermal[27], optical[28], and antibacteridl29] properties of

Ag NPshave attracted extensive research interests with respect to their applications in the
development of functional materials such as flexible electronic digB@y organic light
emitting device$31] and biosensor82] at eversmaller scaleDuring the pasttwo decads,

there has been increasing intergstthe application ofAg NPs to enhare the electrical
conductivity of conventionalECAs [15,19,21,26,3835]. It has been reported that simply

adding NPs has a negative effect on the ovetalitricalconductivityof ECAs because of

4



the increased number of contact poimtghin an electrical pathway36]. According to
literature,a positive effect of NPs on the electrical conductivity of the polymer composite
requiresthe sintering of NPs at high temperatures to reduce the number of contact points
[19,21,23] Many research works have been démeeducethe sintering temperature due to

the thermal sensitivity of components in organic electronic deyk®83,37,38] To date,

the major focus has beatevoted to theapplication ofAg NPs bigger than 20 nm. One
possible reason is th#te surface organic layer of NPs should be readily removed from the
surface during the curing processttigger sinteiing at lower temperaturg®21,35,39] This
condition usually needs the synthesis of NPs involving the physical adsorption of the organic
layer on the surface of NPs, whicisually leads to the formation of large NP$n 2005,

Jeong et alinvestigated the incorporation @éry smallAg NPs(5 nm)into thecommercial

ECAs and reportecklectrical conductivity improvement via incorporation & wt% NPs
without the needor sintering; Their studyhighlights the positive effect of small NPsO 1 0
nm) on the electrical conductivity of ECA45]. This progress was promising; however, the
studies @ Ag NPs less than 10 nm in the development of conductive polymer composites are

scarce in literature.

In the first step of this project, we successfully synthesized and concurrently functionalized
very small Ag NPs (smaller than 5 nm) using a simple wet chemistry approach. Two
thiocarboxylic acids(11-Mercaptoundecanoic acid (MUAand 3-Mercaptopropionic acid
(MPA)) with the same chemical structure but different chain lesgtkre implemented to

functionalize the NPs. We interestingly found that the chain length of organic layer has
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significant impact on the size and the electricaldtmtivity of the NPsFunctiondization of

the NPs using longechain length acid (MUA) resulted in bigger (4.49+£1.28 nm) and
electrically insulating NPs, while surface coverage of the NPs with shorter chain length acid
(MPA) led to formation of smaller (@9+0.66 nm) and electrically conductive NPs.
Although the chemicalkgtabilized NPs have low conductivitywhich limits their
application for the development of conductive nanocomposites or @Aostulated that

by reducing the number density and tfain length of the stabilizing agent, the covering
layer resistivity can be lowered and the NPs can be potentially used as reinforcing agents
inside theECA composites Furthermore, we hypothesized that the chemictipilized

NPs can be readily dispged into epoxy and can be fused ittte conductive network at a

low temperature because of their small siHence, ve introduced the smaller Ag NRsto
conventional ECAsconsisting of 60 wt% silveitakes andinvestigated the effect dfie NPs

as wel as the specific roles of their surface layer on the electrical conductivity of a
nano/micro hybrid composite adhesive. Our research findings revealed, for the first time, the
chemicallystabilized NPs can improve the electrical conductivity of the cdroweal ECAs

at a relatively low curing temperature of 150 without the extra step of sintering at an

elevated temperature.

In recent years, high aspeettio nanofillers have been proposed as alternative materials for
spherical NPs to overcome the comcef excessive contact points between NPs and to
reduce the amount of conductive filld6,17,40 48]. High aspectatio nanomaterials can

establish more stable and effective electrical network at lower filler contents with less



number of contact pointsvithin an electrical pathMoreover, they can provide better
electrical conductivity without sacrificing the integrity and adhesive strength of the
polymeric matrix[40]. For instance, Wu et al. reported a significant electrical conductivity
improvement for the ECAs filled with 56 % silver nanowires (NWs) compared to that of
the ECAs filled with microrsized and/or naneized spherical silver particles with similar
filler concentration[40]. The same results were reported by Tao ef4&8l] and Chen et
al[45]. However, most of the studies performed in this field have involved the direct addition
of silver NWs into epoxy resin without silver flakehis situation requires a large amount of
silver NWs to achievehigh electricalconductivities[18,40,45] There arefew reseech
reports on the development of hybrid filler systems using high aspéicd silver
nanomaterials as auxiliary fillers in the formulation of the conventional ECAs. To the best of
our knowledge, only Zhang et &b0] reported the use of silver NWs along with the silver
flakes (weight atio of 2:3) to develop a hybrid fillers system and found a significant
improvement in electrical conductivity of the fabricated ECA. This study suggested a
synergetic effect of silver NWs and silver flakes on the electrical conductivity improvement

of thehybrid ECAs.

In the secongbart ofthis project, we incorporateminew class of high aspeettio nanoillers
(i.e., Ag NBs) in the conventionalformulation of ECAs to develop anovel type ofhybrid
ECA composite. TheAg NBs were synthesized through a higkld chemical reduction
method which was based on the ssfembly and rooftemperature joining of the

hexagonal and triangular silver NPs as structural blocks of the NBs. Compared to the
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previously used silver NWs wth are synthesized at high temperatures and long reaction
times, the fhrication of thisNBs is fast and occurs at room temperafédg. In addtion the

Ag NBs have a | ow ofiwmhiehicanheduce tioe totalenmagstofidactive a t i
fillers in the composite. Moreover, the high aspatio NBs are able to form a percolated
network at low concentrations. Our results revealed a significant improvement in the
electrical conductivity of thénybrid ECA composite in comparison to the conventional

ECAs, especiallyat concentrations close to the percolation value

After we understood the importance of the aspatd of conductive nanofilleron the
electrical conductivity enhancement bybrid ECAs at low filler content, we examuhe
graphee, which has the highest aspeatio among all nanstructurel materials, as
conductivecofiller inside the formulation of ECAs. Graphene is a flat monolayerarbon
atoms, 0.335 nm thick, denselggked into a honeycomb[2 lattice structurg¢52i 54]. Luan

et al., demonstrated the significant potential of graphene to reduce the percolation threshold
of ECAs by decreasing the tuniieg resistance isidethe electrical networks4]. However,

one challenge with the use of graphene is its aggregation during mixing with polymers, as
graphene nanosheets temalsttract one another with strong van der Waals fd&®86] In

order to harness the characteristic properiegraphene, the nanosheets need to preserve
their unique single layer structuf&7]. Pasricha et al., reported that the decoration of
graphenewith Ag NPs is an effective way to exfoliate graphene nanosheets, and to prevent
their aggregatiorj58]. Considering that and inspired by the research wpg$ormed by

Biak research groygreporting significant electrical conductivity improvement via addition

8



of Ag NP-decorated CNTnto the commercial ECAssome research grosigpplied this idea
for graphendor ECA application[23]. They believe that because of the higher aspeoi

of graphenecompared toCNTs [59], the Ag NRdecorated graphene should aemore
promisingco-filler to improve the electrical conductivity of conventional ECReng et b
recently reportecn electrical conductivity improvement of ECAs via addition of Ag-NP
decorated graphene to the conventional E(G8$. However, we postulated thtte surface
decoation of graphene with Ag NPsgnificantly decrease the contact resistance between

neighboring fillersonly whensintering of Ag NPs on the graphene surface occurs

In the third step othis project, ve employed a simple wet chemistry approach to decorate
the graphene surface with Ag NPs for electrically conductive adhesive applications and
carried out a systematic investigation on the effect of NPs sintering on the electrical
conductivity improvement fohybrid ECAs. The NPs were functionalized with MPA to
control their size and to prevent their oxidation. The small size of the NPs covered by very
short chain length organic layer (MPA with 3 carbon atoms chain length) makes the NPs
dispersible in organisolvent andsusceptibleto be sinteed at low temperaturesThe
electrical conductivity of the hybrid ECAwith decorated graphen&ere measured at
different curing temperatures and compared to those of convdriEiGAe and hybrid ECAs

with nonmodified grapheneOur results showed that the Ag Mecorated graphene asly
effective toimprove theelectrical conductive of ECAs at low silver flake content via
decreasing the tunnellingegistance. At high silver flakeontens, elevated temperature is

needé to achieve high electrical conductivity. Véscussedhe mechanism of electrical
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conductivity improvement according to the quality of filféler interaction at different
temperatures. The sintering behavior of conductive fillers was investigated) usin
morphological, electrical, and thermal studig&e were able t@reparea highly conductive
hybrid ECA by introducing a small amount of Ag MBcorated graphene nanosheets (1
wt%) to the conventional formulation of ECAs. The resultant hybrid E@&se found to

have a bulk resistivity of 46 x @y . ¢m whi ch i s asedsaddedid. t hat of

As mentioned earlier, @demonstratethatthe improved electrical conductivity of ECAs via

addition of Ag NRdecorated graphene is mainly because ofinbeeased surface area of

electron transportatioim which the increased number of contact points (due to the presence

of Ag NPs on the graphene surface) may cancel out this positive ffdctin orderto

decrease the muber of contact points sintering of NPs must occur which requires elevated
curing temperatures (higher than 150 °C). Wastulated thathe single layer graphene

without metallic decoration is a better option as auxiliary filler for ECA application if a

proper exfoliation technique is applied to preserve its single layer structure within the epoxy
matrix. Surface modification of graphene using organic materials is one approach to exfoliate
graphene in which the interaction occurs via either covalent boreding v'i ast'acki ng.
Although this technique is shown to be effective to exfoliate graphene I[B&63], it

hi nder s their el ectrical felectrgne detocaleaion lmfe c a u s e

graphene surfadé6].
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Another method to exfoliate graphene nanosheets is based on the use of third component,
known as a surfactant. In this approach, graphene layers are exfoliated by the mechanical
energy provided by bath or horn sonication which overcomes the van der Weagdstions
between graphene layers. At the same time, surfactant molecules adsorb onto the graphene
surface and prevent their-sgacking via steric repulsiorjé4,65] (see Figure 1LA). Some
research groups implemented this method to produce suntfatébilized graphene from
graphite powder. For instance, Lotya et al. reported the production of -@dngbkntration
agueous solution of graphene stabilized by sodium cholate surfactant using a long time low
power sonication of graphite, followed by tefugation [64]. In this project we used a

simple surfactarassisted approach to disperse graphenesiaets inside the conventional
formulation of ECAsbased on the use of an ionic surfactant, sodium dodecyl sulfate (SDS).
The main advantage of this approaasillustrated in Figure-1B, iswe areable to preserve

the single layer structure of graphemeside the nanocomposite without disturbing its
structure. The single layer graphene nanosheets can effectively bridge between separated
silver flakes and provide more surface area for electron transporiasioie the electrical
network. The electricalresistivity measurements of the hybrid ECA with Si8dified
graphene showed that SDS modification of graphene has a significant effect on enhancing

the electrical conductivity of ECAs and reducing the amount of silver flakes.
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Figure 1-1 A) SDS modification of graphene leads to exfoliation of graphene flakes, B) the
bridging of SDS-modified graphene between separated silver flakes establishes a compete
electrical network inside epoxy

To shed further lighon the effect of graphene aspeatio, we used graphene nanosheets

with two different sizes (1 um, and 5um diameter) and applied the same SDS modification

approach to exfoliate and disperse them inside the conventionak.EU# electrical

resistivitiesof the hybrid ECAs with small and large SIb#dified graphene were measured

at different silver contents and compared to those of conventional and hybAig \Eith

nonrmodified grapher® The results revealed that larger graphene are more effective to

improve the electrical conductivitand reduce the amount of silver flakdsan small

12



graphene. Highly electrical conductive ECA with a very low electrical resistivity of 1.6 x 10
>q.cm was fabricat ed -sablized lgrgelgraghenaanét8e dilvert h e
flakes. This fabricated ECA was more conductive than eutectic-lesktd soldeimplying

the great potential of the hybrid ECA with SIb®dified graphene to replace the traditional

solders

In the following chapterthe prirciple of ECAs workng mechanismand their electrical
conductivity measurements techniques will be explainddreover the most recent
literature on the development of hybrid ECAs using different types of conductive
nanomaterials will be discussed. In Chapter 3, we will present our research findings on the
effect of spherical Ag NPs, functionalized with chemically absdihiocarboxylic acids, on

the electrical conductivity of hybrid ECAs. In Chapteekectrical conductivity enhaement

of hybrid ECAsusing a novel type of high aspeetio Ag NBs wil be illustrated. The use of
graphene as conductive-tider with two different surface modification approaches inside
the conventional ECAwiill be discussed in details in Chapters 5 andFnally, thethesis

will be endedwith Chapter 7, with the main concluding remarks based on the results
obtained in this study, thmain contributions of the thesis, and also both stesrh and long

term recommendations for future work of this project.
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Chapter2.Li t erature Background

2.1 Electronic Packaging and Interconnects

Electronic packaging islefined asinterconnections betweem functional component (e.g.,
integrated circuits (IC$)and other elements in a systefavel board so as to make an
electronic product. In order to make an electronic device, various levels of packaging are
needed. Each level is connected to another lesilg interconnection material$l]. The

main purpose of these materials is to provide electrical connections between differant level
in order to transfer power and signal. These materials also provide physical, mechanical, and
electromagnetic protection and help thwviheat distribution.Figure 21 shows how

interconnection materials are implemented to attach a functional componeniistiate.

Interconnect material

Figure 2-1. A) Attachment of a functional component on a substrateB) a schematic of

interconnection between a functional component and a substrafd]
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In the first level, after mechanicaltachment to a substrate, a leadframe, bare ati€hip

devices are electrically connected. For example, the interconnection between an IC and a
package is provided in the first level of packaging, which acts as an IC carrier. Nowadays,
wire bonding andflip-chip bonding (see Figure-2) have dominated the firtvel
interconnections. In wire bonding, a very fine gold or aluminum wire with typical diameter

of 1 mm is utilized to electrically connect the IC and the substrate.

A BumpedChip
Ll

P

g Chipwith ECA paste on pumb: ECA paste

Contact bumpswith an ECA layer Chig

-

Electrical line

/

Place chip on a substrate and | B Substrate

cure theECA

Figure 2-2.The schematic of two first level packaging techniques using ECA paste, A) filp chip,
and B) wire bonding [11].

There are twa@wommon wire bonding technique&u ball-bonding (Figures -8A and 23B)
and Al wedgebonding(Figures 23C and 23D). In contrast to the wire bonding technique in
which the active site of the chip is faeeq, in flip-chip bonding the active site is faced
down. In flip-chip bonding, the normal wileond pads at the perimeter of the die are
replacel by solder balls or metal bumps. The schematic ofctip bonding is shown in

Figure 2-4. Solder balls or bumps have different functionalities such as creating electrical
15



path from the chip to the substrate. They alsy an important role imechanicakmounting

of chips on the substrate. Moreovéhey electrically separate the chip and the conductors of

the substrate[66]. These days, flighip bonding, due to its superior technological
advantages, such as small size, high speed, electrical performance, and low cost, has gained a

foothold in electrical packaging industrigs,67).

100X

Figure 2-3. A), and B) The SEM images of Au batbonding; C), and D) The SEM images of Al
wedgebonding at different magnifications [66].

(a) Flip chip assembly

Pad barrier layer metallization

Integrated circuit passivation Aluminum alloy bonding pads
on integrated circuit

Underfill joint
., encapsulation

Substrate solder mask Reflowed solder bump
or glass reflow dams Substrate ing pad
(solder weldable metallization)
(b) Solder ball detail
Integrated circuit
Aluminum alloy bonding pad

Integrated circuil passivation

Three-layer, barrier layer
( metallization Cr/Cu/Au

v Solder ball prior to reflow

Figure 2-4. The detailed £hematic of flip-chip bonding, A) A crosssection of assembly, B
Details of solder ball [66].
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2.2 Interconnect materials

As mentioned earlier,nterconnect materials are used to connect different lesfelsn
electronicpackagingto onearother. Leaebased alloys, especially eutectic-kad solders,
are traditionally employed as interconnect matef@aghis purposeHowever lead has long
been recognized as a health threat to human beinggheanehvironment. Accordingly,
considerable efforts have beeradeto eliminate lead from the int®wnnection materials
and findng proper alternativefiasis an urgent researcproject for maerial researchers
working in electronic industrie€urrently, wo main types of alternative materials aeing
used to replace ledshsed alloysleadfree meal solders (e.g., Sn/Ag; Sn/Ag/Cu), and

polymerbased electrical conductive adhesives (E(GB8).

2.2.1 Lead-free metal solders

Leadfree metal solders amreadybeing used by many electronic industressone of the
alternatives for leathased alloys However, aleadfree solder should meet some basic
requirements to achieve the expected performatocksd their way in commercial products.

For instance, the melting temperature of the solder should be low enough to avoid damaging
the whole system and to decrease the operating cost. On the other hand, the melting
temperature should be high enoughlsat the joint can tolerate the operating temperature at
which the other parts of the system would be processed or the final product would be

operated. Furthermore, solder melts should be able to wet the base metal to ensure an
17



intimate contact and good bading strength. Tin (Sn), due to its relatively low melting
temperature (232 °C), low cost, and the ability to wet most metal suiffitleshas been
considered as primary element in |deek metal solders. Nowadays, eutectic Sn/Ag,
eutectic Sn/Cu, eutectic Sn/Ag/Cu, and eutectic Sn/Zn are the most commonly udeelead
metal sol@rs in industry{66]. However,the melting temperature of these metal solders is
still higher than that of tihead solder (220 °C compared to 183 °C) which increases the
solder reflow temperature from 230 t€over 260 °(19]. This high operating temperature
canjeopardize the application of ledike tinbased solders for organic/polymeackaged
components and lowost organic printed circuit boards/substraté#hough some research
studies have been successfully performed on the production of low metindré=adiloys,
their mechanical properties and their processibility aresatsfactoryfor real applications
[19]. In addition, the avé#ability of the ingredients anthe cost effectiveness of final solder
areother important requirements influencing the potential of these materials for replacing the

traditional solders.

2.2.2 Electrically conductive adhesives (ECAS)

Electricaly conductive adhesives (ECAs), another alternative for repla®agbased
solders, areomposite materials consisting of a polymeric binder and a conductive filler(s).
The polymeric binder provides physical and mechanical strength to the adhesive, while the

conductive fillers creatan electrical network for the transfer of electrons. Epsycessing
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unique mechanical and physical properties of polymers make them ideal structural materials
in ECAs. In addition, the desired properties of the ECAs can be tuned by manipulating the
structure of the polymers or by adding other materials to themulation. Compared to the
metallic and ceramic materials, ECAs can be fabricated by various processes with relatively
low manufacturing cost; they have become one of the most widely materials in the field

of electrical pakaging [67]. A general comparison between some properties of the
commercialECAs and tidead (Sn/Pb) solders is presented in Table I2 should be noted

that the performance of ECAs depends on the properties of polymeric matrix, the type and
surface properties of conductive fillers, the amount of conductive materials ingde th
composite, and also the quality of filler dispersion. Each of these parameters can significantly

influence the final properties of the ECAs composite.

Table 2-1. General comparison between commercial ECAand tin-lead solder [11]

Characteristic Sn/Pb solder ECA
Vol ume resistiyv 0.000015 0.00035
Typical junctidg 10-15 <25
Thermal conductivity (W/m K) 30 3.5
Shear strength (psi) >2200 2000
Finest pitch (mil) 12 <6-8
Minimum processingtemperature (°C) 215 150170
Environmental impact Negative Very minor
Thermal fatigue Yes Minimal
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2.3 Chemistry, Formulation, and Properties of ECAs

2.3.1 Polymeric Matrix of ECAs

For an ideal polymeric matrix of an ECA, the properties such as longlinetfasy and fast

curing, relatively high glass transition temperatulg),(good adhesion, and proper moisture

resistvity are necessarf69]. Both thermoset and thermoplastic materials can be used as the
polymeric matrix of ECAs. The main advantage of thermoplisised ECAs over
thermosebased ones is their reworkabilityput their performance (i.e., mechanical and

adhesion properties) dawksconsiderablyat elevated temperatufgél]. On the other hand,

thermoset polymers provide better adhesion compared to thermoplalsticers and have

better thermal and chemical resistanceghé&following, we elaborate orepoxydo s pr oper ti es

(as the polymeeof interest of this projectand its synthesisrocedure.

Epoxy is the most commercialized polymer used for ECA fabrich@mause of its excellent
adhesion, low shrinkage, superior resistance to thermal and mechanical shocks, and
reasonable cost. It also has good resistance to moisture, solvents, and chemicadltsattac
properties may be further improved by a suitable choicslvents, fillers, colorants, flame
retardants, flexibilizers, and/or cure accelera{®®]. Bisphenol A epoxy is a hazardous
material which shouldhot be used in a direct contact with human body. However, as a
polymeric matrix for interconnecting material, the contact of this material with human body
is minimal which makes its environmental concern minimiihre commercial procedure of
epoxy synthesigonsists of a reaction between bisphenol A and epichlorohydrin in the
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presence of sodium oxide which leads to productioviephenol A epoxy with the structure
presented irFigure 25. The physical state of epoxy resin depends on the repletion number
(n) which varies from liquidr{ = 0) to hard solid{& 3 0) . The viscosit)

determined by the ratio of bisphenol A to epichlorohydrin.

CH3 o)

I /\ NaOH
OH ? OH + CHZ——CH—HZC—CI —_—

CHj

Bisphenol A Epichlorhydrin

O CH, 0
/\ <:> | <:> /\
H,C——CH——H,C——0—R ¢ 0——H,C—CH—CH,

CH,

CHj
' H
R: COO—HZC—$—H2C—O
OH

CH,

Figure 2-5. The mechanism of synthesis of bisphenol époxy.

2.3.2 The curing of epoxy

ECAs render electrical conductivity only whanepoxy is cured. Hengcenderstanding the
curing behavior of epoxy is of significant importance. The degregertiesof epoxyare
obtained by reaction dhe linear epoxy resin with suitabbeiring agentgknown as curing
reaction) to form threedimensional crosBnked thermoset structures. Curing is an
exothermic reaction and in sonu@-controlled casesmay producesufficient heat to cause

thermal degraation. Curing may occur throughout epokpmopolymerization (reacting an
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epoxy with itself) or via reacting with a curing agent or hardédepend=n the application
technique, curing condition, pbte requirement and desired physical properties,ctiveng
agent can be varig66]. Thecommon hardeners for epoxy resins include amines, acids, acid
anhydride, phenols, alcohols and thiols where thetredareactivity is approximately in the
following order: phenol < anhydride < aromatic amine < cycloaliphatic amine < aliphatic

amine < thiolHere weelaborate ommines as the most used hardener for curing epoxy.

Figure 26 shows the curing reactidretween an epoxide group of epoxy and an aliphatic
amine. Primary amineare one of the mosimiportantpartsof aminehardenerin a typical
curing reaction between an aliphatic amine hardener and epaxyarp amines reaatith

the epoxide groupof epo¥ to form a hydroxyl group and a secondary anmaseshown in

see Figure BA. The secondary amine can further react with an epoxide to form a tertiary
amine and an additional hydroxyl gro(gee Figure -6B). For aliphatic amines both primary
and secondaryamino hydrogens have apgimately the same reactivityJse of a di
functional or polyfunctional amine along with a -flunctional epoxy resin forms a three
dimensional crosnked network.lt should be noted thahaamine typehardenewill alter

both he processing properties (viscosity, reactivity) and the final properties (mechanical,

temperature and chemical resistance) of the cured copolymer network.

Although the curing of epoxy in the presence of hardener can happen at ambient temperature,
for the most cases it requires heat to complete the curing reaction. Insufficient heat during

cure will result in a network with incomplete polymerization, and thus reduced mechanical,
22



chemical and heat resistand@ obtainthe bestproperties the curing tempeature should
attain theTy of the fully cured networkin some cases epoxy curedin a stepwise fashion
to control the rate of curing and prevent excessive heat-bpilfom the exothermic

reaction.

H

R-NHp + CHy—CH- ———» R—-N-CHo-CH—

(a)

H Ch — CH -

| ou
R-N-CHy—CH- + CHy—CH- ——» R-N-CHp—CH-

L\ L

(b)

Figure 2-6. The curing mechanism of epoxy and a) a primary amine, b) secondary amine.

2.3.3 Conductive Fillers of ECAs

To makeaninsulating polymer electrically conductive, conductive fillers shouladkd to

the polymer matrix of theECAs; upon achieving the critical concentration of filler
(percolation threshold), the insulating polymer will turn into a conductive one. Different
materals such as metallic fillerse§., copper, nickel, gold, or silver particles), carbon

based materials (e.g., carbon black, carboanotubes, and graphgnean be used as
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conductive fillers. Among all these fillers, silver, due to its best electrical and thermal
conductivity at room temperature, easy processability, and the conductive natsrexodét
hasbeen the first and foremost utilizenductive fillerin commercialECAs. The SEM
images of different types of silver fillers including flakes, N&&] NWs are shown in Figure
2-7. Currently, in the most commercial ECsitver flakesare beig used as conductive filler
because of their high conductivity, easy processing, laghl surface areafor electron
transportation inside the electrical networfle size of silveflakesis usually between 1 to

20 em. Bigger part ictwityetsle delivevingilodes vishositg.h er condu

Figure 2-7. The SEM images of A) spherical silver flakes; B) silver NPs; and C) silver NWs.

2.4 The working mechanism of ECAs

The mechanism of electron transferrimgside an ECA is usually explained by the
percolation theory70]. For each ECAa speci fi¢c concentration 1is
threshol do. It i's the concentration in which

occurs. Following the addition of conductive fillers to a resin, the electrical resistance of
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ECA slowly decreaseuntil the percolation point. Before percolation there is no practical
connection between fillers. After the percolation thresttbkl resistivity of ECAsdrops
abruptly while beyond that adding more filldoesnot decrease the resistiviygnificantly
[71]. The schematic of relation between the electrical resistivity of an ECA #erdcfintent

according to the percdian theoryis shown in Figure-3.
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Figure 2-8. Typical percolation curve for an ECA based on the percolation theory.

Based on this theory, ECAs can be categorizéal tiree major types, namely isotropically
conductive adhesive (ICA), asotropically conductive adhesive (ACA), and rconductive
adhesive (NCA)(see Figure B). ICAs are those adhesives which are able to transfer
electrons in all directions, whilACAs transfer electrons only in one direction; NCAs are
those adhesives which cannot transfer current in any dire¢i®h In ICAs, the
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concentration of conductive fillers is higher ththe percolation threshold, making them able

to transfer electrons in all directions. On the other hand, ACAs operates in the regions below
the percolationthreshold conductive fillers in ACAs are seqsded from each other and can
transfer electrons only in one direction, mostly upon applying high presswpled with
thermal treatment§l9]. From now on, the word ECAs refer to ICAs as the cotidec

adhesive of interest in this project

Figure 2-9. The schematic of application of different types of ECAs; a) ICA; b) ACA; c) NCA
[19].

The percolation value depends on different parameters such d3&izenorphology[47],
nature[73] and the dispersion state of conductive fillers. Each parameter infludmees t
quality of conductive filler linkage inthe electrical network, differently. The size of

conductive fillers and their size distribution are important parameters affecting the
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percolation threshold concentration. Wu et al filled epoxy with Ag NPs witareint sizes
(5-1000 nm) and studied the effect of the size of NPs on the percolation[valud hey
observed as the NPs size increased from 5 to 5@hepercolation concémation decreased

to a minimum value of 63 wt%which was 10nvt% less thathat ofconventional ECAs filled

with micronsized Ag particles. However, for the NPs bigger than 50 then percolation
concentration increased, suggesting there is an optimuncl@asize to fom a percolated
network. Ithasalsobeen reported that the percolation value decreases with broad particle
size distribution[74]. The percolation concentration also depends on the morphology of
conductive fillers. lower percolation threshold can be obtained using high asgezfiller
because they can provide more connected pathways at lower filler cphterd] The
dispersion state of conductive fillers also has a significant effect on the percolation value.
Presence of agglomerations in some level ba useful to form a percolated network at
lower filler contentg75]. Li et al. prepared nanocomposites of CNT and epoxy using four
different preparation conditions to provide different dispersion states of CNTs inside epoxy
[76]. Thereported percolation thresholds ranged between 0.1 wt% to 1 wt% in which the
lowestvalue belonged to the nanocomposite with the second psbdispersion state. They

observedhatthe composite with théest dispersion ate did not show any conductivity

According to percolation theoryelectrons are transferred through electrical wats

provided via the filler connections. Figurel® schematically shows the mechanism of

electron conduction throughout the electrical network. The overall resistance of an ECA can
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be considered as the summation of series of resistivities, including the bulk resistance of
filler (Ry), and fillerfiller contactresistanceR;«) [22,74]

Y Y Y Equation 2.1

Ry R, R, Ry
_\/\/\/\/\.h ‘." M e
VARA

Roverall = Rf + Rf—f
Rf—f = Rt + RC

Figure 2-10. The mechanism of electrical conduction in an ECAR;, R;, and R; are the bulk

filler, tunnelling and constriction resistances, respectively

For a specific filler systepthe contact resistanceg), indicated by redircles in Figure 2

10,is the dominant factdhat affectahe overall resistance of an ECA. Therefore, to improve

the electrical conductivity of ECAs with a specific material as conductive filler, the most

effective way is to decrease the contact rescgabetween neighboring fillefd1]. The

cont act resistance itself i sconstiiciéon resistama@,t i on o f
a n dunnilling resistanae[77]. The formeris related to the restrictisragainst free flow of

electrors through sharp contact points; th@ver number of contact points, the less

constriction resistance. Compared to smaller ones, larger particles plavetenumber of
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contact points and larger contact area for electrons transportation inside the rié&york
Hence, microrsized fillers, e.g., silver flakes, are preferred to be used as the main
corductivefiller inside ECAs. On the other hand, the tunnelling resistance comes from the
spots where there are no direct connection between conductive fillers; and, electrons need to
overcome a barrier energy to transfer through the network. This eneiggsaae tunnelling
resistancefor a specificnanofiller,a cutoff distance is definegherethe resistance between
two parallelneighboring fillers is 30 times higher than tlesistance of a single nanofiller
[78]. The cutoff distanceQ) varies for different types of nanofillerSor examplethe cutoff
distance for Ag NWs is approximately 150 mvhile it is 1 nm for carbon nanotubes (CNTSs)
[79]. When the center line of two neighboring roontactnanofillers(d) is larger than their
diameter D) andsmallerthan or equal to a cutoff distané< d O , innellingof electrons
occurs Simmons in 1963 derived a generalized formula to quantify the tunnelling effect
between similar electrodes separated by a thin insulating8n Based on his methodhe
tunnelling resistance for two adjacent rontact Ag NWsor CNTscan be approximately

calculated a§78]:

—0 0 R— Ngd _ Equation 2.2

whereV is the electrical potential differencé,is the tunnelling current density, is the

Pl ank0s eisthedectmmdharge) is the mass of electroi, is the crosssectional

areaoftunngand & i s t he hei ¢fdrepoxy ic0.51t2Hb e\). Dha bbarriere r e n ¢
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energydepends on the materidigatinsulatethe surface of th&g NWs (e.g., the polymeric

matrix, covering layeror contaminatioon the surface of fillerdyr4,77]

2.5 Electrical conductivity measurement of ECAs

The most important function of an ECA is to form electrical connections with desired
electrical conductivitypbetween different electronic parts to formiecait. Hence, the main
focus of the researcheworking in this field is to decrease tk&ctrical resistivity of ECAs
(close to that othe traditional eutectideadbasedsolder3. Utilization of proper electrical
resistivity measurement techniquesfssignificant importance to exane the efficiency of

an ECA. There are two common ways to measure the electrical resistivity of an ECA: two
terminal (2T) sensing and fotermind (4T) sensing methods. Figurel2 schematically
shows the circuit configation for each method. The 2T sensimgthod consistef a circuit

in which current passes through both the resistor and the voltmetere(R@aA). In this
method the measured voltage is the summation of voltage drop in the resistor as well as the
voltage drop in other parts of the circuit. This method is useful for the applications where

high accuracy is not needed.

However, 4T sensingethod,which is so called Kelvin methods often employed when
high accuracy and optimum performances are requifdds method of measurement
eliminates inaccuragyattributed to wire resistances, which can be significanteiry low
resistivities. Figure -A1B shows the connections of 4T sensing method which enables the

voltage drop measurements exclusively acrées resistor. The voltage circuit has high
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impedance sthatit draws no significant current. Since no current passes through the voltage
sensoyone can measure the voltage drop between points a and b (resistor), exc{aswely

Figure 211B).

A B
W — ?_/\/\/\A/\_b—'—
|
O—= O,

Figure 2-11. The circuit configurations of A) two-terminal and B) four-terminal sensing
method.

The electrical resistivity measurement of ECAs is usuadlsformedbased on 4T sensing
method rather than 2T sensingethod. Fowpoint probe machine is often utilized for this
purpose. In this techniguur probes touch a sampsarfacein which two of the probes are
used to apply a specific amount of current through the sample while the others measure the
voltage uang a hgh impedance voltmeter (Figure12). This method of measurement
eliminates different sources of error such as the probe resistance, the spreading resistance

under each probe, and the contact resistance between each metal probe and samples.

In 1957, Smits developed analytical calculations to evaluate correction factors for the bulk

resistivity measurements on infinite and finite sheets using apfmat probe machine.
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According to his work, in an imfite sheet, a current source cauaase to the logarithmic

potential,

.« e —i 1 Equation 2.3

Figure 2-12. The configuration of a four-point probe technique for electrical conductivity

measurements.

where( is the potential] the current)s the sheet resistivityandr the distance from the

current sourcel n particul ar, for a dkEqgpatidn €3 cdntbe sour ce

rewritten as

e o —I1F Equation 2.4
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For a fourpoint probe on a sheet, the two outside probes (current) are considered the dipole.
Therefore, the potential difference between the two inner probes (voltage) with equal point

spacing for an infinite sheet is

Yoo o —I1 ¢t Equation 2.5

Thus, the sket resistivity can be calculated as

” -—— -1 B Equation 2.6

For a finite sheet with neoonductive boundaries Equati@ré is rewritten as

" =0 Equation 2.7

whereC is ashapecorrection factor and depends @id) and /s ratios; wherea andd are
the length and width of the sheet, respectively, amsl the spaicg between the probes
(Figure 212). Table 2-2 presents theshapecorrection factor €) for the sheet resistivity

measurements of finite sheets.
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For a sample with a finite thicknesswf the voltage gradient, perpendicular to the surface,
must be considered while these gradients are negligible for a sheet¥wvith0. Smi ts r el a

the bulk resistivity of an infinite sheet with a finite thicknessvab } s as

0 -0—"0- Equation 2.8

whereF is a correction factor because of the thickness of the safmia finite slice with

the thickness olv, theshape correction factof, must be added to the Equat@8.

" 006G Equation 2.9

For @sQOl A closetol.

It should be noted thahe measurement using 4T sensing may be affected by the surface
properties of conductive sampleswvhich may cause inaccuracy for bulk resistivity

measurements.

Table 2-2. The shapecorrection factor (C) for sheet resistivity measurement of finite sheets

using four-point probe technique.

d/s a/d=1 a/d=2 a/d=3 aldo 4
1.0 0.9988 0.9988
1.25 1.2464 1.2464
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1.5 1.4788 1.4893 1.4893
1.75 1.7196 1.7238 1.7238
2.0 1.9454 1.9475 1.9475
2.5 2.3532 2.3541 2.3541
3.0 2.4575 2.7000 2.7005 2.7005
4.0 3.1137 3.2246 3.2248 3.2248
5.0 3.5098 3.5749 3.5750 3.5750
7.5 4.0095 4.0361 4.0362 4.0362
10.0 4.2209 4.2357 4.2357 4.2357
15.0 4.3882 4.3947 4.3947 4.3947
20.0 4.4516 4.4553 4.4553 4.4553
40.0 4.5120 4.5129 4.5129 4.5129
b 4.5324 4.324 4.5325 4.5324

Table 2-3. Correction factor (F) for bulk resistivity measurement of finite sheets with thickness

of w using four-point probe.

wis F (w/9
0.4 0.9995
0.5 0.9974
0.5555 0.9948
0.6250 0.9898
0.7143 0.9798
0.8333 0.9600
1.0 0.9214
1.1111 0.8907
1.25 0.8490

35



1.4286 0.7938

1.6666 0.7225

2.0 0.6336

2.6 Electrical conductivity improvement of ECAs

Since the invention of ECAs in 195071] different approachesuch as increasing the
shrinkage of epoxy81], surface engineering of silver flak&2i 84], adding lowmelting
componerd to provide metallurgical connection between silver flajgs, and addition of
nanaesize conductive materials to the formulation of conventional E{1As20,39,43,86]
have been taken improve the electrical conductivity of ECAs. Each approach is an attempt

to decrease either the constriction or tunnelling resistances.

2.6.1 Increasing the shrinkage of epoxy

Before curing, EAs, consisting of silver flakes and epg>xdo not show any condueity;
however, after curing, the conductivity dramatically increg$és Although the reason is

not fully understood, it seems thattrinkage of thg@olymer is responsible for the enhanced
electrical conductivity In other words, curing causes a compressive stress on the filler
particles, promoting better partiele-particle contacthereby improvingthe conductivity

[81]. It has been reported that increasing the crosslinking density increasésinkage of
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the polymeric matrix, resulting in higher electrical conductivity of BE@As. Therefore,

polymer binders with higher degree of cross linking exhibit higher condudiddity

2.6.2 Surface treatment of silver flakes

Surface treatment of silver flakbasalso benapplied to improve the electrical conductivity
of the ECAs. During the production of silver flakes, they are usually covered with a thin
layer of organic lubricants, typically a fatty acid, having a Idrygrocarbonchain The
purpose of this layer is to solve the dispersion and agglomeration issbhesef metallic
fillers, which arise mainly due to their high surfacecrgy. However, these loaghain
hydrocarbons are insulating materials, deteriorating ¢hectrical properties of ECAs.
Replacing the longhain covering layer with sherthainlayerscan facilitate the access to
the surface of silver flakes ampdovidemore effectivecontact between them. In other words,
by decreasing the thickness of the covering layer, the electrons can toareleasily
between silver flakes. For instance, the electrical conductivity improvemé&@/As usng
in-situ replacement of longhan stearic acid with some shashain dicarboxylic acids has
been reportedB82]. Another approach to improve the electricahductivity of an EA via
surface treatment of silver flakesto redwee the silver oxide, which spontaneously forms on
a silver surface, to pure silver. Although silver oxidmlike other metal oxides, is
conductive, its conductivity is still much lower than that of pure silver. For exarge,

application of reducing agés such as aldehydes to reduce silver oxide to silsee (
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Equation2.10 has been found as an effective way to improve the electrical conducfivity

ECAs[87].

:Y 6 nol!j !(‘)-\QU e} !Y 6 l‘j 6 "OCE) “Q Equatlon 2-10

Other than reducing the silver oxide, the produdt ¢fi s r eact i o,whi¢ghisae . ,
stronger acid in comparison to steawd) can replace the lorapainstearic acid molecules

onthe surface of silver flakes, leading to higher conductivity of silver particles.

2.6.3 Incorporation of nano-sized conductive particles

The extensive progress in nanotechnologylbdgo intensive interests to desigranasize
materials with different shapes, and surface chemistries. Owiagthe exceptional and
fascinating characteristics of these nanomateriats introduction of nansize conductive
fillers inside the conventional ECAs ha#iracted considerable attentiago improve the
electrical conductivity of ECAs. The siZd5,72], morphology[47], surface properties
[20,21,39]and even the type of conductive nanofillg34,88] have different impacts on the
final electrical conductivity of ECAs by influencing the contact resistance inside the
electrical network.One of the features of nanomaterials that significantly influences the
properties of composites is their aspeatto. Figure2.13 schematicallyshows thalefinition

of the aspect ratio odlifferent types of nanofillersThe aspect ratio of a particle can be

defined as the ratio between the largest dimension to the snuifesision of a particldn
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the following, we summarize the recent research activities which employedsizano
conductive materials (spheal Ag NPs (D), high aspeetatio silver nanofillers(1-D), and
graphene (D)) as auxiliary filler inside the caentional ECAs to develop new generations

of hybrid ECAs.

t —_—
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1:1 \ . /
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Aspect ratio = L

Figure 2-13. The aspect ratio of different morphologies of nanofillers

2.6.3.1 Spherical Ag NPs

The incorporation of spherical Ag NPs to the system of epoxy and silver flakes has been
practiced by many research groups to develop new hybrid filler systems
[15,20,25,26,34,35,37,39,49however, therole of NPs in modulating the electrical
conductivity of ECAs is still controversial. Generally, it has been believed that adding Ag
NPs at concentrations less than the percolation value improves the electrical edgdfcti
ECAs. Lee et alreported a positive effeof Ag NPs on electrical conductivity when the

filler concentration is less than the percolation thresii@®]. Chee and Leanchored Ag
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NPs on the surface of silver flakes by direct reduction of silver nitrite without using any
capping agenf90]. Subsequently, they added the decorated silver flakes into epoxy and
reported an electrical conductivity improvement at lieginning of the percolation regime.
Since at concentrations less than percolation value silver flakes are not completely connected
to each other, eléon tunnelling is the dominamhechanism for electron transferring inside

the network. Spherical NPs thmneir cluster by placing between separated flakes can make
them connected and provide more electrical patbwagide the network which in turn

reduce the tunnelling resistance.

On the other hand, sppty adding Ag NPs after the percolati@oncentration mayave
negative effects on the electrical conductivity. In both previously mentioned studies, the NPs
decreased the electrical conductivity beyond the peroal#iireshold. Fan et and Mach et

al. also reported negative effect of Ag 81Bn the electrical conductivity of a system of silver
flakes and epoxy91,92] This situation can be explained by the concept of the constriction
resistance[20]. As mentioned before, constriction resistance is one of the parameters
affecting the total resistance of an ECA. This ftesise is due to the restrictions against the
free flow of electrons through a contact point (i.e., sharp contact); the high@umber of
contact points, the highéhe constriction resistance. Addition of NPs increases the number
of contact points amonifglers in the networkwhich in turn increases the contact resistance.
Furthermorethe large amount of NPs (compared to silvilakes content) may increates
spacing gap between silver flakes and hindered their effective contacts, resulting in lower

electrical conductivity valueg36].
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It should be noted thamhost research worksvhich were carried out to investigate the effect

of Ag NPs on the electrical properties of E€Aised NPs larger than 20 nregslalde 2-4).
However, it has been reported that very small Ag NPs, i.e., less than 10 nm, can have
positive effects on the eleal conductivity of ECAs, even beyond the percolation contents
[15,20] Very small NPscan increase the surfa@@eafor electron transportinside the
electrical networkby filling the gaps and interstitial spaces betwkager silver flakes e

Figure 214A). In a study by Jeong et ahe positive effect of very smallg NPs (i.e., 5 nm)
ontheelectrical conductivity of ECAs at the concentrations higher than percolation threshold
was reported1l5]. Using SEM image@Figure 214B and 214C), they showed that small Ag

NPs filled the interstices between silver microparticles, which resulted in the bulk resistivity

of8x10°q. ¢cm for the ECAs fipbwdeed with 92 wt % of

2.6.3.1.1Sintering or metallurgical contact among silver flakes and NPs

As mentoned before, the increasadmber of contact points inside the electrical network is

a challenge of using Ag NPs inside the ECA formulation. Sintering between Ag NPs is a
potential approach that has been proddseresolve this issug0,21,34,35,37]Sintering is

a method to form an object from its powder and is based on diffusiondresueface atoms.

For metal particlesthe atoms near the surface have fewer bonds with each othedetsus
energy is needed for them to leave the surf@8¢94]. For metallic NPs, pagssing a large
surface area per given volume, the majority of atoms are present on the surface; this situation

allowsthem to be sintered at temperatureddarer than their bulk melting temperature. This
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phenomenon is called tlielepressed melting poieffect [95,96] Owing to this interesting
feature, it is possible to form an electrical network with metallurgical connedistween
fillers by incorporation of nansize materials inside the conventiof@mulation of ECAs
where the formation of metallurgical contaet\ween silver flakes at low temperatures is not

possible.

As schematically shown in Figure-25A, sintering not only decreases the number of contact

points between fillers, but also increases the contact area of electron transferring. Triggering
sinteringinside ECAs significantly helps to achieve higher electrical conductivity at low
temperatures. Jiang et aleported the electrical resistivity of 5x100. ¢cm upon t he
incorporation of carboxylate functionalized Ag NPs to the system of silver flakegpary e

(with total filler content of 80 wt%). They related the low electrical resistivity to the sintering

of NPs at low curingtemperature of 150 °C. Figes 215B and 215C show NPs

morphological change after sinterif&i].

The thermodynamic driving force for particle sintering of any size is based on the reducing

their surface energy which can be expresse@bly

s 0T = — Equation 2.11
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Figure 2-14. A) A schematic of electron conduction in conventional and hybrid ECAs, B) an
SEM image of a conventional ECA, showing a gap between two silver micraized particles, C)

an SEM image of a hybrid filler system, showing Ag NPs filling the gap between twWa5]

where o i s t IKésthe curvdtusecoka serface,raRgandR, are the principle

radii of the curvature. For a convex surface the curvature is taken toshizrgp and for a
concave surface isegative. According to Equation 2.1fhe driving forcefor particles
sintering is inversely proportional to their size. Therefore, the driving force for the sintering
of nanaesized particles is significantly dger than microsized particles Apart from the
surface energy driving force, there is another driving force for particle sintering which is
related to mass transport phenomenon. The mass transport, occurring during sintering, is
driven by the difference ithe vacancy concentration¥é 6 6 , whereC, is the
vacancy concentration of a surface with the curvatureKofand C,o is the vacancy
concentration of a flat surface. The relation betw@gandC,, is defined by Gibbd homson

equation
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Figure 2-15. A) The schematic of sintering between Ag NPs, B) Ag NPs before sintering, and C)
after sintering (figures B and C have been reproduced from copyright springer) [15]

6 6 Aob— Equation 2.12

whereq is the atomic volumeki s Bol t z ma n n ©is thecabsolsted tamperaturea n d

For micronsized particles the term — is smaller than 1, accordingge G is equal to

Yo 0 — Equation 2.13

However for nanesized particlethe mass transport driving force is expressed by
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Y6 6 A@b— p Equation 2.14

Equation 2.14 shows when the particles size decreases to nanoscale the mass transport
driving force increases, exponentialidl in all, the sintering driving force of any patrticle
consistsof two distinct parameters: surface energy driving force and mass transport driving
force. For nanaized particlesboth of these parameters are significantly larger than micron
sizedparticles This explains why the presence of naiped particles is necessary in the
system of conventional ECAs to provide metallurgical connection among rszed silver

flakes.

Rather than their size, sintering of NPs is affected by the covering layer on their surface
[22,38,98] NPs without any surface coverage can be sintered to each other even at room
temperaturg35,38]. Metallic NPs thermodynamically tend to form aggregates to reduce their
surface energy. An organic layer over their surface can prevent the aggregation by providing
large steric repulsion and also reducing their surface erfi@éyyHowever, the presence of

this organic layer is detrimental to the sintering at low temperatures which is a vital
requirementfor temperature sensitive dee& Hence, to makensering happen at low
temperature, the organic layer should be easily removed from the surface of NPs. The
common stabilizing agents, such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
long-chain alkanethiol, and amines usually form chemiocalds with NPs surface, which are

hard to removeln the most cases large amount of these stabilizing agents cover the

surface of NPs. To detach these organic residues elevated temperatures (i.e., 200 °C or
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higher) are often needed, which is usudligher than bearing temperature of the polymeric

matrix or substrate.

Proper surface functionalization techniques can provide a controlled amount of organic
material over the NPs surfaces with controlleebdading temperature. Remarkable efforts

are in pogress to reduce the sintering temperature due to the thermal sensitivity of
components in organic electronic devi¢26,34,35,37,99]For instance, i study by Zhang

et al, they investigated the effect of different surface covering layers on the sintering
temperature of Ag NRsas well as the final electrical resistivity ohnocomposite§37].

They synthesized Ag NPs using combustion chemiapbrcondensation (CCVC) method
providing less amount of surface residue on NPs surface compared to the common wet
chemical methods. They used the same precimsodifferent reducing atmosphere, which

led to the formation of NPs with carboxylate and oxidized surface. They reported that the
complete removal of surface residue has a significant influence on the final electrical
conductivity of epoxy filled with & NPs and silver flakes. To study the effect of surface
residue on electrical conductivity, they cured the composite at 180 °C and achieved a bulk
resistivity of 48 x10q. cm for the ECAs filled with 80 wt?9
resistivity was three orders of magnitude less than that of the ECAs cured at 150 °C. This
electrical resistivity difference is because at 150 °C some organic residues are still present on

the NPs surface, inhibiting their complete sintering.
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Some research groupsetdi to snter Ag NPs inside epoxy by situ synthesis method. Using

this techniqueone can generate Ag NPs without any surface residue during curing process
which in turn provide the chanceo sinter at very low temperature. For instance, Gao gt al.
reportedn situ synthesis of Ag NPs inside epoxy (filled with 80 wt% of silver flakes) during
the curing process without the use of stabilizer; ttepprtedlyreacted a bulk resistivity of

75x10°q . c[38].

2.6.3.1.2ZThe effect ofovering layerchain length

As mentioned earlier, NPs are usually covered by an organic material to contrehtiyy;
properties, and also prevent their aggregation in different media. As reinforcing agent in
nanocomposite fabrication, NPsustalso be covered by some organic layer to make them
compatible with their polymeric host. These layghge to their insw@ting naturginhibit the
electrical performance of the final composite. The chain lengtheafrganic layer over the
surface offillers is a critical parameter which influenct®e final electrical prperties of
ECAs;shorter chain lengths ngl$ in betterelectrontransportatia than the longer ones. Jiang

etal. studied the effect of the introduction of Ag NPs treated by 5 different surfactants inside
epoxy. Their results showed that the surfactant chain length has an important impact on the
sinterng initiation and consequewtlthe resistivity of ECAs (seeable 2-4), although it has

not been mentioned what kind of surfactants were [2&d
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Table 2-4. A comparison between different ECAs with hybrid filler systems of micro/nano silver

particles
Research arou r Iy NP size NP surface rs Bulk resistivity
group witoe)" | wioe)” (nm) modification (Wi) ™ (q.cm)
Lee et al.[89] ' 98.2 50 none 98.2 1.93 x 10
Fan et al.[91] 77.5 25 55 none 80 10*
Mach et al.[92] 75 35 80-100 none ~79 0.02
Jeong et al[15] 90 2 5 none 92 8 x 10°
) Carboxylate 5
Jiang et al.[21] 48 32 16 80 5x 10
group
Jiang et al.[22] @ 70 N/A N/A 70 2.4 x 10
Gao et al.[35] 80 N/A 20-30 none N/A 75x 10
Carboxylate
Zhang et al.[34] 48 32 40-50 80 48 x10°
group
*r,is the silver micro filler content.
**r, is silver NPs content.
***r 5 is total silver content.
2.6.3.2 High aspect-ratio silver nanofillers
The main drawback of conventional ECAghsttheelectrical resistivity below Iq . ¢ m i s

unreachableeven by using a large amount of silver flajéd]. On the other hand, by
increasing the amount of filler the volume fraction of epoxy decreases; consequently, the
adhesive strength of the composite decreases. Recently, high-radipesilver nanofillers

are proposed as a promising option to overcome this issue. High -estpecsilver
nanofillers can establish a percolated network at very low filler corfigt00,101]
Compared to spherical Ag NRbgse nanofillers provide lowaeumber of contact poisand

larger surface area for electron transportatiwhich in turn decreases the constriction
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resistance. Besides, the large aspatid of these nanomaterials can provide more electrical
paths inside the compositbereby significantly decreasinfpe tumeling resistance ¢

Figure 216).

These interesting features of the high aspatd slver nanomaterials have drawn
considerable attention among the active research groups working in this field to exploit them
as either the main or auxiliary filler inside the folation of ECAs.For exampleWu et al.,

filled epoxy with 56 wt% of Ag NWs andeported four orders of magnitude electrical
conductivity improvement compared to that of the one filled with the same amount of macro
and nanesize Ag particleg40] (see Table 5). It should be noted that the shear strength of
the ECA filled with NWs wageported as-17.6 MPa, Bowing a 0.3 MPa improvement
compared to that filled with micraand nanesize Ag particles. Taet al.also reported the
same result§49]. Yu et al., reported 13 ordersf magnitude electrical conductivity
improvement via the incorporation of 50 wt% of Ag NWs medif by (3
Aminopropyl)triethoxysilane (APTES)[46]. They related the electrical conductivity
improvement to the homogenous dispersion of NWs inside emoryiding a percolated

network inside polymeric matrix at low filler content.
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Figure 2-16. The establishment of electrical network using A) silver NPs, anB) high aspect

ratio silver nanofillers.

However, the direct addition of high aspeatio nanofillers into epoxy requires large
amount of materials to achieve the desired conductivities. Utilization of these nanomaterials
as an auxiliary filler in conventional ECA canovidea synergetic effect of high aspeetio

silver nanomaterials and silver flakes to improve the etattconductivity of lybrid ECAs.

Chen et al.studied the electrical conductivity of a system consisted of silver m&irewal
particles, doped with Ag NWs and compared the results with atloped systenj16].
According to their resultshe doped system showed better electrical conductance compared
to undoped one while havindi¢ same amount of silver filler conteBy usng TEM and

SEM images they related ta improved electrical conductivity to the bridging of NWs
between separated miestze silver particles. In another work in 201iley incorporated Ag

NWs inside the conventional formulation of ECAs and reported an improved electrical

conductivity forthehybrid ECAs compared to the one with Ag Ni3scefiller [45].
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2.6.3.2.1Sintering ofthe high aspeetatio silver nanofillers

Owing to their nano size scale, high aspeatio Ag nanofillers can provide the advantage of
sintering and metallurgical contact between fillers at low temperature becauséinttheg

point depression effaxf95]. Similar to Ag NPs, the surface coverage has an important
impactonhe sintering temperature of these nanom
effect of covering layer on the sinteringehaviorof Ag NWs synthesized by a polyol
process[102]. They functionalized NWs by a fatty acid (aliphatic acids) and polyvinyl
pyrrolidone (PVP). They observed that the NWs functionalized by fatty acid began to sinter

to each other at 200 °C, while sintering did not happen for those covered by PVP. Peng et al.
showed that PVP can be wasload from the surfaceesultingin room tempraturesintering

of Ag NWs [38]. I n another wor k by -cXrboaybcdasids ¢gor o u p,
functionaliz Ag NWs. Dicarboxylic acidgdue to their good affinity with metallic surfages

are commonly used as shielding layer over the surface of Ag NPs to prevent their oxidation
[103]. Since they chelate to the NPs surfabey can be easily detached from the surface,

making the NPsable to be sintered alow temperature [21]. It was observed that the
functionalized NWs started to sinter to each other at 200 °C and gradually became shorter
and thicker as taperature increased50]. To trigger sintering inside ECAs, they
incorporated the functionalized NWs into the conventional ECAs and rdpamtelectrical
resistivity of 5.8x10q . ¢cm for the epoxy filled with 75 v

flakes (with the weightatio of 2:3)
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2.6.3.3 Graphitic nandfillers

Due to the exceptional mechanical and electrical properties of graphitic fileerscarbon
nanotubes (CNTs) and graphene, receatigonsiderablamount ofattention ha been drawn

to utilize these m@omaterials in the field of electrical conductive nanocomposites. CNTS,
first identified by lijima, are sheets of graphite, rolledoirseamless tube. They are
categorized into single wall (SWCNT), double wall (DWCNT), and multi wall (MWCNT)
carbon nanotubeld04,105] On the other hand, graphene nanosheet is a flat monolayer of
carbon atoms, 0.335 nm thick, densely packed intoreeyammb twedimensional (ZD)

lattice structure[53]. CNTs and graphengossessing very large surface area per given
volume and high aspecatio can create a percolated electrical network at very low filler
content. By introducing these nanomaterials inside conventional ECAs, the density of the
final ECAs is decreased, significantfg06]. In addtion, compared to traditionallysed
metallic fillers, the exceptional mechanical properties of these nanomaterials can enhance the

mecharcal strength of the final ECAdrastically.

To harness the characteristic properties of these nanomaterials they must be efficiently
dispersed inside their polymeric host. The bottleneck is that feeding polymers with as
prepared graphitic fillers usually leads to fation of aggregatess theytendto be held
together (by van der Waals forces amdentanglementgb6]. Stabilization of CNT/graplene

by assistance of surfactamt liquid media[107], or surface functionalization via covalent
bondi ng o r[108] arestheamaik apprgachesedto disperse and exfoliate these
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nanomaterials inside a polymeric matrix. Both approaches have someadkawBlthough

the surface modification of graphitic fillers via covalent bonding may lead to better
dispersion and interfacial interaction between nanofillers and polymeamsi54], this
method may hinder the electrical ftsmance of nanofillers due ttisturbar e -eléctron
delocalization[56]. On the other hand, dispersion of these nanomaterials by assistance of
surfactant in organic solvents preserves their chemicattate. However, some issues
challenge this approach for nanocomposite fabricatibimst a limited amount of
CNT/graphene can be stabilized inside organic solvents by assistance of surfé&ants

Secondresidual surfactant removal is difficult in most cdd€5].

Although some researdmasbeen conducted to fabricate epoxy filled with graphitic fillers
[109], the nanocomposites with graphitic nanofillers as the main conductive filler cannot
meet the minimum requirements of advanced ECAs due tantited electrical conductivity

of these nanomaterials compared to metallic fillers. However, their high aafiecalong

with their conductive nature makes them a perfect option as auxiliary fdlieleithe system

of epoxy and silver. In this case, thmin part of electrical network is constructed by silver
materialswhile the graphitic fillers help to establish the percolated netvedrlower filler
content. In a study b¥uechunand Fengthey investigated the effect of MWCNTSs on the
electrical condativity of ECAs filled with silver flakes[110]. They used surfactants to
dispese MWCNTSs in acetone. The results showbdtadding MWCNTSs, especially before
percolation threshold, remarkably increased the electrical conductivity while beyond the

percolation thresholdthe influence of MWCNTs on electrical conductivity was not
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pronownced. Marcq et alalso reported the synergetic effect of CNTs and silver flakes on
electrical conductivity improvement of ECA43]. Luan et al. filled epoxy with a novel
hybrid filler system, consistingf Ag NWs and 2D chemically reduced graphene sheets
(with hydroxyl groups over the surfacg4]. They observed that the percolation threshold
decreased to law value of 20 wt% and the electrical conductivity improvecharkably(see

Table 25). Since the tunnelling resistance dominates the overall resistivity of the system,
they attributed the electrical conductivity enhancement to the reduction of tunnelling

resistance between NWs daethe presence of graphene nsimeets.

The efficiency ofelectrical pathways largely depends on the bulk conductivity of fillers as
well as the quality of contact betwearighboringdfillers. Hence, the surface decoration of
graphitic fillers using metallic NPs has been performed by some research groups as an
atempt to increase their average electrical conductivity and also to decrease the contact
resistance between fillefi23,41] This approach is more effective for CNT because by
surface metallization of CNTSs, their average conductivity incredseset al.,decorated
MWCNTSs by Ag NPs and incorporated them as conductive filler inside epoxy. They also
filled epoxy with normodified MWCNTSs. For the ECA filled with decorated MWCNTs

they reported a bulk resistivity of 2.21 x4 . ¢cm at t he p,aevhiah shoveed i o n
one order of magnitude improvement compared to that of the ECAs filled witmadified
MWCNTSs at the same concentratipt8] (see Table2-5). Baik and his ceworkers modified

the surface of CNTs with carboxylate groups as well as nickel and Ag NPs and incorporated

them into silver pastesonsisting of silver flakes and epoxy. No matter which type of
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surfacemodified CNT was added to the silver masthe electrical properties improved
drastically while Agcoated CNTs led to the most improved electrical conductivity (i.e.,

83%)[41] (see Table-5).

It was mentioned that if sintering tak@lace betweemeighboringfillers, the contact
resistance decreasdsamatically. To take advantage of sintering and coalescence between
fillers, Biak and his cavorker decorated CNTs by Ag NP&inctionalizedwith a dr
carboxylic acid[23]. The presencefdhe dicarboxylic acid on the surface of small NPs
prevented the oxidation of Ag NPs and also allowed the coalescence and sintering of NPs at a
relatively low temperature of 180 °C. Incorporation of the decorated MWCNTS into the
commercial silver paste8{ wt% of conductive filler) decreased the electrical resistivity of
the hybrid ECA to 4 x 18q . ¢ showinga significant improvement compared to that of
ECAs with nommodified CNTs. Selassembly and coalescence of Ag NPs on the surface of
MWCNTSs resulted in bettecompatihlity with micronsized silver flakesSilver-decorated
MWCNTSs construct electrical bridges between separated silver flakes during the curing step,
and the NPs presented at the end of each tube sintered the MWCNTsnigihigomg

silver flake (see Figur@-17). The metallurgical connections between silver flakes and
MWCNTSs significantly decrease the tunnelling resistance and also provide more electrical

pathways for electrons transportation inside the network.
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Figure 2-17. A) The bridging of CNT between separated silver flakes without epoxy, B, C, and

D) schematics of electrical network formation via the bridging and coalescence of Ag decorated
CNTs between silver flakes [23]

Compared to CNTs, rgphene nangheets offer higher surface area for electron

transportation inside the network duetheir 2D structureand higher aspecatio. Pu et al.

used nitrogerdoped graphene inside the system of epoxy and silver powder and reported that

the percolation of silver powder reduced to 30 WB8|. Their results confirmed that2

graphene is much more effective than other types of high aspectcarborbased fillers

such as carbon nanotubes and carbon black. However, the challenge of attaining a

homogeneous dispersion, as wadlpreserving its singlayer structure inside the composite

acts as a bottleneck in ECA fabricatiddurface modification of graphene using organic

materials is one approach to exfoliate graphene in which the interaction occurs via either

covalent bondig

exf ol

or -"visa acki ng.

Al t hough
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electrons delocalization of graphene surf466,62,63,111] The surhce decoration of
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graphene with inorganic nanoparticles (NPs) such as Ag NPs is another approach that can
effectively exfoliate graphene nanosltsedior example,Pasricha et al.reported thathe
decoration of graphene with Ag NRs an effective way to gfoliate graphene nanosheets

and to prevent their aggregati¢s8]. Some research groups applied this idea into ECA
application as an attempt to reduce the contact resistivity between conductiveHdiegset

al. recently reported the positive effect of Ag -N€corated graphene on tledectrical
conductivity of ECAs when they were added to the conventional ECAs. However, the final
electrical conductivity was not that significanb&improved electrical conductivity of ECAs

via addition of Ag NPdecorated graphene is mainly because h& teduction of the
tunnelling resistance; however, the increased number of contact points (due to the presence
of Ag NPs on the graphene surface) may cancel out this positive. éffecttering of Ag

NPs on the graphene surfaoecurs, itcan significantly decrease the contact resistance
betweemeighboringdfillers via the formation of metallurgical contacts between silver flakes
and graphene nanoshed&se cent | y, Liuds r es ensituadproagheo up d e
to decorate the graphersurface with Ag NPs for ECAs applicati¢hl2,113] In their
method, the formation of Ag NPs on graphene surface occurs during the curing process of
epoxy, making the NPs size very sensitive to curing &ratpre. They reported high
electrical conductivity for théabricatedECAs usingthis method ¢eeTable 2-5). Although

in situ approaches eliminate the use of organic layer over NPs surface, it makes it difficult to
keep the NPs size constant as the gutemperature changes. Furthermore, at temperatures

less than NPs formation temperature, there would be no Ag NPs inside the nanocomposites,
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thereby limiting the applications of the ECAs to those operating at temperatures higher than

NPs formation tempenate.

Table 2-5. A comparison between ECAs with high aspeeatatio nanofillers.

. ! Total silver Bulk
Research Silver flakes Silver NW Graphene o
. CNT (wt%) content resistivity
Group (wWt%) (Wt%) (Wt%)
(Wt%) (q. cm
Wau et al. [40] ' 56 ® ) 56 1.2 x10*
Zhang et al.
X R 76 ' ' 76 7.1 x 10
[102]
Zhang et al.
’ " 45 30 ' ' 75 5.8 x 10°
(50]
Xuechun and . .
72 0.24 72 1.43x 10°
Feng[110]
Marcq et al. . . .
70 0.4 70 2x10
[43]
Wu et al.
41 ' ' 2.21 x 1¢*
[48]
Oh et al.
80 ' 2 ' 80 1.84 x 10°
[41]
Oh et al. .
79.5 ' 1.5 ' 81 4 x 10
(23]
Luan et al. s
50 ' N/A 50 ~10
[54]
Penget al. . . .
65 15 65 2.37x 10
[60]
Liu et al.
e 4 80 0] ' 0.05 80 43 x10°
[113]
Liu et al. 5
ries % 80 0] 0] N/A 80 3x10
[114]

*The silver NWs were functionalized by an aliphatic acid.

**The silver NWs were functionalized by dicarboxylic acids (e.g., pentanedioic acid).

***The CNTs were coated with silver NPs of 5 nm.

****The CNTs were covered by silver NPs of 1200 nm.

**x*The CNTs were covered by silver NPs of 20 nm which were functionalized by glutaric acid.
*+rexx The graphene nanesheets werdecorated by silver NPs of 93im

*rrexx % The graphene nargheets were decorated by silver NPs of ~ 10 nm
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Chapter3.SpherS$iclavler Nanoparti cl-feisl lassr Aufxo
ECA Applications; The Effect of Surf a

El ectrical Properties of the NPs and

3.1 Introduction

The unique electrical24,25,33] thermal[27], optical [28,115] and antibacteria]29,116]
properties of Ag NPs have attrated extensive research interesith respect to thei
applications in the development of functional materials such as flexible electronic display
[30,117] organic lightemitting deviceg31], and biosensor82] at ever smadir scales. One

critical step of many applications of NPs is dspersethem into a polymer matrix to
fabricate nanocomposites; the NPs provide functionalities whereas the polymerx matri
provides mechanical strengtlA proper monolayer of surfactants istef needed to
effectively cover the surface of NPs so as to reduce the surface energy, which in turn reduces
the formation of aggregates and at the same time allows for loading more NPs in the
polymeric matrix [21]. The surface layercoated on NPs surfaceisudly negatively
influences the desired functions of the NPs. For instance, the surfactant layers insulate NPs
and reduce their intrinsic thermal and electrical conductivities; this situation limits the
broader use of polymer nanocomsfies as functional matials. In his chapter we focusn

the surfacefunctionalization ofAg NPs and th& corresponding effect othe electrical

conductivity of the NPas well agheir polymer composites.
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As mentioned irthe previous chapter,ilser-filled polymer composite have been utilized as
electical conductive adhesivéECA) applicationfor device assemblyo eliminate the
environmental concerns regarding traditional lbaded solder while providing other
advantages such asilder processing conditions, fewer processing steps, and fineh
capability [11,15,19,39] During last decade, there has been increasing interesthe
application ofAg NPs to enhance the electrical conductivities of conventional ctaduc
adhesives filled with silver micro flakg45,19,21,26,3835,118] However, simply adding

NPs hamegatve effecs on the overall conductivitpf the ECAsbecause of the increased
number of contact points. A positive effect of NPs on the electrical conductivity of the
polymer composite requires the sintering of NPs at high temperatures to reduce the number
of contact pointg19,21,23] Remarkable efforthave been performetd reduce sintering
temperature due to the thermal sensitivity of componentsganic electronic devicd87i

39,94] To date, the major focus hasdm on the application of AgPs bigger than 20 nm.

One possible reason is that the surfaganic layer of NPs should be readily removed from
the surface during the curing process in order to sinter NPs at lower temperatures. This
condition usually needs the synthesis of NPs involving the physical adsorption of the organic
layer on the surface oNPs, which leasl to the formation of large NPs. Jeong et al.
investigated the incorporation of commercial 5 Ag1NPsinto the conventional ECAwith

90 wt% silver micro particland reported that adding a small amounthefNPs (~2 wt %)
improved the coductivity without the neetbr sintering, which highlights the positive effect

of small NPs on the electrical conductivity of ECH$]. This progress was promising;

however, the studiesn Ag NPs less than 10 nm in the development of conductive polymer
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composites are scarce in literature. It may be because ofebédor chemicalstabilization of
NPs during their synthesis; the stabilizing agent could insulate the NPs, depending on its

chain length and adsorption mechanism.

Varied chemicals including mona@r di-carboxylic acid438], sodium citratg94], amines

[119], and alkanethiol§120,121] have been used to produce functionalized NPs; the
functional groups prevent them from formiaggregates. Since Brust et [dl22] developed

a twophase liquidiquid system to synthesize alkanethsbhbilized gold Ws, the synthesis

and characterization of thighpped metal NPs have be#me subject ofconsiderable
research intere$ii23i 126]. Chen and Kimuraeveloped a large scale synthetiethod for

the production of carboxylatenodified gold andAg NPs, which could be homogenously
dispersed in water and organic solvents while they could alsc-ibelagedas pure powder
without any aggregatiorj127,128] Similar methods have beecorsiderably used to
synthesize metal NPs using thiocarboxylic a¢itiZ9 131]. One of the striking features of
stabilizing metal NPs by thiocarboxylic acids is the production of very small (i.e., less than 5
nm) and monalispersed NPs. The characteristic properties of this type of NPs such as size,
size distribution, thermahnd electrical properties can be controlled by the chemistry and
coverage of the functional groups on the NPs surface. Although many research works have
beenperformedto synthesize and functionalize silver NPs using different organic layers, to
our knowkdge there is no systematic study on the effect of this surface layer on the electrical

properties oAg NPs and their correspondipglymer composites.
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In this chaptey we investigated the effect of very smati NPs as well as the specific roles

of their surface layer on the electrical conductivity of a nano/micro hybrid composite
adhesive. To do so, the conventional E€énsisting of 60 wt% Ag micron flakes in epoxy

was used as a base compagdigrause using only NPs leadetoon-conductive compositer

it requires a large amount of the NPs to be conductive, which is costly and not practical.
Thiocarboxylic acids with different chain lengths wengplemented to stabilize AYIPs.
Although the chemicalkgtabilized NPs have lowlectricalconductivity, which limits their
application for the development of conductive nanocomposites or ECAs, we postulated that
by reducing the number density and the chain length of the stabilizing agent, the covering
layer resistivity can be lowered and the NPs can be pallgrused as reinforcing agents in
ECAs. Furthermore, we hypothesized that the chemisgdlyilized NPs can be readily
dispersed into epoxy and can be fused into a conductive network at a low temperature
because of their small size. Our research figslirevealed, for the first time, the chemically
stabilized NPs can improve the electrical conductivity of the conventional ECAs at a
relatively low curing temperature of 150°C without the extra step of sintering at an elevated

temperature.

3.2 Experimental

3.2.1 Synthesis and Chemical Modification of Ag NPs

11-Mer captoundecanoic acid ( MVefaptopioidnic actd %

Al

d

( MPA, 099 wt % Al dr i cAb NPs.\Wheseetwoulsoeathoxylioacidst a b i | i
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differ in their chain lengths. The number of carbons in the backbone of MUA and MPA are

11 and 3 carbons, respectively. MBtrabilized Ag NPs (AgMPA) were synthesized
following the established proceduf27,128,130] 40 mL of MPA (8 mmol) solution in
tetrahydrofuran (THF) and 240 mL silver nitrate (340 mg, 2mmol)N@g 09% wt
Aldrich) solutionin THF/water (volime ratio: 5/1) were med dropwise After 5 min, the

initially transparent solution became blurry whitish along with the formation of small white
clusters, whichs associated to the formation of Abond [124,130] Subsequently, 20 mL

of aqueous solution of sodium borohydride (20 mmol) (NaBH 09 9 wt % Al dr i
added to the mixture, leading to an abrupt precipitation of a-gfask solid. In order to

remove the unreacted materials, the precipitated sludge was washed three tiepestagdly
dispersing in water and precipitating in THF followed by centrifugation at 8000 rpm for 30

min to remove the supernatant. The resultant gray solid was dispers@anib @eionized

(DI) water. MUA-stabilizedAg NPs (AgMUA) were synthesizetdy the same procedure as
Ag-MPA. 900 mg (4 mmol) of MUA was dissolved in 40 mL THF adteddrop-wiseto

the solution of AgNG@, leading to the formation of yellowish solution. The saNa&BH,

solution was used to reduce Ag+ ions, leading to the formation of abdanin solid. The

same washing steps were applied for the synthesis-0iRg. The final NPs were dispersed

in 20 mL of DI water. All the glassware was cleaned prior to use; they seaked in a 1 M

solution of sodium hydroxide for 24 h, neutralized with acetic acid, and then rinsed with DI
water . The DI water (resistivity > 10 Mg.cm

obtained using a RiGBI Clinical system (Millipore Coporation).
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3.2.2 Nanocomposite preparation

Diglycidyl ether of bisphenol A resin (DERTM 322) and triethylenetetramine (TETA)
supplied by DOW chemical company (USAyere used as the epoxy base and hardener,
respectively. The weight ratio of hardener to epaas 0.13. Two types of samples were
prepared. One type contained only silver fl
mixture of the synthesized NPs and silver flakes at different weight fractions. A small
amount of isopropyl alcohol (6 Wb of the epoxy) was added to dilute the epoxy before

adding silver fillers. The total weight fraction of thiéver varied from 60 to 70 Wt as listed

in Table3-1. The paste was mixed for 30mmising a vortex mixer followely 1 h mixing in

an ultrasonic bath. Epxy hardener was then added and mixed using the vortex mixer for 10

min. The resultant paste was filled into a mold7e7x0.7 mm (LxWxD), made using
pieces of adhesive tape on a-pleaned microscope glass slide. To make a smooth surface
and control tk sample thickness, a clean copper plate was placed on top of the mold and the
extra pastevassqueezed ouiThe sample were precured for 30 min at® °C and then post

cured at 150 °C for 2 h. After curing, the copper plate and adhesive tapenaeually

peeled off.

Table 3-1. Weight fractions of silver NPs and flakes in nanamicro particles filled epoxy

Ag flakes Ag NPs =4 | Total weight fraction | Total volume fraction
Sample L _ _
(Wt%) (Wt%) = II u $ Im of fillers of fillers
1 60 0 0 60 180
2 53 11 0.2 64 19.2
3 48 19 0.4 67 214
4 44 26 0.6 70 22.6
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3.2.3 Characterization

Fourier transform infrared spectroscopy (FTIR) was perforfoedthe Ag NPsusing a
Varian 640IR specttrometeto verify the chemical structure of the surface layeAgiNPs.

A high resolution transmission electron microscope (HRTEM, JEOL 2010F FEG) was used
to characterize the size and size distribution of the chemisthjlizedAg NPs. To prepare

TEM sampls, one droplet of dilute dispersion tife Ag NPs in water (1 mg/mL) was
dropped on a lacey/holey carbon copper grid and dried for 1 h in air. The TEM was operated
at 200 kV and equipped witla Gatan ultra scan imaging filter. Ultravioleisible
spectrosopy (UV-Vis) (UV-2501 pc, Shimadzu) was performed to confirm the formation
ard size distribution of synthesized NPs. Weilgts and surface coveragetb& NPs with
thiocarboxylic acids were studied using the thermogravimesnalysis (TGA) (TA
instrument, Q5041254). Samples of about 4 mg were placed in the TGA samplke pan
Dynamic scaning was performed from 40 °C to 600 °C with a heating rate of 20 °C/min
under nitrogen atmosphere. The morphologiethefNPs and cured nanomposites were
examined byScanning Electron Microscope (SEMEO FESEM 1530, Carl Zeiss NTS)
operating at 5 and 15 kV. The bulk resistivitytbé samples was measured using a four
point probe setup consisting of a probe fixture (Cascade microtectainta source meter
(Keithley 2440 5A Source Meter, Keithley Instruments Ir{sge Figure3-1). The sheet
resistance of the sampleRs( was characterized by the drop in voltage when ajogjya
constant current (10 mAJ.he electrical resistivity}() of the nanocomposites was calculated

using the following equation:
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vy — - Ha Equation 3.1

wheret is the thickness of sampldsandV are the applied current and the measured voltage,

respectively.

I=Applied current
[

Sample
t=Thickness v /
]

V =Voltagedrop
thl

Glass slide

Figure 3-1. A) The electrical conductivity measurement setup consisting of a fotpoint probe
and source meter; B) A closaip image of the fourpoint probe; C) a schematic illustration of

measuring the bulk resistivity of nanocomposis.

3.3 Results and discussion

3.3.1 Synthesis and characterization of silver NPs

The chemicallystabilized Ag NPs were synthesized by the direct reduction of Agiddg

NaBH,; in the presence of a thiocarboxylic acid. FiguB8A and 3-2B illustrate the
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synthesis mechanism. Btep 1, the thiocarboxylic acid was added into the solution of the
silver salt in THF/watemedium; the acidR-S, Lewis base) partially reducegver ionsby
donating one electron tag” (Lewis acid)ions, leading to the formatio of silver atomsin
thezero oxidation state (Ag’Which arechemically bonded to the hydrocarbon chains of the
acid via AgS bond[127]. In gep 2, a strong reducing agent, NaBkas added to the
suspension, which completelgduced the remaining silver iomsto slver atoms (Ag°),
resulting inthe formation of Ag NPs covered by thiocarboxylate groupshe silveracid
compound, formed intep 1, seHassembled over the surfacetbé growing Ag NPs and
limited the growth of the NPs nuclei. The carboxylate functional groups provided a steric
repulsion to prevent NPs from aggregating and at the same time enabled thispetsdan

water and/or other polar solvents. Fig@2C shows typical TEMmages of the MPA and
MUA stabilized Ag NPs. Both NParespherical and well dispersed. We measured the size
of 100 randomlypicked Ag NPs; the size distributions of those NPs were shown in the
inserted histograms of Figu2C. Thediameterof Ag-MPA NPsranged from 1 to 4 nm,
while the majority was in the range of 1.5 to 3 nm, giving an average diameter of 2.09+0.66
nm. The diameter of thAg-MUA NPsranged from 2 nm to 8 nm, giving an average
diameter of 4.49+1.28m. It is interesting to netthat NP<apped with the shedhain acid
(MPA) are smaller with a much narrower size distributiban the NPs capped with leng
chain acid (MUA). Although the tuning of NPs size with the variation of the ratio of acid to
NPs precursor (AgN§) has been known initérature [128,130] but to the best of our

knowledge there is no particular study of the effecttloé chain length®f coveing layer on
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the size of thiocarboxylatstabilizedAg NPs. These results showed that the different chain

lengths of the functional groups gave NPs of different sizes.
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Figure 3-2. The synthesis ofAg NPs: A) step 1: the selassembly of thiocarboxylic aci@ on the
surface of growing Ag NPs and the partial reduction of Ag+ ions by thiocarboxylic acg] B)
step 2:the formation of the Ag NPs reduced by the strong reducing agent (the NPs were
capped by glf-assembled thiocarboxylate groups), and C) typical TEM images and histograms

of the synthesized NPs

We attribute the effect of chain lengths to the nature of the synthesis méthmghossible
reasonsnay explain this situatioThe first ones related to the strength of acids. The proton
(attached to th sulur) of MPA is much closer to the electronegative carboxylic group
(located at the end of the chathpn that of MUA, this situation makes MPA a stronger acid
than MUA. Thus, MPA can redueelarger amount of silver ions aep 1; consequently less
amount of silver ions remain in the system to grow the NP core. The second reason is related

to the possible sedissembly mechanism of thiocarboxylic acids. The longer chain of MUA
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can form a leger micellelike structurecompared tahe shorér chain of MPA, providing a

larger space for NPs to grow their nuclei.

UV-visible spectroscopic analyses were performed to further investigate the nature of the
chemicallystabilized NPs. Figure.3 showsthe optical spectra of both AgPA and Ag

MUA NPs in aqueous solutions. Normally, metal NPs bigger than 2 nm have a strong and
broad optical excitation peak in the UNsible spectrum corresponding to the surface
plasmon bonds (SPB)32]. The symmetrical feature of the SPB for both-M&A and Ag

MUA suggested a uniform and homogenous dispersiothefNPs in water Ag NPs
aggregateslo not show geak[133]. As shown in Figure -3, the SPB peaks were observed

at the wavelengths of 412 nm and 436 nm forMBA and AgMUA, respectively. Note

that the SPBeak of pureAg NPs occurs between 380 nm to 390 [i'34]. These huge red
shifts in the position of SPB peaks aaused byhe presence of thattachedorganic layer

on the surface of NH435]. The red shift in the positionf the maximum absorption of Ag

MUA compared to that of AMPA wasalso expected. Malinsky et atudied the effect of

the chain lengths on the @pal properties of alkanethiglapped Ag NPs and reportéuht

the SPB peak would red shift 3 nm for everybom atom in the alkane chain backbone

[126].

It is also known that the features of SPB of metal NPs depend ansihe and ige
distribution in which the SPB of larger NPs moves to higher wavelengths compared to that of

smaller oneg136]. Hence, the observed red shift for-MJJA was attributed to théarger
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size of these NPs compared to-MPA [119,126] Beside the peak at 436 nm, MJJA has
another pealat 342 nm. D eepoltedl a Eimilartpeak a& 842 di8Q]. They
attributed this smll peak to the presence of some silver clusters in the system. But, this small
peak was not observed in the spectrum of\ WA, perhaps because the size distribution of

Ag-MPA was narrower than that of AgUA as estimated from the TEM results.
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Figure 3-3. UV-visible spectra of AgMPA and Ag-MUA NPs.

Furthermore, we checked the stabilitytbé NPs by comparing the UVisible spectra of
onemonth aged samples with that of the fresh sample. As shown in Bgyrthe features

of the spectra for both samples did not change after one month, suggesting the surface
carboxylate groups formed strongdnggen bonding with water molecules, which made NPs

quite stable in agueous mediji28].
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Figure 3-4. UV-visible spectra of fresh and onenonth aged NPs aqueous dispersions: A) Ag
MPA NPs and B) AGgMUA NPs.

The chemical adsorption or grafting of thiocarboxydicids on the surface of NPs was
examined by FTIR. With the exception of the liquid MPA, the analyses were performed in
solid statedor all the other samples. Figuf5 shows the spectra of pure acids and the
functionalized NP$137]. The broad peak at 3000 &nfor liquid MPA may relateto the
presencdree watey absorbed from the atmosphere. In the spectra of pure MUA and MPA,
there are two small peaksentered at 2543 and 2558 tmwhich belong to the $i
stretching bond; those pea#tsappeared in the spectratbé grafted NPs. It confirms that
sulfur groups of the acids were attached to the surfatieediPs via the formation of swif-

silver bonds. The distinct peaks at 1691 and21atti* for pure MUA and MPA (in the range

of 16801720 cnt) correspondo the carbonyl group ahe carboxylicacids The peaks at
1559 and 1418 cthfor Ag-MUA, and at 1554 and 1403 chior Ag-MPA (Figure3-5) are,

respectively, assigned to asymmetriodasymmetric vibrations of carboxylate groups,
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confirming the existence dhe mentionedyroups on the surface tdie AgNPs which was
expected to be in the structuretbé covering layer. The strong and sharp peaks at 2916 and
2845 cni in the spectra of both pure MUA and A4UA correspond to the asymmetric and

symmetric stretching of methylene groups, respectively.

Ag-MUA

2845
1559
Pure MUA 2016 1418

2543

1691

Ag-MPA

Pure MPA 1403

2558
3000

1712

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Figure 3-5. FTIR spectra of pure acids MUA and MPA and the corresponihg stabilized silver
NPs.

We tookan analogy to the FTIR analysis thie typical hydrocarbonssuch as polyethylene

(PE), to obtain insights about the crystallinity of the surface layers on the synthesized NPs
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[138]. For dissolved PE in a solvenwvhose hydrocarbon chains are randomly oriented,
asymmetric and symmetric stretches of methylgnoeipshave broad peaks at 2928 and 2856
cm?, whereas for solid PE with a highfjacked and crysime structure these peaks
becane sharper andppearin lower wave numbers (i.e., 2920 and 28507}ril38].
Applying the analogous informatiom the spectra of AMIUA, and considering the same
methylene peak for AMIUA as the methylene peak of solid PE, it ¢aply that the long
chain, attached to the surface of-MyJA NPs, might be in a crystalline form. These two
peaks are not significant fehe Ag-MPA NPs. The crystalline structure of ANIUA were
also reflected in the appearance ofstndPs dry powderthe Ag-MUA NPs dry powders
were shiny and rigid while AYIPA NPs were fluffy and soft as can bleservedn Figure3-

6.

Figure 3-6. Digital images of dry powders of A) AGMPA and B) Ag-MUA NPs.

TGA was performed to investigate the thermal properties and the amount of stabilizing

agents on the surfaces of AMPA and AgMUA NPs Figure3-7 shows the weigHbss vs
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temperature plots for the pure MUA, AGPA and AgMUA. Note that the pure MPA is
liquid at room temperature, so its analysis with TGA was not practical. The TGA of pure
MUA showed thermal decompdisins occurred between 130 °C&B00 °C, during which
there was a 92 % weigldss; the other 86 weight loss occurred between 300 °C and 350
°C. There were two main weighdss transition points for both AGIUA and AgMPA. Due

to the presence of some pure MUA and moisture in the sy#tene was a small weighiss
before 300 °C for AMUA. The first main transition of AgMUA occurred between 300 °C

and 360 °C, having about%4 weightloss which nay attributed to the amount of MUA,
physisorbed on the surface thie NPs. The second mainansition of AGQMUA, having a
larger weightloss (~ 24 wt%), was observed at 437 °C and continued up to 490 °C. This
large amount of weigHbss at this stageis attributed to decomposition of chemisorbed
organic material§l39]. As for the AGMPA, its thermal decomposition started aOTE; the
weight decreased by only 3 &tuntil 270 °C because of the decomposition of some un
bonded MPA or absorbed water in the system. As the temperature increased, similar to Ag
MUA, Ag-MPA displayed two main thermal decomposition steps. The decongposit
physically adsorbed MPA occurred between 270 °C and G5®&ving an approximately 7
wt% of the total weightoss. The decomposition of chemically adsorbed MPA occurred
betweer400 °C and 470 °C, having #d weightloss, which was almost half of thaf Ag-

MUA. A further comparison of the TGA curves of AJUA and AgMPA shows that the
thermal decompositions of AGPA started and finished at lower temperatures. It appears

that the chemical functionalization ¢he Ag NPs using the longhain acid wa more
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effective than the shedhain acid, that is, the ABIUA NPs have a higher coverage of the

organic layers than AYIPA NPs.

To obtain quantitative information, we estimated the number of functional groups per unit
surface area from the weiglissdue to the decomposition of the chemisorbed acids. First,
we calculated the mass of an individual N®) (using the average diametel) of each NP

(consequently volume of each N¥, obtained from TEM images, and the density of silver
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Figure 3-7. Thermogravimetric curves of pure MUA, MPA and MUA stabilized-silver NPs (or
Ag-MPA and Ag-MUA).

w — Equation 3.2
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0 "& Equation 3.3

Second, the total amount of tbeganic layer in the syster\f) was calculated by:

W & Equation 3.4

whereW is the total mass of each sample subjected to the TGA, anthe weight fraction

of chemisorbed acid on tharace of NPs, which were 24 %tfor AgMUA and 11 wi%o for

Ag-MPA. The total amount of pure silvénf) in the system is obtained as:

W 0w Equation 3.5

Third, the total number of NHer each sampléN) subjected to TGA tes$ determined.

0o — Equation 3.6

Fourth, the average number of functional groups or chains on an individual NP was

determined.

€ —=0 Equation 3.7
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WhereM,, is the molecular weight of MPA or MUA, arid} is the Avogadro numbem = 42
for Ag-MPA while n = 409 for AgMUA. Finally, the number of functional groups per unit

surface area of the NP or the number density was determined.

€ — Equation 3.8

nd m¥for AGMPA, andn,& 6enm4for Ag-MUA. Thus, the lonechain functional

groups grafted on NBre much denser than the shdmin functional groups.

3.3.2 Electrical properties of the functionalized NPs and the polymer composites

The electrical properties of the AUA and AgMPA were investigated by measuring the

bulk resistivity of a sheet of NPs 0f1 mm thick prepared by drying the dispersion of NPs in

water on a microscope glass slide. Interestingly-MAgA NPs did not show any
conductivity whereas the bulk resistivity of the sheet ofM@A NPs wasapproximately

1.02x10° q . ¢ m. According to the information ext
density of the organic chains covering the surface oMAA is almost 3 times larger than

that of AgMPA NPs (see Table ). It seems that the denser and longer chains on Ag

MUA, which may have assembled on the surface into a crystalline structure as inferred from

the FTIR analysis, effectively insulated tN®s surfaceon the other hand, the shorter chain

and lower density of the covering layer allow-MPA NPs to be still condtive.
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Table 3-2. A comparison of bulk resistivity of different types of silver fillers.

Material Number of chain on the | Number of chain per unit of | Bulk resistivity of conductive
surface of each NPs surface area filers ( q . ¢ m)

Ag flakes @ @ 1.59x10°

Ag-MUA 409 6.4

Ag-MPA 42 2.6 1.02x16°

In order to understand how chemicadtiabilized NPs influence the overall electrical
conductivity of their polymer composites, they were added inddvar flake filled epoxy
matrix at variel weight fractions to make a hybmonductive adhesive. Due to the insulating
nature of AgMUA, only Ag-MPA NPs were added to the system. The bulk resistivity of the
conventional conductive adhesjwontaining ory silver flakes at weilgt fractions between

60 wt% to70wt%, were measured as a control for the hybrid adhesive. Fgg8rghows the

bulk resistivity as a function of the total weight fractions of silver fillers for both types of
nanocomposites. As cde seen in Figurd-8, in the systenconsisting of only silver flakes,
addition of more fillers decreased the bulk resistivity; however, in the nano/micro hybrid
filler system, in which the total amount of flakes was kept constant, the addition ofla smal
amount ofAg NPs (i.e. the weight fraction of NPs to silver flak&s= 0.2) reduced the
resistivity of the nanocomposites by two orders of magnitude, while the resistivity started to
increase by adding more NPs (i.&,= 0.4, and 0.6), indicating that the NPs played a
complex role in the system. For the sample Witk 0.4, the resistivity increased slightly
compared to that of sample with = 0.2, but still lower than the bulk resistivity of the

conventional ECA (epoxgnd silver flakes) with the same filler concentration. The addition
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of more NPs (i.eK = 0.6) further increased the resistivity to a value higher by one order of
magnitude than that of the conventional ECA with the same filler concentration. In other
words, the hybrid adhesive outperformed the conventional adhesive at the total weight
fractions between 6@t% and 67wt% (K = 0.2, and 0.4) while adding more NPs did not
improve the conductivity but resulted in a higher bulk resistivity than the convdntiona

adhesive.
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Figure 3-8. Bulk resistivity of conductive adhesives as a function of filler fraction for both the

micro/nano hybrid configuration

To obtain some insights into the behavior of M&A NPs in he conducive composite, SEM
images of the NPs and their nanocomposites were examined and discussed in terms of the
effect of NPs on the overall conductivity of the nanocomposites. The performance of a

conductive adhesive depends significantly on the quefitconductive fillers and the filler
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network. The overall electrical conductivity of the filler networks in the adhesive matrix is
determined by the intrinsic resistance of the fillers and the contact resistance of neighboring
fillers. As for the fillerfiller contact resistance, it is composed of two distinct resistances:
constriction resistance and tunnelling resistaf’é8. The former is related to the flow of
electrons through contact points; the smallex number of contact points, the lowtre
constriction resistance. It has bempored that the addition of NPs into the conventional
conductive adhesive has a negatiffect on the overall electrical conductivity because of the
increased number of contact pointsless the NParesintered at an elevated temperature.
Therefore, we suspected that the-MM&A NPs partially fused during curing because of their
small sizeseen though no particular sintering process was applied. The SEM images, shown
in Figures3-9A and3-9B, confirmed that sintering occurred between NPs and silver flakes.
Although the sintering of the chemicaltyabilized silver NPs larger than 50 nm is not
expected at this annealing condition (100 °C for 1 h),sthall sizeof Ag-MPA NPs(< 5

nm) and short chain coverage may have allowed them to sinter at this relatively low

temperature.

Adding a small amount of AYIPA might also help to reduce the tuniieg resistance,
[77,140] The tunnelling resistance is associated to the resistivity induced by the insulating
materials including the surface layer of orgarager on filler surfacer polymeric matw

[77]. One reason for the negative effect of NPs5& nm) on the overall electrical
conductivity is that they hinder the effese contacts between silver flakes and increase the

tunnelling resistancf89]. However, for the 2 nm A§IPA NPs, we showed in Figur89C
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and 3-9D that they filled the gaps between silver flakes, which bridged the originally
separated flakes. This bridging effect can signifiganmeduce the tunnelling resistance.
Furthermore, the partialfused NPs may also decrease the tunnelling resistance by creating
new electrical paths throughout the epoxy. Figi8E and3-9F show SEM images of the
composites before and after the didadi of the NPs (weight fraction of NPs to silver flakes,

K = 0.2). The area above the dash line is the top surface; the area beneath the dash line is the
cross section of a fractured composite.iddicated by the arrows, clusters of NPs filled the
interdices of silver flakes andausedhe fillers to distribute more uniformly in the epoxy.
Indeed, we observed in the feprobe measurements that the addition of NPs made the
conventional micr&composite adhesive more electrically homogeneous. In otheswitel

NPs filled the gap between silver flakes and provided more electrically conductive paths.
Finally, adding a larger amount of NAs € 0.4, and 0.6) may backfire because they form
more and larger clusters, which may increase the gap distance béteesiver flakes and
consequently increased the tunnelling resistaBesides, adding more NPs increases the
contact resistance in the systdiis reasonable to conclude from these research findings that
the chemicallystabilized NPs can improve theeetrical conductivity of the conventional
ECAs at a relatively low curing temperature of 150°C without the extra step of sintering at an
elevated temperature. This improvement in the electrical conductivity of the ECAs at lower
filler contents using the ma/micro hybrid filler system are attributed to the partial fusion of
the NPs and the action of the NPs covered withwibB-designedsurface layer to fill the

gaps between separated silver flakes due to #meall size. Further studies are needed to

elucidate the complex behaviors of NPs in the nano/micro hybrid conductive composites.
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Figure 3-9. SEM images of A) sinteredAg-MPA NPs at 100 °C for 1 hr;B) sintering of NPs in
nanocomposite structue after curing at 150 for 2 hr; C) bridging effect of NPs between silver
flakes at a lower magnification D) a higher magnification; and 45° views of the top and cross

section of a fractured composite;E) separated silver flakes at the surfag of composiés without
NPs; F) the filling of silver NPs into the gaps between the silver flakes creating news electrical

paths

3.4 Summary

In summary, we synthesized novel thiocarboxyfatectionalizedAg NPs (less than 5 nm)

by the direct reduction of silver nitraite the presence of two different thiocarboxylic acids.
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The welklcontrolled synthesis conditions allowed for a detailed investigation of the effect of
the chain length ofhe functional groups on the thermal and electrical propertighenfAg

NPs and theipolymer composites. We found that the chain length had significant effects on
the size and conductivity of the NPs; the NPs grafted withrBon thiocarboxylic acid had

an average size of 2.09 nm and were conductive while those withrthén acid hadm
average size of 4.49 nm and were foonductive. TGA analyses revealed the number
density of shorthain acids, grafted aine NPs, were about three times smaller than that of
long-chain acids. The FTIR analysis indicathatthe longchain acids mighbe assembld

into a crystalline structure on the surface of NPs. It was proposed that the higher surface
coverage and the crystalline structure of lohgin acids account for the noonductive

nature of the functionalizedlg NPs. The sho+thain functiomlized NPs were incorporated

into a hybriddesigned composite adhesive, consisting of misioed silver particles and the

NPs in an epoxy matrix. The electrical conductivity measurements and SEM images of the
cross sections of cured hybrid compositesasdtbthat low NPs contents increased electrical
conductivity due to the filling of NPs into the interstices of the microparticles and their low
sintering temperature, whereas higher NPs contents reduced the electrical conductivity
because they clustered amdreased the gaps among the mipesticles. The relationship
between the properties of the nanocomposites and the surface chemistry, size and amount of

NPs were discusseshowing the complex role of NPs in the nanocomposites.
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Chapter 4. El ectrical Conductive -Adhesi ve:
AspeRati o Silver Nanobelts (Ag NI

4.1 Introduction

As mentioned in previous chaptersplacement of lealased solders with ECAs requires
advanced materials with desired electrical conductivity ancharecal strength, resembling
those of the metallic solderdn conventional ECAsimprovement of one of these
fundamental properties (electrical vs. mechanical) essentially lesattificein the other. In
other words, electrical conductivity enhancement of conventional ECAs requresilver
flakesto be added into the epoxy matrbgt theaddition ofa largeamount ofsilver flakesis
detrimental tothe mechanical strength of the final mposite due to the reduced volume
fraction of the polymer matrix. In additiorgs it has been said before, adding more
conductivefiller to epoxy after percolation thresholebuld not significantly improve the
electrical conductivity. To address these @ns, researchhas been stepped up to
implement hybrid filler systems (i.e., synergetic combination of fsred conductive

materials and silver micro flakes) to develop esfé¢ctive ECAs with desired properties.

The incorporation of spheric#lg NPsto the system of epoxy and silver micro flakes has
beendiscussed in detaih previous chaptersGenerally, it has been believed that addiag
NPsin small amourg compare to silver flakesimproves the electrical conductivity of the

ECAs whilebeyond hatit may reduce the electrical conductivity. This negative effect has
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been found as a result of the increased number of contact points among the micro and nano
sized fillers[20,36} a large number of contact points increase the contact resistance and
reduce the efficiency of the electrical network to transfer elesirdo overcome the
drawback in adding NPs, sintering bgeen NPs during the curing of ECAs is suggested to
decrease the number of contact points autzsequentlyo increase the electrical conductivity
[21,39] In Chapter 3 we showed thegery smallAg NPs (less than 10 nm) can improve the
electrical conductivity bthe ECAs at a relatively lowuring temperature (~150°®pecause

such small NPs can readily fill the gaps between the micro flakes whileatbegan be
partially sinterecbecause of thegmall size (less than 5 nrf§0]. However, a large amount

of Ag NPs is still needetb form a percolated networkhich would increase the number of
contact pointswithin electrical pathwaysand decrease the electrical cantivity of ECAs.
Besides, a large amount of NPscan negatively inflance the mechanical strength,

processability, and the final costBCAs.

In recent years, high aspeettio nanofillers have been proposed as alternative materials for
spherical NPs tmvercome the concern of excessive contact points between NPs and to
reduce the amount of conductive fillgi6i 18,40 44,46] High aspectatio nanomaterials

can establish more stable and effective electrical nesaairlower filler contentwith less
number of contact points. Moreover, they can provide better electrical conductivity without
sacrificing the integrity and adhesive strength of the polymeric md®ix For instance, Wu

et al. reported a significant electrical conductivity improvement for the ECAs filidd56

wt% silver nanowiresAg NWs) compared to that of the ECAs filled with micrsized
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and/or nanesized spherical silver particles with similar filler concentrafé@]. However,
most of the studies performed in this field have involved the direct additidg diws into
epoxy resin without silver flakes; this situation requires a large amourAgoNWs to
achieve the desired conductivitigs3,40,45] Thereis little research on the development of
hybrid filler systems by using high aspeatio silver nanomaterials as auxiliary fillers in the
formulation of the conventional ECAs. To the best of onowdedge, only Zhang et al.
reported the use cAg NWs along with the silver flakes (weight ratio of 2:3) to develop a
hybrid fillers system and found a significant improvement in electrical conductivity of the
fabricated ECA50]. This study suggested a synistig effect of high aspeatatio Ag NWs

and silver flakes on the electricalnmuctivity improvement of the hybrid ECAs.

In this chapterwe report the incorporation of a new class of high as@ict nanofillers
(i.e., silver nanobelts (NBs))tmthe conventional ECA to develop a hybrid ECA composite.
The Ag NBs were synthesed through a higlyield chemical reduction methodased on the
selfassembly and roostemperature joining of hexagonal and triangukg NPs as
structural blocks of the NBs. Compared to the previously usg@dNWSs, which are
synthesized at high temperatsirand long reaan times, the fabrication of th¥Bs is fast
and occurs at room temperatybd]. Besi de s, the Ag NBs have
ratio, which carform apercolated network abWw concentrations which consequently reduce
the total mass of compositeédur results revealed a significant improvement in the electrical

conductivity of the hybrid ECA composite in comparison to the conventional ECA.
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4.2 Experimental

4.2.1 The Synthesis of Ag NBs

The Ag NBs were synthesized byerhical reduction of silver nitrat (AgNG;, Sigma
Aldrich) in the presence of poly(methacrylic acid) (PMAaccording to our recent work
[25]. In detail, 2.1 g of AgN@ was dissolved into 60 mL of denized (DI) water and
agitated in an ultrasonic bath for 10 mirsit8eparately, 0-4 g reducing agent of ascorbic
acid (Alfa Aesar) and a small amount of aqueous solution of PMAA sodium salt (40%,
Aldrich Chemistry) wereadissolved into 200 mL of DI water and agitated in an ultrasonic
bath for 10 minute. The synthesis was started by adding the AgNltion into the
reducing solution whilegt was stirred gently by a magnetic stirrer. After 10 min, solid
precipitates were atlected by vacuum filtering and dried in a vacuum oven at room

temperatures.

4.2.2 Nanocomposite Preparation

The synthesized Ag NBs along with Ag fl akes
were added to epoxy (diglycidyl ether of bispbl A, DERTM 322, Dow @emical

company, USA). The weight fractions of thg flakesandAg NBsare listed in Tabld-1.
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Table 4-1. Weight fractions of silver NBs and silver flakes in the conventional and hybriECA

samples
Sample | Ag NB Ag flake | NB content L = |JJ || Total silver Total silver
# (mQ) (mQ) (Wt%) = II w+2 concentration (wt%) concentration
(Vol%)

1 0 200 0 0 60 18.0

< 2 0 210 0 0 61 18.9

O

w

§ 3 0 220 0 0 62 19.7

=

[

g 4 0 230 0 0 63 20.4

@)
5 0 240 0 0 64 21.1
6 0 564 0 0 81 38.6
7 7 200 2 0.03 61 18.9
8 18 200 5 0.09 62 19.7

2«

% 8 9 30 200 8 0.15 63 204
10 40 200 11 0.2 64 21.1
11 17 547 2 0.03 81 38.6

To ensure a good dispersion of the NBs in the viscous epoxy, the NBs were first dispersed in
isopropyl alcohol (IPA). The NBs suspension was then addedhe mixture of Ag flakes
and epoxy, which was slightly diluted by IPA. The mixture wasn agitatel for 30 min
using a vortex mixer followed by 1 h of sonication; then, the mixture was degassed under

vacuum for 1.5 h to remove the solvent from the system. After degassing, the curing agent
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triethylenetetramine (TETA, Dow @mical company, USA) was adbé& the mixture. The

weight ratio of the curing agent to epoxy was 0.13. The final mixture was filled into a mold

of 7 x 7 x 0.5 mm(L x W x D) made on a preleaned microscope glass slide using pieces

of adhesive tape. To make a smooth surface andotdhné sample thickness, a clean copper
plate was placed on top of the mold; the extra material was squeezed out. The samples were
pre-cured for 30 min at 60 °C and then cured at 150 °C for 2 h. After curing, the copper plate
and adhesive tape were manygbeeled off. The same procedure was applied to prepare

conventional ECAs (epoxy and Ag flakes) except, there were no Ag NBs in the system.

4.2.3 Characterization

A standard differential scanning calorimeter (DSC, TA Instruments, Q 2000) was used to
estimatelte debonding temperature between the covering layer (PMAA) and the Ag NBs. In
DSC tests, a sample of about 6 ofgAg NBswas placed into a hermeticalbgaled pan and
placed into the DSC cell under a nitrogen purge at 50 mL/min. The first heating ss@ns w
performed at a rate of 10 °C/min. After the first scan, the sample was cooled down to room
temperature and then-seanned at the same heating rate. The sample wesgghtind the

NBs surface coverage with PMAA were studied using thermogravimetrigss&lr GA, TA
instrument, Q50{.254). A sample of about 10 mg was placed into the TGA sample pan.
Dynamic scan was performed from 40 °C to 700 °C with a heating rate of 10 °C/min under a
50 mL/min nitrogen purge atmosphere. The morphologies of the NBs canred

nanocomposites were examined by scanning electron microscope (SEM, LEBBEME
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1530, Carl Zeiss NTS) operating at 10 kV and high resolution transmission electron
microscope (HRTEM, JEOL 2010F FEG) operating at 200 kV. For the -sext®nal
analysisby SEM, samples were kept in liquid nitrogen bath for 10 min and gently broken
while they were in the bath. The samples were mounted vertically on a SEM stub and SEM
images weg taken from the crossection.The surface quality of the ECA nanocomposites

was examined by water contact angle measurement tests along with surface roughness
analysis. Water contact angle measurement tests were performed by placing 6 water droplets
of ~3 €L on different spots on thenpuempl e
epoxy as well as on conventional and hybrid ECAs were measured by analyzing the image of
each water droplet using a MATLAB code. The surface roughness of the samples was
measured using a Veeco optical profilometer. The bulk electrical resistivitbefamples

was measured using a fepoint probe setup consisting of a probe fixture (Cascade
microtech Inc.) and a source meter (Keithley 2440 5A Source Meter, Keithley Instruments
Inc.). The sheet resistance of the sam@Rgswas characterized by tligop in voltage when
applying a constant current (10 mA). The measurements were performed for four individual
samples of a particular filler composition at 5 different spots; the average of all the readings
was reported as the final value for that conin. The electrical resistivity Y of the

nanocomposites was calculated using the following equation:

” "CB‘)_ _ Equatlon 41
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wheret is samples thicknesskjs the applied current, andis the voltage drop measured by
the source met. In equation 1F is a correction factor for a finite sample with finite

thickness.F is a function of the ratio of sample thicknesk t0 probe spacings). For
M - p,Fisclose to 1. In our system, in which the samples thickness is 0.5 mm and

the probe spacing is 1 mi,can be safely considered as 1.

4.3 Results and discussion

High aspectatio Ag NBs were fabricated by a facile chemical reduction approach based on
the selfassembly and rootemperature joining of the hexagonal and triangular Ag NPs
formed in the earlier stages of the synthesis. The synthesis mechanism is based on the
reduction of silver ions by ascorbic acid to form initial silver crysigls141] The PMAA

covers the (111) planes of these initial crystals, making the growth rate in the [111] direction
slower than that in the [100] directioAs a result, the initial crystals grow into a hexagonal
morphology, as shown in Figu# 1A [51,141i 143]. The top and bottom planes of the
hexagons are (111) planes while their edges are (111) and (100) [ikieist6]. However,
throughout the synthesis process, some of the hexagons turn into triangles (se4-Hg)ure

The change in the morphology of hexagons is because of the difference between the growth
rate of silver in [111] and [100] directio445]. It should be noted that, despite the

hexagons, the edges of the triangular Ag NPs only consist of (100) fild&eb47,148]
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Since the top and the bottom flat faces of the hexagonal and triangular Ag NPs are covered
by long-chain polymer molecules (PMAA), [25] they join to each other from the edges and
assemble linearly to form high aspeatio belts[51,143] Figure 4-1C and4-1D clearly

show the way the structural blocks (as pointed by arrows) were joined to achand
assembled into belt morphology. As can be seen in F@ai2, the NBs are wavy and their
edges are not flat. This interesting morphology is forming because of the shape of the

structural blocks and also due to the way they join to each other.

Figure 4-1. The SEM imagesof (A) a hexagonal silver NP; (B) a triangular silver NP{C) A
TEM image of the silver NB showing the selissembly and gining of the structural blocks; (D)
A SEM image of silverNBs. The white arrows point to hexagonal silver NPs and the black

arrows point to triangular silver NPs.
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The size analysis ahe NBs was performed by measuring the length and width of 1700
randomlypicked Ag NBs extracted from the SEM images. The width of the belts was in the
range of 100 to 400 nm while the majority of the -¢mv@nd length of the NBs, presented in

Figure4-2, was in the range of 1 to 10 pum.

Count number
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Figure 4-2. The endto-end length distribution of the silver NBs. The inserted image is a typical
SEM image of the silver NBs.

Although the presence of PMAA was crucial to control the shape of the NBs and prevent
their aggregation, this layer, due to itssufating nature, may inhibit the electrical
performance of the final nanocomposite. In other words, the amount of organic materials and
their debonding temperature can largely affect the final electrical properties of the ECAs
[21,39,50] Hence, it is necessary to determine the amount of PMAA on the NBs surface and
study its thermal properties. In this regard, DSC and TGA measurements were performed to
determine the thermdehaviorand amount of the organic layer on the NBs. FigBA

represents the DSC curve for the Ag NBs. The first heating curve shows an endothermic peak
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at 150 °C, whichhasdisappeared in the second heating scan. This peak can be attributed to
the debonding of PMAA from the NBs surfag¢21]. Thus, a minimum curing tempéuae of

150 °C is needed to detach the PMAA from the NBs surface so as toagértine negative
effect of the covering layer on the ovérebnductivity of the nanocomposite. Figute3B

shows the TGA curves for both the synthesized NBs and pure PMAAnIbe seen that
most of the pure PMAA (more than 95 wt%) was decomposed up to 200 °C. Regarding the
TGA curve for NBs, there is a slight weidlss (~0.1%) up to 150 °C, which can be related

to water evaporatioror the decomposition of other impuritie&fter 150 °C, an abrupt
transition was observed, which finished at the temperature around 425 °C. This transition can
be attributed to the thermal decomposition of the PMadsorbed on the surface of the NBs
[21]. The total weighHoss (excluding the initial wght-loss) for the Ag NBs was ~1.3 wt%

up to highest applied temperature of 650 °C, which shows the amount of PMAA on the
surface of Ag NBs. Having a small amount of PMAA over Ag NBs indicates that the PMAA
was physically adsorbed at the surface, seeiagdbvalent bonding could generally lead to

the attachment of a large amount of PMAA on the surface of NFH$139]

To investigate the effects tie Ag NBs on the electrical performance of the hybrid ECAs at
low filler contents (close to the percolation threshold concentratiog)NBs of different
amounts (#0 mg) were added to aontrol sample which was a conventional ECAs
containing a costant amount (200 mg, or 60%i of silver flakes. The weight ratios of Ag
NB and Ag micro flake ) were calculated, which increased frénto 0.2. The addition of

Ag NBs also increased the total amount or weight fraction of adivéusilver fillers from
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60 wt% to 64 Wib. In order to have direct comparisons, conventional ECAbe$ame
silver weight fractions as the hybrid ECAs werepaned and tested. All the samples and

their composition are listed in Tablel.
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Figure 4-3. Thermal characterization of silver NBs, (A) DSC curves (heat flow vs. temperature)
for silver NBs; (B) TGA curves (weightloss vs. temperature) for both silver NBs and pure
PMAA.

Figure4-4 shows the changes in the bulk resistivity of the hybrid ECAs as well a3 tihat
conventional ECAs (asontrolsample} as the total silver weiglitactions increased fron6
wt% to 64 wbo; the weight ratio of Ag NBs to Ag flakeK) are labeled beside each hybrid
ECA composite It can be seen that the adding a small amount of the Ag KIBs(Q.03

0.09) into the conventional ECAK(= 0) dramatically reduced the bulk resistivity of the
conventional ECAs. The minimum bulk resistivity of the hybrid ECAs Witk 0.03 was
approximately6% of the resistivity of the conventional ECAs with the same filler content (61

wt% of silver), resulhg in anelectricalconductivity enhancement of560%. When more
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NBs were added to the syste £ 0.15 and 0.20), the bulk resistivity of the hybrid ECAs
started to increaséut only slightly. In contrast, bulk resistivity of the control conventional
ECAs decreased slowly with the addition of mévg flakes. At the weight fraction of 64%,

the resistivities for the conventional and hybrid EG#ereclose. These results show that
adding more Ag NBs or increasing tKevalue did not improve ECAs furtherefaps a

large amount of nanoscale fillers caused a significant increase in the number of contact points
or contact resistance among the filléhsough currently existed electrical pathwaykich

may cancel out the positive effect of Ag NBs on adding nabeetrical conductive paths

insidethe networl{20].

—&—Epoxy + Flakes
-@-Epoxy + Flakes + NBs
K0
g 1.00E-02 |
=
2
=
17
2
~ 1.00E-03
=
5 K=0.03 K =0.09
K =weight ratio of flakes to NBs
l.OOE'O4 T T T T T T T T T

595 60 605 61 615 62 625 63 635 64 645
Silver content (wt%)

Figure 4-4. The bulk resistivity of the hybrid ECAs (solid line), and the conventional ECAs

(dashed line) atvarious silver concentrations.
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It is worthwhile mentioning that during electrical resistivity measurements, it was noticed
that there were some na@onductive spots on the surface of the conventional ECAs because
the ECA surface was not homogeneous aedtbriconductive spots contain only epoxy. In
contrast, the measurements for the hybrid ECAs were quite similar all over the surface. This
observation is reflected by smaller error bars of the data points for the hybrid ECAs in Figure
4-4. It seems that ehincorporation of the NBs into the conventional ECAs made the surface
of nanocomposites more electrically homogeneous. Furthermore, both the conventional and
hybrid ECAs were observed to bond well to the glass substrate suifapbsng thatthe

addition of theNBs in the system has no significant effect on the adhesive bonding strength.

To further evaluate the effectiveness of the hybrid filler system in the fabricated ECA
composites, the weight fraction of silver in both the conventional and hybrid ECA
composites was increased from the 61 wt% to 81 wt%. The bulk resistivity of the epoxy
filled with 81 wt% of silver flakes wad5x 10*q . ¢cm, which is cl ose to
of the hybrid ECAs filled with 61 wt% of silver (NBs + silver flake§)X 10°q . ¢ m) , as
shown in Figured-5. These data clearly demonstrate that employing small amou#tg of

NBs is more effective in reducing the electrical resistivity than adding more Ag flakes to the
system. We also added 2 wi#gual to 0.64 vol%K = 0.03) Ag NBs to the conventional

ECAs filled with 80 wt% silver flakes (total silver content of 84%), which showed almost

246% better electrical conductivitytife reciprocal of the measured resistivity) in comparison

to the conventional ECA filled with the same amooinsilver flakes (8 Wt%). These resist

showthat the effect of the NBs on the electrical conductivity enhancement of the ECAs at 61
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wt% filler content (close to the percolation threshold) is more pronounced than that at 81

wt% filler content, which is beyond the percolatibneshold.

1.40E-02 4
Conventional ECA

1.20E-02 -
m Hybrid ECA (K = 0.03)

9.90E03
1.00E-02 4

8.00E-03 1

6.00E-03 1

Resistivity (ohm.cm)

4.00E-03 1

2.00E-03 1

6.00E04
4.50E04 1.30E04

0.00E+00 :
61 81
Filler content (wt%)

Figure 4-5. The comparison between the electrical resistivity of conventional and hybrid ECAs

at different filler concentrations of 61 and 81 wt%.

To obtainmoreinsights into the observed electrical conductivity improvement of the hybrid
filler system, the total number of filler particles in a hybrid ECA is compared with that in the
conventional ECA. Considering the NBs as a rectangular cubic with dimensiomof 200

nm x 20 nm (length x width x thickness), and the flakes as a circular disc with radius of 5
pm and thickness of 500 nm, the number of Ag NBs and silver flakes per gram is about 5
10*2 and 6x 1C°, respectively. Thus, it can be stated that byragigimilar amounts of NBs

and silver flakes, number of NBs in the composite is almost four orders of magnitude larger
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than that of silver flakes. Because of the smaller size of the NBs, they can readily fill in the
interstitial space among the micro flakés have a better filler distribution at small

(submicron) length scales.

As mentioned in previous chaptethe overall resistance of an electrical network comes
from the bulk resistance of fillers and the contact resistance between neighboringdillers
illustrated in Figure4-6A1. The fillerfiller contact resistance itself is composed of two
distinct parameters: constriction resistance and tunneling resistance. In the ECA ,dixstems
NBs can bridge the separated Ag flakes, helping the developmerdrefelectrical paths in

the hybrid ECA and as a result, having lower tulinglresistance in the case of hybrid ECA.

On the other hand, a large amount of NBs may increase the number of contact points and
subsequently increase the constriction resistanoeng the fillers, whiclcanbe detrimental

to the quality of filler network. This is evidenced by the fact that increased ratio of NBs to
micro flakes or theK values in Figure 4 did not improve the conductivity. Thus, the

addition of an excessive amawf NBs should be avoided.

SEM analysis was performed to verify the bridging of the Bsveen Ag flakesFigures

4.6A1 and4.6A2 show the typical SEM images of the crssstions of both the conventional

and hybrid ECAs with the same (i.e., 61 Wtfitler concentration, respectively. As can be
observed in Figurgt.6Al, many silver flakes in the conventional ECA are separated by
epoxy; thus, the electrical network has not been completely established. In contrast, Figure

4.6A2 shows that in the casé the hybrid ECA, NBs bridged those separate silver flakes and
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made them connected (as pointed by the white arrow). It also shows that the éBearigre
distributed throughout the epoxy; no noticeable aggregation can be observed. This
observation evidemt the effectiveness of the dispersion method employed in the
preparation of the hybrid filler system, which led to homages dispersion of the NBs
throughout the nanocomposite. The inserted image of FQBAL is a higher magnification

SEM image othe Ag NBs in the nanocomposite. It can be seen that the structure of the NBs

was preserved during the nanocomposite preparation.

Figure 4-6. SEM images of the crossections of (A) the conventional ECA (A2) the hybrid

ECA filled with the same amount of silver fillers (61wt%). The inserted image is a high
magnification SEM image of Ag NBs.

The surface properties of the hybrid ECAs might be another reason for the electrical
conductivity improvement of the ECAs. They were investigated by performing water contact

angle tests and roughness measurements. As can be observed iMHiglrand4-7B1,
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adding 2 wt% Ag NBs to the conventional ECAs with 60 wt% Ag flakes (total silver content
of 61 wt%) decreased the water contact angle from 105° + 5.2° for the conventional ECA to
64° £ 7° for the hybrid ECA. The water contact angle measurements lsengeaformed for

other hybrid samples (with 624 wt% of silver), while pretty much similar results (ranging
from 65° to 77°) were obtained. Given that the water contact angle can be significantly
affected by the topographical structure of the surfaee, fioughness), the average surface
roughness R,) of the conventional and hybrid ECAs were measured by Veeco optical
profilometer. The typical surface profiles of both samples (haRingf 593 + 61 nm and 516

+ 130 nm, respectively) are presented in Figdr@é\2 and4-7B2. The surface profile of the

both sampls is almost similay demonstrating that the effect of surface roughness on the

measured water contact angles is negligible.

The water contact angle on pure epoxy was measured to be 80° + 5°. The water contact angle
on the Ag flakes cannot be determined because of their discrete nature. In the literature, pure
Ag has been reported to have a low contact angle close[119], while Ag covered with

the common surfactant stearic acid has a water contact angle abo{t3@0Recalling the
effective contact angle of the conventional ECA as 105° + 5.2°, it is obvious that the surface
of the conventional ECA consisted of both epaxd silver flake. However, the addition of

Ag NBs with the low water contact angle of 0° to 4849,151](depending on whether the
PMAA was fully or partially decomposed from the NBs surface) to the conventional ECA
led to a significant decrease in the water contact angle for the hybrid ECA (i.e., from 105° +

5.2° for the conventional ECA to 64° + 7° for the hybrid ECA). Considering the small
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amount ofAg NBs added, it can be stated that NBs have significantly enriched the surface

composition, leading to improved electrical conductivity of hybrid ECAs.

Adding NBs

Ra=593 nm Ra=516 nm

Figure 4-7. The water contact angles for (A1) a conventional ECAsample 2 and (B1) a hybrid
ECA- sample 7. Surface topography maps for (A2) the conventional ECA and (B2) the hybrid
ECA. SEM images of thecrosssections of ECA showing the near surface composition for (A3)

the conventional ECA and (B3) the hybrid ECA at a 90 degree view angle.

SEM morphological analyses were further performed on the -sexd®ns of the
conventional ECA as well as that dfe hybrid ECA (61 wt% silver) t@valuate filler

distribution(shown in Figurel-7A3 and4-7B3, respectively To avoid possible distortion of
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filler distribution during the preparation of cressctions, the ECA samples were frozen in
liquid nitrogen ad gently broken into two parts while in the liquid nitrogen bath. It can be
observed in Figurd-7A3 that the surface of the conventional ECA \pastially covered by
silver flakes.In contrast, m the case of the hybrid ECA (see FigdréB3), thesilver fillers
(including both Ag flakes and NBsyethe dominant component occupying the near surface
matrix of the composite. Although further surface analyses are needed to fully quantify the
surface filler compositionthe SEM imagesand the water contact gle analyses suggested
that the introduction of thég NBs to the system may have enhanced the fraction of
conductive fillers at the surface, even though the total amount of silver fillers is still similar
to that of the conventional ECA. This enrichmehsitver fillers in the hybrid ECAcan also
explain the better electrical conductivity of the hybrid ECA in comparison to that of the

conventional ones.

4.4 Summary

High aspectatio Ag NBs were synthesized and utilized to develop a nano and micro hybrid
filler system for the epoxyased conductive adhesive composites. The synthesis of the Ag
NBs is based on a chemical reduction of silver nitride in the presence of PMAA. It involves
an innovative process of the sasembling and rooit@emperature joining diexagonal and

triangular structural blocks formed at the initial stages of the synthesis to fabricate high
aspectratio NBs. The DSC and TGA analyzed showed that only a small amount of PMAA

physically adsorbed on the NBs surface, while the attached polyanebe detached from
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the surface at 150 °C. The high asp@tio NBs were successfully incorporated to the
system of conventional ECAsonsisting of silver flakes and epgxtg make hybrid ECAs of
superior electrical properties. It was found that tgbrid ECAs always displayed lower
electrical resistivity than the conventional ECAs.particular, the introduction of a small
amount of the Ag NBs (weight ratio of the NBs to flakes 0.03) into a conventional ECA

with 60 wt% micronrsized silver flakesesulted in an electrical conductivity enhancement by
1550% in comparison to that of the conventional ECAs with the same total silver weight
fraction (61wt%). The conductivity enhancement comes from the bridging of Ag NBs
among the silver micro flakesh& addition of a larger amount of Ag NBs did not improve

the conductivity further because it increased the number of contact points and subsequently
the contact resistance among the fillers, which might cancel out the positive effect of
bridging onthe qudity of filler network. Other than the bridging effect of Ag NBs in the
hybrid ECAs, the SEM and the water contact angle analyses suggested that the introduction
of the Ag NBs to the system may have enhanced the fraction of conductive fillers at the
surfa@, even though the total amount of silver fillers is still similar to that of the
conventional ECA. This might be another reason for the electrical conductivity improvement
of the ECAs. Moreover, it was found that adding a 2 wtk¥=(0.03) of the NBs it a
conventionalECA with 80 wt% Ag flakesmproved the electrical conductivity of ECAs by
240%, implying the importance of the NBs in improving the electrical conductivity of ECAs

at concentrations close tbe percolation thresholdvhere the electricatetwork is not fully

formedand silver flakes are not in the complete contact with one another
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Chapter5.El ectri cally Comwaewsc tUisv ea gAdAlge NP
decorated graphene: The Effect of NPs

Conductivity | mprovement

5.1 Introduction

In Chapters 3 and 4 we explainekbctrical conductivitymprovemenbof conventional ECAs

by implementing hybrid filler systemug$ing spherical AQNPs andhigh aspectatio Ag

NBs). We showedhat spherical Ag NPs can be melted at temperatures far less #ian th
bulk melting point (due to the depressed melting point effect) and provide metallurgical
connetion between silver flake<One dimensional (D) silver nanostructures (e.gNWs,

NBs, etc.) were found to be more effective than spherical NPs at engaheirelectrical
conductivity of ECAs. The -D nanostructures can provide more electrical pathways inside
ECAs and establish a percolated network at lower filler contents while still taking advantage

of the depressed melting point effect due to their rsa®

Sincethediscoveryof graphene nanosheets, they hdkeavn an intensive attention towards a
variety of research fields to utilize their exceptional thermal, mechanical, optical and
electrical properties. These nanosheets are flat monolayers ohcadims, 0.335 nm thick,
densely packed into a honeycomibD2attice structurg52,53,61] Possessing the largest
aspectratio among all the namstructured materials and also havin@® &tructure, graphene

nanosheetsre promising nanomateriglgble to establish a percolated network at very low
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concentrations. Luan et al., demonstrated theifstggnt potential of graphene to reduce the
percolation threshold of ECA by decreasing the tUmgeresistance in the electrical network

[54]. However, one challenge with the use of graphene is its aggregation during mixing with
polymers, as graphene nanosheets tends to attract one another with strong van der Waals
forces[55,56]. In order to harness the characteristic properties of grapit®nejque single

layer structure must bpreservd during nanocomposite fabricatiqb7]. Pasricha et al.,
reported that the decoration of graphene with Ag NPs is an effective way to exfoliate
graphene nanosheets, and to prevent their aggregi®jn Apart from the aggregation
problem, the quality of fillefiller contact is another important iss(23,58] Oh et al.,
reported a significant contact resistance reduction when they decorated carbon nanotubes
(CNTSs) with glutaric acifunctionalized Ag NP$23]. Considering the higher aspeeitio of
graphene than CNT$59], the Ag NRdecorated graphene should be more promising
nanofiller to improve the electrical conductivity of conventional ECAs as Peng et al, recently
reported the electrical conductivity improvement of ECAs via additbAg NRdecorated
graphene to the conventional ECP&0]. If sintering of Ag NPs on the graphene surface
occurs, it can significantly decrease the contact resistance bateiggomg fillers via the
formation of metallurgical contacts between silver flakes and graphene nanosheets. It should
be noted that the organic layer over the surface of the Ag NPs has an important impact on
their sintering behaviof21,101] The smaller amount of organic material and the shorter
organic chain length helthe sintering at loer temperature, as wellsaelectron transfer

inside the network20i 22,34] Recentl vy, Liuds resiegiuch grou

approaches to decorate the graphene surface with Ag NPs for ECAs app[thBdi4] In
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their method, the formation of Ag NPs on graphene surface occurs during the curing process
of epoxy, making the NPs size very sensitive to curing temperature. Althaughu
approaches eliminate the use of organic layer over NPs surface, it makeasuttddfkeep

the NPs size constant as the curing temperature changes. Furthermore, at temperatures less
than NPs formation temperature, there would be no Ag NPs inside the nanocomposites,
thereby limiting the applications of the ECAs to those operatirignaperatures higher than

NPs formation temperature.

In this chapter, weeporta simple wet chemistry approach to decorate the graphene surface
with Ag NPs forECAsapplications and carried out a systematic investigation on the effect of
NPs sintering o the electrical conductivity improvement of hybrid ECAs. The NPs were
functionalized with MPA to control their size and to prevent their oxidation. The small size
of the NPs covered by very short chain length organic layer (MPA with 3 carbon atoms chain
length) makes the NPs dispersible in organic solvent and possible to sinter at low
temperatures. By decorating the graphene surface with small sizeflie#onalized Ag

NPs and introducing them into epoxy/silver composite, we can provide metallurgical
conrection between neighboring fillers at low temperatures and also increase the surface area
for electron transportation inside the electrical network. The electrical conductivity of the
hybrid ECAs were measured at different curing temperatures and contpatbdse of
conventional ECAs and hybrid ECAs with norodified graphene. The mechanism of
electrical conductivity improvement was discussed according to the quality offifider

interaction at different temperatures. The sintering behavior of comduétlers was
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investigated using morphological, electrical, and thermal studies. A highly conductive hybrid
ECA was prepared by introducing a small amount of AgddEorated graphene nanosheets
(1 wt%) to the conventional formulation of EEAThe resultarhybrid ECAs werdound to

have a bulk resistivity of 46 x P@y . ¢ m wh i c hthatiosleagbdsedsaderti 4.

5.2 Experimental

5.2.1 The decoration of graphene with MPA-functionalized Ag NPs

Graphene oxide (GrO) was first prepared before the deposition of Ag NPs. F&0thig,of
graphene nanosheets (ACS material, USA) with
solution (100 ml) of sulfuric and nitric acids (3:1 volume ratio) and stirred at 70 °C for 20

min. The solution was then filtered using a polycarbonate (PC)bmaera (with a pore size

of 100 nm) and washed several times witHatezed (DI) water until the pH becameutral.

The filtrate was dried in a vacuum oven overnight.

The deposition of Ag NPs on the surface of graplmeige nanosheets is based on thedi
reduction of Ag ionsddsorbedon the surface ofraphene oxideusing a strong reducing

agent (NaBH) in the presence of MPA. First, 20 mg of GrO was dispersed in 50 ml DI
water using a bath sonicator for 30 min. Second, a solution of 170 mg AGNO9 9 wt %,
SigmaAldrich) in THF and DI water (5:1 volume ratio) was added to GrO solution and

stirred for 1 hr. Third, a solution &4 mIMP A ( O 99 -Altrigh) in DimyTiHE
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was added to the mixture in a drop wise fashion. Finally, 10 ml aquetu®s of NaBH,
( O 9A SigmiaAldrich) was added to the mixture, leading to an abrupt precipitation of a
dark solid. To remove the tattached Ag NPs from system, the mixture was filtered using a

PC membrane (with a pore size of 400 nm) and continuously washed with DI water.

522Preparation of confdiulcmsoe filler fAthin

To prepafel mo Aohi sil verdetbahkesd agdd pAlgenidNeP f
conductivity measurements, the decorated graphene was dispersed into 5 ml of ethanol using

a bath sonicator for 30 min010 mg of sil ver fl akes (Al drich
the solution was sonicated farfurther30 min. The solution was then deposited on a glass

slide and heated at different temperatures for 1 hr to evaporate the solvent. The same
procedure was pef or med t o prepar-ei pbmoeasi webklt #&Bbakel

nonmodi fied gfapméne At hin

5.2.3 ECA nanocomposite preparation

The Ag NRdecorated graphene along with silver flakes were added to epoxy (diglycidyl
ether of bisphenol A, DERV 322, DOW chemical company, USA). To ensure a good
dispersion of the decorated graphene in the viscous epoxy, the decorated graphene was first

dispersed into ethanol for 30 min using a bath sonicator. Ag flakes and epoxy were then
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added to the decoratepaphene dispersion; the mixture was further mixed using a vortex
mixer for 20 min followed by ultrasonication for 1 hr. The mixture was then degassed under
vacuum for 1.5 hr to remove the solvent from the system. After degassing, the curing agent,
triethylenetetramine (TETA, DOW chemical company, USA), was added to the mixture. The
weight ratio of the curing agent to epoxy was 0.13. The final mixture was filled into a mold
of 7 x 7 x 0.5 mm(L x W x D) made on a preleaned microscope glass slide usiierps

of adhesive tape. To fabricate a smooth surface and control the sample thickness, a clean
copper plate was placed on top of the mold; the extra material was squeezed out. The
samples were preured for 30 min at 60 °C and then post cured at diffeceming
temperatures (i.e., 150 °C, 190 °C, and 220 °C) for 2 hr. After curing, the copper plate and
adhesive tape were peeled off. Similar mixing and curing procedures were applied to prepare
hybrid ECAs with nommodified graphene and conventional ECAscept that for
conventional ECA there was no graphene in the system. It should be noted that in hybrid

ECAs, the weight fraction of both modified and roodified graphene was kept at 1 wt%.

5.2.4 Characterization

Fourier transform infrared spectroscopy (RTI(Tensor 27, Bruker Co.) was performed to
verify the functionalization of Ag NPs on the surface of graphene nanosheets. A high
resolution transmission electron microscope (HRTEM, JEOL 2010 F FEG), operated at 200
kV and equipped with Gatan ultra scan gima filter, was used to characterize the size of Ag

NPs on graphene surface. The morphol ogies
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fil mso were examined by scanni-8EM 1830,eCart r on
Zeiss NTS) operated at 10 kV. Wvioletvisible spectroscopy (UWis) (UV-2501 pc,
Shimadzu) was performed to confirm both the synthesis and the quality of size distribution of
the synthesized Ag NPs on the graphene surfaeayXiffraction (XRD) patterns of the
decorated graphene veecollected on a D8 Discover Bruker instrument equipped with Cu
KU radiation. To collect the XRD patterns,
The weightloss of Ag NPs and the decorated graphene were studied using
thermogravimetric analysig GA, TA instrument, Q501254). A sample of approximately 3

mg was placed into the TGA sample pan, and a dynamic scan was performed from 40 °C to
800 °C with a heating rate of 10 °C/min under a 50 mL/min nitrogen purge atmosphere. The
sheet resistance ohmples was measured using a fpomt probe setup consisting of a
probe fixture (Cascade microtech Inc.) and a source meter (Keithley 2440 5A Source Meter,
Keithley Instruments Inc.). The sheet resistance was converted to the bulk resistivity

according to

” "m‘)_ _ Equatlon 5-1

wheret is samples thicknesk,s the applied current, andis the voltage drop measured by
the source meter. In equation B,is a correction factor for a finite sample with finite

thickness.F is a functionof the ratio of sample thickness) o probe spacings). For
M - p,Fisclose to 1. In our system, in which the samples thickness is 0.5 mm and

the probe spacing is 1 miia,can be safely considered as 1.
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5.3 Results and discussion

5.3.1 Ag NP decoration of graphene nanosheets

The schematienechanisnof Ag NP decoration of graphene is illustrated in Figure 5.1. In
order to decorate graphene with Ag NP, the graphene nanosheets were first oxidized to
generate polar functional groups (hydroxyl and carboxylic groupg)endurface (shown in
Figure 51A) using a typical acid treatment process with a mixture of sulfuric and nitric acids

(3:1 volume ratio).

Silvernitrate
—

(@ — Agnuclestion sites

@ — Agions

Figure 5-1. A schematic of silver decoration over the surface of graphene; ArO with oxygen
functionalities; B) adsorption of Ag ions on the oxygen functionalities of the graphene surface to

form nucleation sites for Ag NPs;C) graphene decorated with MPAfunctionalized Ag NPs
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The resultanGrO was dispersible in water, which is needed for furthieface modification

as the synthesis of Ag NPs on the graphene surface is performed in an aqueous medium.
Comparing the FTIR spectra of the amodified graphene and GrO (Figure2®\) confirms

the presence of polar functional groups on dmdted grapene surface. The peak at 1704
cm’ is attributed to the C=0 carbonyl stretching vibrations of carboxylic groups, while this
peak is damped before acid treatm@i2]. The strong and broad peak around 3400 &n
assigned to €H stretching vibrations due to hydroxyl groups of GB38]. In addition, the

peaks at 167 cm, and 1228 ciin the GrO spectrum are attributed to the C=C stretching
and GOH stretching bands, respectivglyp3]. Similar peaks with a slight shift are observed

in the spectrum of the neamodified graphene. The FTIR results confirm that the graphene is
successfully functionalized with hydroxyl and carboxyliogss through the acid treatment
process. The functionalization can be further verified by comparing the dispersion qualities
of graphene in polar solvents, i.e., ethanol and water, before and after acid treatment.
Graphene before the treatment was notetsple in ethanol and water while the GrO was

dispersible and stable in both solutionsrfare than 8 hours (see Figur2B).

Ag NPs were synthesized on GrO surface through astej process as illustrated in Scheme
1B and C. In the first step, Grd AgNGO; aqueous solutions were stirred together for 1 hr

to provide initial active nucleation sites on the surface of graphene. The carboxylic groups,
uniformly distributed on the graphene surfgt&4], form a complex with the Ag ions and
attach them to the surface of graph¢b®]. The reduction of Ag ions on GrO surface has

been reported in recent literaty8,152,154]
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Figure 5-2. A) The infrared spectrum of non-modified graphene (curve 1), GrO (curve 2) and
Ag NP-decorated graphene (curve 3)B) digital images of the dispersion of 1) normodified
graphene, 1) GrO, and Ill) Ag N P-decorated graphene in ethanol.

Figure 5-3A shows a representative SEM image of graphene oxide nanosheets before
decoration. Figur&-3B shows the Ag NRdormed inthefirst step on the graphene surface.

As can be observed in this figure, very small NPs are homogeneously distributed on the
graphene surface which is related to the uniform distribution of oxygen functionalities over

GrO surface. Asbservedn Figure5.3C, there is no agglomeration of Ag NPs on the surface
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of graphene. The size of individual NPs, formed in this step, is less thanFgure5-3D

shows the EDX spectrum of the elemental state of Ag NPs on graphene surfabes(i.e.
step of Ag NP deaation of graphene). A relatively strong pefak Ag (indicaed by the

black arrow) in this spectrum along with the peaks of carbon and oxygen confirms the
formation of Ag NPs in this stage. The presence of the oxygen peak implies oxygen

functionalities stl exist on the graphene surface.

Figure 5-3. A) A representative SEM image of GrObefore decoration B) A representative SEM
image of silver nucleation on the graphene surface; C) a magnified image of the selected area of
Figure B; D) EDX diagram of the elemental state of Ag Rs on the surface of graphenéelfe

black arrow indicates the relatively a strong peakfor AQg).
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The second step of Ag NP decoration of graphene is based on direct reduction of the
remaining Ag ions by NaBHn the presence of MPA as a capping agent. MPA chains, with

a sulfur group at one end and a carboxylic group@ither, form micellar structures at the
nucleation sites in THF/water medium and trap the remainingprg{20]. When MPA was

added to the solution of GrO and Agbl@e initial dark solution became greyish along with

the formation of small clusters in the solution. @hapter 3 we explainedthat the color
change is associated with the formation of-&dgands[20,130] Upon the addition of
NaBH;,, all the ions are reduced to Agnd form Ag NPs covered by MPA on the graphene
surface. The role of MPA is to control the size and shape ofaN&<o prevent them from
oxidation[20]. As shown in Figur&-2A, the strong and sharp peak at 1696'émthe FTIR
spectrum of the Ag Nidecorated graphene is attributed to the carbonyl stretching frequency
resulting from the semiquinone moieties on Ag NPs surfa8g¢ The MPA onAg NPs
surfacemakes the decorated graphene dispersible in polar solvents (i.e., ethanol and water);
Figure 5-2B (sample 3) shows a stable dispersion of the AgdéBorated graphene in

ethanol. The same quality of stability was observed for the decorated graphene in water.

Apart from reducing Ag ions, NaBfplays an important role in restoring the conjugated sp
netwak. Some research groups reported the contribution of NWaBHeducing GrO to
graphene and increasing its conductiyé$,155] The diminished spectra of Figuse2A at
3400 cn* for Ag NP-decorated graphene implies there is no oxygen moiety ontfaes of
grapheneafter the completion of the decoration of graphembkich in turn confirms the

restor aticoar boofn '‘bonds after t he decorati on
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UV-vis spectroscopy was performed to confirm the synthesis of the individual Ag NPs on the
graphene surface. It is well known that Ag NPs larger than 2 nm show a strong and broad
peak in the UWisible range (390 to 460 nm) due to the excitation of suiacEmon bonds
(SPB)[132]. The position and symmetrical feature of this peak give useful information about
both tre size and size distribution of the NPs. Figb#A shows the UWis spectra of GrO,

Ag NP-decorated graphene, and the individual Ag NPs fabricated with a similar procedure
(as described in Chapter [20]. The U\tvis spetrum of GrO shows a peak around 223 nm
corr espon diransifions af arométic < bonds[153]. For the Ag NRdecorated
graphene, the presence of the characteristic peak at 394 nm clearly indicates the formation of
Ag NPs on the graphene surface. The symmetry of this peak implies a homogeneous size
distribution of tle NPs. Compared to the spectrum of the individual Ag NPs, the spectrum of
the Ag NRdecorated graphene shows a shoulder at 270 nm which is attributed to graphene
aromatic GC bonds. The presence of this peak further confirms the decoration of graphene
with Ag NPs. The XRD pattern of the Ag Nfecorated graphene is shown in Figb4B.

The dominant peaks are observed at 38.2°, 44.3°, 64.6°, and 77.6° with correspo2ding
values. According to JCPDS card No-@783, these peaks correspond to the (1 1210,0),

(2 2 0) and (3 1 1) crystallographic planes of face center céduc df the Ag NPs. The
highest diffraction intensity is found for the peak at 38.2°, which indicates that the surface of
Ag NPs is preliminary (1 1 1) planes that are considdredrtost stable crystalline structure

[51]. Graphene nanosheets usually show a diffraction peak at 26° which corresponds to the
0.335 nm interlayer spacing of graphit®8]. In the diffraction pattern of GrO, another peak

is observed at 13.6°, suggesting possible partial structural damage of graphene after
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oxidation. Others have observed similar trends in the shift of the XRD peak to lower angles
due to the chemical oxidation gfaphendg156,157] However, this peak has been dampened
and shifted to 12.2° indicating the effectiveness of NaBHrestoring the conjugated *sp

bands of graphene aromatic structure.
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Figure 5-4. A) UV-vis spectra of GrO, individual Ag NPs (synthesized with the same procedure
as the Ag NPs on graphene surface), and Ag Nlecorated graphene; B) )RD pattern of GrO
and the Ag NRdecorated graphene

Figure 5-5A shows arepresentativelEM image of graphene sheets before treatment. A
representative TEM image of the Ag MBcoratedqyraphene can babservedn Figure 55B

where the black arrow indicatésthe graphene edge. &an be seem this image, spherical

Ag NPs with an average size of 9.1 nm = 3.1 nm formed on the graphene surface along with
some small particles (less than 2 nm). The small NPs are those formed in the first step and
did not growfurther. This image confirms that graphene maintained its smadthkieay thin

structure. FigureBC displays a SEM image of the Ag Mieécorated graphene showing two
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layers of the decorated gragle beside one another. FigurdB shows a HRTEM image of
the sé¢ected area of Figure-5B. The amorphous structure over the surface of the NPs (as
indicated by red arrows) clearly shows the surface coverage of Ag NPs by MPA. This image

supports the FTIR results.

Figure 5-5. A) a representative TEM image of noamodified graphene; B) a representative
TEM image of the decorated graphene with MPAfunctionalized Ag NP, the edge of graphene
single layer are pointed by a black arrow, C) a representate SEM image of the decorated
graphene; D) a HRTEM images of the selected area of Figure B, showing the presence of an
amorphous structure (pointed by arrows) of MPA on Ag NPs surface.
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532El ectri cal conductivity measurementa&CAf conduct

nanocomposites

To investigate the effectiveness of the Ag-tétorated graphene as afiler inside the

el ectrical net wor k-fi wemofcostuoptirviorymesdt éidihes
filler interaction prior to adding theminmpoxy matri x. The el-ectrical
fil mo of silver flakes and the decorated gr.

measured and compared to those of pure silver flakes and silver flakes withoddied

gr apherfda | fints load terhperatuaes.iln each sample the total amount of silver was
constant. Th results are shown in Figure5The electrical resistivity of hybrid filler system
with both the decorated graphene (Ag flakes &@rNPs) and nommodified graphene (Ag
flakes & Gr) were decreased over the pure silver flake films (Ag flakes) for all measured
temperatures. Due to its2 structure and high aspegetio, graphene provides more surface
area for electron transpartside the network and displays improved electricaiductivity

with the hybrid filler systenp54,113]

As can be observed in Figure5the electrical resistivity of all three film samples decreased
as the temperature increased. However, the electrical conductivity improvement for hybrid
filler film with the decorated graphene was more significartigher temperatures than the
other two. The increase in the electrical conductivity of both the pure silver flakes film and
the hybrid filler films with noamodified graphene at higher temperature can be attributed to

the increased packing density ofvsil flakes that enhanced the connection between
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conductive fillers. The significant improvements of the electrical conductivity for the hybrid

filler film with the decorated graphene at higher temperatures (i.e., 150 °C and 20 °C)

related to the contoution of the Ag NPs in the system. The presence of small Ag NPs on the
graphene surface provides an opportunity t
effecto. At higher temperatures, some Ag NP:
silver flakes. This situation provides metallurgical contacts between silver flakes and

graphene which facilitates electron transportation throughout the electrical network.
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Figure 5-6. The effectoft e mper at ure on the electrical-conduct
filmso before their addition into ej

Sintering of Ag NPs is largely affected by the amount of organic layer present on their
surface and also by the temperature at which this iaydecomposed from the surfg&4].

Thus, the thermal behavior of the Ag MdBcorated graphene was studied using TGA to
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evaluate the phase transition of the Ag NRgle graphene surface. Figl&-&A shows the

TGA results forAg NP-decorated graphene and Ag NPs synthesizedamgtmilar procedure

(As explained in Chapter 3fror the individual Ag NPs, thermal decomposition began at 130
°C. The weight of the NPs deased by 3 wt% until 285 °C due to the decomposition of un
bonded MPA and/or absorbed water in the sysi2dh. As the temperature increased, the
NPs displayed two main thermal decomposition steps. The first transitiarretdetween

290 °C and 380 °C, displaying an approximate weligss of 8 wt% that may be attributed to

the amount of MPA physisorbed on the surface of Ag (@Bsxplained in Chapter.3)he
second transition with a 10 wt% weigbts was observed at 38C, and continued up to

455 °C. This large weigHoss is attributed to the decomposition of chemisorbed organic
materials[139]. Conversely, the thermal decomposition of surface residue for the Ag NP
decorated graphene occurs with a slight transition step, starting from 145 °C argl andin
375 °C, which can be attributed to the thermal decomposition of MPA adsorbed on the
surface of the Ag NP§0]. Comparing the TGA results of the decorated graphene with
individual NPs indicates the thermal decompositof MPA from the NPs surface occurs at
lower temperature for the decorated graphene than individual NPs. These results also show a
lower amount of MPA (< 3.5% for the Ag NiRecorated graphene compared to 22% for the
individual Ag NPs) covering the surfaof the Ag NPs on the graphene surface, which helps
with occurrence of sintering at lowemtperature. TGA results suggebat at temperatures

higher than 145 °C, Ag NPs on the surfatgraphene started to sinter wehch other.
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Figure 5-7. A) TGA analysis of the Ag NRdecorated graphene and the individual Ag NPs
synthesized witha similarpr ocedur e ; B) an SEM mimagkt- bhet Ag K
decorated graphene and silver flakes mixire at room temperature; C) SEM image of silver

flakedifAtmdi mt 220 AC; D and -decprat&ifgrigpheneneandyséiver of t h
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The sintering of the NPs on the surface of graphene was fudhfirmed using SEM.
Figures57B s hows an SEMfi nmag e cdedoratgd gidghéne and silver

flakes mixture at room temperafud end °Gidn 288BM

shown in Figureé-7C. Figures5-7D and5-7E s how t he SEM-iirmame sofofAg
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NP-decorated graphene and silver flakes mixture at 150 °C, and 220 °C, respectively.
Comparison between the morphologies of the NPs in each case shows thagsoatasired
between the NPs for the both samples annealed at 150 °C, and 220 °C where they became
whitish due to the removal of the organic layer from the sulffatk In contrast, the NPs at

room temperature did not sinter to each other, antdadshad a dar&olor. Figures 5D and

5-7E also indicate the formation of metallurgical connections between the silver flakes and
the decorated graphene, which can significantly improve the conductivity of the electrical

network.

Hybrid ECAs were fabricated by addj a small amount of the Ag NdRecorated graphene (1
wit%) to the conventional ECAsonsisting of silver micron flakes and epoxy. The decorated
graphene was incorporated into conventional ECAs at two different silver contenteare.,

and after the peddation threshold (60 wi% and 80 wt%, respectively) and the final
composites were cured at 150 °C. The bulk resistivity of the hybrid ECAs with the decorated
graphene were compared to those of conventional ECAs (eglory flakes) and hybrid
ECAs with nam-modified graphene (eposilver flakesnonmodified graphene). Figura8

shows the bulk resistivity of the samples cured at 150 °C. As can be seen in this figure, the
resistivity of the hybrid ECAs with both decorated and-nuodified graphene are lefisan

that of the conventional ECAs for the both filler concentrations. The bulk resistivity of the
hybrid ECA with the decorated graphene at 60 wt% of total silver content is 7:6q<.1@& m),
which shows 90 % reductiofequal to 1362 % electrical conductivity improvement)

compared to the bulk resistivity of conventional ECA with the same filler content (1.7 x 10
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qg.cm). This resistivity is close to that of
Also, the resstivity of the hybrid ECA with the decorated graphene at 80 wt% showed 67 %
reduction (equal to 200 % electrical conductivity improvemeatmpared to that of the
conventional ECA with an equivalent silver contaithough the final electricabnductivty

wasnot significantly high
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Figure 5-8. The comparison between the electrical conductivity of conventional and hybrid
ECAs at different filler concentrations of 60 and 80 wt% (for hybrid ECAs 1 wt% of nanofillers

was used).

As electrons are transferred through the electrical pathways created by conductive fillers
inside the ECAs, the morphology and quality of contact between fillers are crucial for the
electrical conductivity of ECAsAs explained inprevious chaptershé quality of contact

between conductive fillers is related to the contact resistance whi@hcombination of
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constriction and tunrikng resistance$77]. The reduced electrical resistivity of the hybrid
ECAs with both of nommodified and decorated graphene in comparison to that of
conventional ECAs suggested that graphene nanosheets plargédesurfacearea than an
equivalent amount of silver flakes for electron transportation within the network, which
decreases the tunhel resistance, significantly. This situation is more pronounced at
concentrations close to the percolation where the silver flaleeaat fully in contact with

each otherHowever, the increased number of contact points because of the presence of Ag

NPs may cancel out the reduced tunnelling resistance.

To shed further light on the effect of Ag NPs on the electcoalductivity of the hybrid

ECAs, the samples with 80 wt% of silver flakes were cured at different temperatures. The
bulk resistivity data, shown in Figurg9, revealed a much more significant resistivity
reduction for the hybrid ECAs with the decorated grapheneftitacronventional ECAs and
hybrid ECAs with normodified graphene as curing temperature increased. A low bulk
resistivity of 46 x10q. cm was achieved for the hybrid
andcured at 220 °C, which is comparable to that ofpacil eutectic solder (2 x Fay . ¢ m)
[14]. It demonstrates a great potential filmis hybrid ECAto be usedas an alternative
electrical interconnect material. These resuigly thatalthoughthe Ag NPs on the surface

of graphene improve the electrical conductivity of conventioB&A at low curing
temperaturegheir influence is more pronounced at higher curing temperatures. The presence
of Ag NPs at low temperatures may increase the number of contact points in the filler system

whichin turn increasgthe contact resistan¢21]. However, when the temperature increases
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they start to sinter witleach othelas well aswith the silver flakes so as to provide direct
metallurgical contacts between the silver flakes and graphene to forraNfRageaphene
NP-flake conduction paths inside EGAThis situabn makes electron transpomiore

prevalenthrough the electrical network and decreases the contact resistance among fillers.
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Figure 5-9. The effect of curing temperature on the electricatonductivity of ECAs.

5.4 Summary

In this chapter, & reporteda simplenovel room temperature wet chemistry approach to
decorate graphene nanosheets with MBctionalized Ag NPs to be utilized as auxiliary
fillers inside ECA nanocomposites and inveskgkthe role of Ag NPs sintering on electrical

conductivity of ECAs.The deposition of Ag NPwasbased on the direct reduction of Ag
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ions, adsorbed on the surface of graphene gxideng a strong reducing agent (Nafkh

the presence of MPA; NaBHivasalsofound to be able to reduce the graphene oxide back to
grapheneFTIR, UV-vis, XRD, and TEM confirmed the decoration of graphene with MPA
functionalized Ag NPs. The surface functionalization of Ag NPs made the decorated
graphene dispersible in water amdhanol, and facilitated their dispersion in epoxy
nanocomposite. TGA analysis of the decorated graphene showed that the MBAostart
decompose from the NPs surface at temperatures close to 150 °C. SEM images confirmed the
sintering of Ag NPs at this terapture which resulted in significant reduction of bulk
resistivity of the decorated-fgtmpheanestampesia
higher than150 °C. The addition of a small amount of the decorated graphene into the
conventional ECA remé&aably decreased its bulk resistivity, especially at concentrations near

the percolation content. The bulk resistivity of hybrid ECAs with the decorated graphene
significantly decreased as the curing temperature increased to 220 °C. A highly conductive
ECA with a very lowelectricalresistivity of 4.6 x 13q . ¢cm (cl ose to that of
was achieved by incorporating a small amount of the AgdBiddbrated graphene (1 wt%)

into the conventional ECAs (total silver content of 80 wt%). The high etatttonductivity

of the fabricated ECA is attributed to the metallurgical connection between graphene and
silver flakes inside the electrical network because of the sintering of small Ag NPs on the

graphene surface.
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Chapter 6. SD&di f i cagtriagpnh eonffe @aampshlee eff e
size and surface property of graph:

conductivity of ECAs

6.1 Introduction

As discussed in previous chapters, the key parameter in electrical conductivity improvement
of an ECA is the quality of electrical network. Té@nductive nanofillers, depending on their
type and morphology, affect tlgpality of networkthrough theirmorphology or the quality

of junction betweensilver flakes.In chapters 4 and 5, we demonstratieat the tunnelling
resistance is a dominaparaneter at low silver content and can tenarkably reduced by
introducing high aspegttio nanomaterial§54]. Many research groupscluding us have
studied the effects of different high aspeatio nanomaterials such aAg) NWs [40,54], Ag

NBs [101], and carbon nanotubes (CNT4&Y,42] on the electrical properties of ECAs and

reported the establishment of a percolated network at low silver content.

As mentioned in Chapter 5, graphdras attracted great interest a promising nanofiller for
ECAs applicatiorbecause graphene has the highest agpgotamong all th@anaostructure
materials enabling establishment of anore complete electrical network at lemfiller
content[52,55,61,158] Pu et al. used nitrogeshoped graphene inside the system of epoxy
and silver powder and reported that fercolation of silver powder reduced to 30 WB3).
Their results confirmed thatR2 graphene is much more effective than other typdsighf

aspectratio carborbased fillers such as carbon nanotubes and carbon black. However, the
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challenge of attaining a homogeneous dispersion, as well as preservisiggitslayer

structure acts asottlenecls in ECA fabrication.

Surface modification fographene using organic materials is one approach to exfoliate

graphene in which the interaction odawrks ngi a

Although this technique is shown to be effective to exfoliate graphene layers, it hinders their
electi c a | properti es betectrans sletocalization dfi gsaphene Iswgface h e
[56,62,63,111] The surface decoration of graphene with inorganic nanoparticles (NPs) such
as Ag NPs is another approach that can effectively eidajeaphene nanosheg8]. Some
research groups applied this idea flBCA applications and used the Ag {dBcorated
graphene for the formulation of ECAs; they reported a positive effect of AdedBrated
graphene on the electrical conductivity of EJA8,112,113] Based on ouresearch finding
presented in Chapter, Sve believe that the improved electrical conductivity of ECAs via
addition of Ag NPdecorated graphene is mainly becausethef establishment of more
electrical pathways inside the electrical netwdrkwever, the increased number of contact
points (due to the presence of Ag NPs on the graphene surface) may cancel out this positive
effect[61]. We showed that to decrease the number of contact points sintering of NPs must
occur which requires elevated curing temperatures (higher than 150 °Gpébielatethe

single layer graphene without metallic decoration is a bettesrops auxiliary filler for ECA
application if a proper exfoliation technique is applied to preserve its single layer structure

within the epoxy matrix.
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Another method to exfoliateand stabilizegraphene nanosheets is based on the ause
surfactant. In thisapproach graphene layers are exfoliated by the mechanical energy
provided by bath or horn sonication which overcomes the van der Waals interactions
between graphenkyers. At the same timesurfactant moleculeare adsorted onto the
graphene surface amaevent their restacking via steric repulsiors6,64,65](see Figure 6

1A). Some research groups implemented this method toupeodurfactanstabilized
graphene from graphite powder. For instance, Lotya et al. reported the production cf a high
concentration aqueous solution of graphene, stabilized by sodium cholate surfactant, using a
long time low power sonication of graphite]lbwed by centrifugatiofi64]. In this chapter,

we report a simple surfactaassisted approach to stisde graphene nanosheets and disperse
them inside the conventional formulation of ECAs (consisting of epoxy and silver micro
flake) based on the use of an ionic surfactant, sodium dodecyl sulfate (SEShairh
advanage is we are able to preserve the g layer structure of graphene inside the
nanocomposite without disturbing its structure. The single layer graphene nanosheets can
effectively bridge between separated silver flakes and provide more surface area for electron
transportationnside theelectrical network (as illustrated in Figure 6.1Bp shed further

light on the effect of graphene aspeatio we used graphene nanosheets with two different
sizes (1 pm, and 5um diameter) and applied the same SDS modification approach to
exfoliate and tperse them inside the conventional ECAs. The electrical resistivities of the
hybrid ECAs with small and large SB8Sodified graphene were measured at different silver

contents and compared to those of conventional and hybrid ECAs witmoaified
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graphee. The effect of SDS modification on curing behavior of epoxy and the thermal

stability of hybrid composite was also investigated.
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Figure 6-1. A) SDS modification of graphene leads to exfoliation of gragne flakes, B) the
bridging of SDS-modified graphene between separated silver flakes establishes a compete
electrical network inside epoxy

6.2 Experimental

6.2.1 Synthesis of large graphene

Large size graphene was produced using graphene @@id® which was syritesized by

modi fi ed nitthodibhs® 4690]6The GrO was prepared from large graphene pellets
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with the average size of 1 mm to 5 mivhe reduction of GrQo produce graphene was
achieved by préeating of @O in vacuum oven for 6 hours followed by thermal annealing

in a furnace protected with Ar at 90C for 10 minutes. This process is to ensure the total
removal of the oxygen functionality and restoration of the graphitic surface, so that the
highest electrical conductivitgan be achieved for the resultilegge size grapheneSmall

size graphene was purchased fra@S material (USA).

6.2.2 SDS modification of graphene

In order to modify the graphene surface with SDS, both large and small graphene powders
were dispersed into a solution of SDS (Sigma dr i ¢ h, 099. 0%) and
concentration of SDS in ethanol wa®6 mol/L. Then the solution was ultrasonicated using

a low power sonic bath (Branson 2518R) for 30 min. In order to remove the 4nonded

SDS the graphene dispersion was washed ftiames by repeatedly dispersing fresh
ethanoland applying centrifugation at 8000 rpm for 10 min to remove the soptant The

final solution was then filtered using a polycarbonate (PC) membrane (with a pore size of

400 nm) and dried overnight at room temperature in a vacuum oven.

6.2.3 Nanocomposite preparation

Diglycidyl ether of bisphenol A epoxy (DER 322) and triethienetetramine (TETA)

supplied by Dow Gemical company (USAWwere used as thadhesive basand hardener,
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respectively. The weight ratio of hardenerefmoxy was 0.13. Two general types of sample
(conventonal and hybrid ECAsyere prepareds listed in Table 6.1The conventional ECA
contained onlsilver flakes (Aldrich, 10 mm) and epoxshereashehybrid ECAscontained
epoxy anda mixture of thegraphene (either SD®odified or noamodified)and silverflakes

at different weightpercent. To make a hybrid ECA with SB$dified graphene (either
small or large size), silver flakes were mixed with the dispersion of modified graphene in
ethanol for 30 min and then epoxy was added to the mixture. The conyasiteixed using
avortex mixer for one houin order to remove ethanol from the composite, the mixture was
placed inside a desiccatand degassefr 30 minutes followed b% minutesvortex mixing

until ethanol was fairly removed@hen the TETA wasadded to the mixture and thesultant
pastewas filled into a mold (7 mm 7 mm x0.5 mm) made using a glass slide and pieces of
adhesive tape. A clean copper sheet was placed on top of the mold in order to ensure that the
thickness of the sample remainednstant, as well as to consistently produce a smooth
surface. The samples were then-pueed inside an oven at 6C for 30 minutes, and then
cured at 150°C for 2 hours. After curing, the copper plate and the adhesive tape were
removed.The schematic fonanocomposite prepation is presented in Figure2 A similar

procedure was followed for the preparation of the hybrid ECA withmodified graphene.

6.2.4 Characterization

Fourier Transform Infrared Spectroscopy (FTIR) (Tensor 27, Bruker Co.) was cautiéal

confirm the SDSmodification of graphene. An -Xay Diffractometer(XRD) (D8 Discover
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Bruker) equipped with GK U r a d i aused to sharacterizéhe interlayer spacing of
graphene layers before and after modificatidnHigh ResolutionTransmisgn Electron
Microscope HRTEM, JEOL 2010 F FEG) equipped with a field emission gun running at
high resolution was used to determitiee quality of exfoliation ofgraphene layerBulk
resistivity of samples was testairough sheet resistance measuremanisg a fowpoint

probe configuration. The setup is comprised of a probe unit (Cascade Microtech Inc.) and a
source meter (Keithley 2440 5A Source meter, Keithley Instruments Inc.) The acquired sheet

resistance was theconverted into bulk resistivitysang the following equation:

” "Oé_ _ Equatlon 6-1

Table 6-1. Conductive fillers for each type of electrical conductive adhesive.

Type of ECA Abbreviation Conductive filler system
Conventional ECA CCA Silver flakes
HCA-SGS Silver flakes and SD#&odified small graphené
HCA-SGN Silver flakes and nomodified small graphene
Hybrid ECA
HCA-LGS Silver flakes and SD#odified large graphene
HCA-LGN Silver flakes and nemodifiedlarge graphene

where F is a correction factor used for saep with finite thicknesseg, is the sample
thickness| is the applied current and is the voltage drop measured the source meter.
The correction factor is defined as a function of theorafithe sample thickissto-probe

spacing denoted a&sand so, for situations where the ratiovbetnt andsis 0.4 < t/s < 1.0F
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can be approximated to[@1]. For our measurements, the saengblickness is ©.5mm and

the spacing is 1 mnthereforeit is safe to assume that= 1.

Using a Scanning Electron Microscope (SEMEO 1530, Carl Zeiss NT)Sa study was
carried out on the morphology of the electrical network inside the composites|l @s the
filler-filler interaction between the graphene and the silver flake$erential Scanning
Calorimetry (DSC) was performed for pure epoapd compositéo determine the rate of
curing and their glass transient temperatiigd.(Polymer and cmposite DSC samples were
encapsulated in hermetically sealed aluminum pans and cured durii@/ani® ramp to
180°C in a TA4600 differential scanning calorimefBne area under the exothermal peak
was taken as the specific cure reaction enthaphy,{), in accordance with ASTM E216M4.
Samples were then cooled to 8D at 3°C/min, and a seconrdeating scan performed to 180
°C using a modulation of £0.47C every 60 seconds and an urgieg heating rate of

3°C/min.
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Figure 6-2. A schematic of a hybrid ECA nanocomposite preparation.

The glass transitionTf) of polymer and composite samples was determined from the
reversing heat capacitiRév Cp signal of the second scan, using the methapottescribed

by ASTM D742608. No residial cure signal was observezhnfirming completion of the
detectable enthalpic cure in the first heating §&éd]. Samples wes then cooled to 5%C at

3 °C/min before posturing. Polymer and composite samples were mosed using heat
treatment cycles, applied by DSEach cycle consisted of heating the sample to°To®@ith

an underlying heating rate of°€/min, holding isdtermaly for 60 minutes, then cooling to

50 °C at 3°C/min. Heating was modulated at 0.47C amplitude every 60 seconds to obtain
the reversingCp component of the signal, determining figat the begining of each post

cure cycle.The Ty p value reported is the value obtained wh&yn stopped changing
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significantly between posture cycles, indicating pesure was complete. Each sample was
cycled 10 times to assure they reached a completelycposti stateThe thermogravimetric
Analysis(TGA, TA instruments Q5000254) was used to study the thermal stability of the
nanocompositesSamples of aboutO mg were placed in the TGA sample pan. Dynamic scan
was performed fromd40 to 800 °C with a heating rate of 10 °C/mimder nitrogen

atmosphes.

6.3 Results and discussion

FTIR was used twerify the interaction between SDS and graphkayers The FTIR was
performed for pure SDSponmodified graphene, and th&DSmodified grapheng the
results are shown in Figure3\. To make sure ther&ras no un-bonded SDSeft in the
system, the mixture of SDS and graphafter sonicatiorwas vigorously washed wittnesh
ethanol using sonication and centrifugatibmthe FTIR spectrum of nemodified graphene,
the peaks at 1589 and 1740 tmre related tohe stretching vibration of C=C and C=0
bands, respectivelp62]. Both of these peaks can be seen in the spectrum oihgid8ied
graphene with slightly reduced intensities. Also, the pmak240 crit in the spectrum of
norntmodified graphene is considered to beHCin plane bending163]. This peak is too
weak and in the most cases cannot be seen, as it was diminished in the spectrum of the SDS
modified graphene. The spectrum of pure SDS shawekat 1248 cih 1219 cnt, and
1084 cm' which correspond to asymmetric and symmetric stretching modes f, SO

respectively. Furthermore, pure SDS spectrum showsaSiimmetric, symmetric (2955 ¢m
138



1 2873 crif) and CH asymmetric, symmetric (2917 &m2850 cni) stretching vibrational
frequencieg164]. The same peakare observed in the spectrum of S&dified graphene
(as highlighted in red and green), implying the presence of SDS on the graphene surface even

after vigorous washing for several times. These results confirm the interaction between SDS

and graphene yers.
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Figure 6-3. A) FTIR spectra of pure SDS (1), SDSnodified graphene (2), and normodified
graphene (3); B) XRD spectra of normodified and SDSmodified graphene.
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Figure 63B shows the XRD pattern gmall graphene before and after treatment with SDS.
As can be observed in this figure, there is a peak at 29.4° before treatment, corresponding to
0.3 nm dspacing of graphene layers. However, after SDS treatment this peak was shifted to
24.1° which is calesponded to 0.38 nmspacing between graphene layers. This observation

indicates that SDS adsorption on graphene surface expanded the graphene interlayer spacing.

TEM was carried out to examine the effectiveness of SDS modification on exfoliation of
both small and large graphenes. The transparency of flakes to the electron beam implies the
level of exfoliation[64]. The number ofyraphene layers cdpe indicatedoy counting the
number of distinguishable edges in TEM imag¢ll4]. Figure 64A and 64B are
representative TEM images of ramodified and SDSnodified small graphene, respectively.

The opaque f®ure of normodified graphene implies the stacking of graphene layers which
hindeed the electron beam to pass through the sample. However, after SDS modification we
see a bright and transparent graphene layer with a single distinguishable edge. The HRTEM
image of the redquaremarked area of Figure-#B clearly shows that the graphene layers

are exfoliated to individual layersldetron diffraction(ED) pattern of black squarearked

area also confirms the single layer feature of the selected ardw, iager set of spotare

more intense than theecondary s€tt07,114] The blurry ring in the ED pattern is attributed

to the amorphous structure of SDS covering the graphene surface. A representative TEM
image of normodified large grapéne flakes is shown in Figured& which have a similar

dark structure as small graptee However, as can be seen in Figure 6.4D, after SDS

treatment, the large graphene flake is transparent to the electron beams. The HRTEM image
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of the redsquaremarked area of Figure-4D also shows there is only a single layer at the

edge of the largedke.

Figure 6-4. A) a representative TEM image of graphene without SDS; B) a representative TEM
image of graphene after SDS treatment, the black inset is an electron diffraction pattern of the
black marked area, the red inset is a HRTEM image of the red marked area of graphene edge;
C) a representative TEM image of large graphene flake before SDS treatment; D) a
representative TEM image of large graphene after SDS treatment.
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As the first attempt to investigate the electrical properties of the nanocomposites, small
graphene (1.5 wt%) was added into the conventional formulation of ECAs (CCAs) as a
conductive cdfiller to produce a customized hybrid ECAs (HCAs). The effect of DS

electrical conductivity of ECAs was investigated by comparing the bulk resistivity of HCAs
containing SDSnodified small graphene (HGAGSS) to that of HCAs with nemodified

graphene (HCASGNSs).Theelectricalresistivties of both the CCA and the HE8GNs until

30 wt% (equal to 5.4 vol%pilver flake werehigher than the upper limit of our feprobe

electrometer while a relatively low electrical resistivitydof 4 gq. cm was achieved
SGSsat 30 wt%silver flakes As can be seen in Figure58, the percolation threshold for

both the CCAs and the HGBGNs was 30 wt%,rm the HCASGNSs rendered lowdyulk

resistivity compared to the conventional ECAs. The lower bulk resistivity of the-SIGNs

is because of the bridging effect of the graphene layetseen the silver flakes. However,

when SDS was used to disperse graphene layers inside the composite the percolation
threshold was decreased to 10 wt%. A low bulk resistivitg fl0°q . ¢cm was achi eved
the HCASGS with 80 wt%(equal to 32.8 vol%pilver flakes and 1.5 wt%equal to 6.4

vol%) SDSmodified graphene. The difference between the bulk resistivity of -3G&s

and HCASGNSs is much more pronounced at low silver content, indicating the effectiveness

of SDS to exfoliate and stabilize the gh&ne sheet. The SDS modification of graphene

provides the opportunity to fully take advantage of its high agéict which is crucial to

decrease the tunnelling resistance by bridging between separated silver flakes.
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Figure 6-5. A) bulk resistivity of conventional ECAs (CCAS), hybrid ECAs with nornrmodified
small graphene (HCASGNS), and hybrid ECAs with SDSmodified small graphene (HCA

SGSs), B) the effect of SD#&odified small graphene concentration orihe bulk resistivity of

hybrid ECAs with different silver contents.
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In order to investigate the effect of graphene concentration on the electrical conductivity of
hybrid ECAs, SDSnodified graphene of varying concentrations were added intG@#s
andthe bulk resistivitieof the HCASGSs were measured. The same ranges of graphene
concentrations were applied for CCAs with different silver concentrations to identify the
optimal graphene content at eachvesil concentration (see Figure58). The optimm
graphene content was 1 wt% for the HS&Ss with 50 and 60 wt% of silver flakes while
that concentration was 1.5 wt% for the HG&Ss with 70 and 80 wt% of silver flakes,
indicating the importance of the weight ratio between silver micro flakes andegeph
nanosheets on the electrical performance of HCAs. The increased bulk resistivity of the
HCA-SGSs after the optimum concentration may attribute to the agglomeration of graphene
at higher concentration. The dashed lines of Figure 5B show the bulkvipsiftithe HCA

SGNs at 60 and 80 wt% of silver flakes. The higher bulk resistivity of these samples
compared to the HGAGSs with the same filler content is in agreement with our previous

discussion on the positive effect of SDS treatment on the elécoieductivity of ECAs.

To study the effect of graphene size and SDS modification, hybrid ECAs with various silver
contents were produced containing large graphene, either unmodified or modified with SDS
(HCA-LGN and HCALGS, respectively). Figure-6 presents the bulk resistivity of these, in
comparison with those of HGAGSs with comparable silver contemis.can be observed in
Figure 66, the bulk resistivity of the HCAGSs is noticeably lower than that of the HCA
SGSs, especially at low silver contertions,when the silver flakes would be separahed

rarely in direct contactThis demonstrates that when either are well distributed by SDS
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modification, the large graphene sheets are better able to bridge the gaps between the silver
flakes than themall graphene sheets, allowing further reductions in silver corfienition

of 1.5 wt% of large SD$nodified graphene into CCAs with 10 wt%, 20 wt%, and 30 wt%

led to bulk resistivitiedq.odm,35r gs memt iOv. &l yy,.
resistivities for the HCASGSs were 5.5 x @ . ¢ m, 122 .4 cgqm,cma,ndr eOs pe c
Figure 66 also confirms the effectiveness of SDS in improving the electrical conductivity of

the hybrid ECAs. Although the bulk resistivity of the HL&Ns was lowe than that of the

CCAs in all the silver content, those resistivity values were higher than those c£L 864
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Figure 6-6. The effect of the aspeetatio of SDS-modified graphene on the electrical

conductivity of ECAs.

It should be noted that a highly conductive ECA with a very low electrical resistivity of 1.6 x
10°q. cm was prepar ed b ymodifiedlarge graphendintormhedGCh f SD

with 80 wt% of silver flakes. This bulk resistivitg even lower than that of eutectic lead
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based solder§l4]. Figure 66 also shows that the electrical resistivity of HC&NS is
higher than that of HCAGSs in all the silver contents, indicating that the SDS modification
effect is more dominant in electrical conductivity improvemef ECAs than the effect of

the aspeetatio of conductive fillers.

The SEM images of the CCA, HGBGS, HCALGS, and HCALGN with 30 wt% silve

flakes were shown in Figure ® A-D, respectively. For the hybrid ECAs, the concentration

of graphene was 1\Wwt%. As can be observed in Figure/@, a large portion of silver flakes

are separated by epoxy resin and the electrical network is not fully formed, as evidenced by
electrical resistity measurements (see Figure58). However, the high aspertio of
graphene nanosheets helps to construct new electrical pathways for electron transportation
inside the networkThe yellow arrows of Figure-BB identify small SDSnodified graphene

sheets spanning gaps between separated flakes to form a connected retwarkbe seen

in this figure, the small graphene layers were reasonably dispersed inside the epoxy and no
noticeable form of aggregation graphene was observed. Figurd® also shows large
SDSmodified graphene well dispersed inside epoxy. Becauseedftge size of graphene
nanosheets more parts of the composite are covered by a conductive mEterigéllow

arrows of Figure &C representatively indicate a conductive path inside the cowducti
composite. Finally, Figure-B8D shows the SEM image tie HCALGN. As can be seen in

this figure, the large graphene was not well dispersed inside the composite and large
graphitic agglomerates formed, which explains the high electrical resistivity of this type of

ECA compared to that with SBx@&odified graplkene.
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Figure 6-7. A) an SEM image of the conventional ECA; B) an SEM image of the hybrid ECAs
with 1.5 wt% of SDSmodified small graphene; C) an SEM image of the hybrid ECA with 1.5
wt% of SDSmodified large graphene; D) and an SEM image of the hybrid ECA with 1.5 wt%

of non-modified large graphene. Note: for all the ECAs the content of silver flakes was 30 wt%.

DSC was performed to examine the effect of graphene and its SDS maulificati the

curing behaviorof epoxy and thdj of the final nanocomposit€haracteristic BC dataare
presented in Table-B, collected from the cure and post cure of two control gsamples

and two graphene composites (H&&N and HCASGS). The controlgroup samples are

pure epoxy, and epoxy diluted with the same solvent content as the two nanocomposites.

& Hom represents the reported enthalpy normalized to only the mass of temédrepoxy
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matrix [22]. Solvent masses for each composition haeenpresented using both the ethanol
wt% in the total composite and the ethanol PHR (resin massfe®nce), referencing the
amount of ethanol present after degagsind at the start of curinB.SC traces for cure and
post cure of HCASGS are presented in Figure8A& and6-8B, respectively, as examples to
demonstrate the means by which the charstiedata was obtaineétrom thedata of both
control groug in Table6-2, we see that the addition of ethanol reduasig:, and reduced

Ty pby 12°C, indicating a reduction in epoxy crosslinking. This is likely partially due to the
typical dilutioneffects of solvents during cuf@61]. However, contrasting the reducad,;

and the increase ige Hom implies that the ethanol also reduced the crosslinking bpgak
part in the matrix cure reaction and competing with the main stoichiometric epoxy/TETA

reaction.

Table 6-2. Characteristic Cure and Tg data from DSC

Composition
Name Control 1 Control 2 HCA-SGN HCA-SGS
Description (Neat Epoxy) (Ethanol Diluted)

Ethanol PHR 0 PHR 40.8 PHR 40.4 PHR 40.4 PHR
Content | wioe 0 W% 26.5 W% 12.5 W% 12.5 W%
e Hyt J/g 452.7 380.5 132.7 148.3
& Hom I/ matrix 452.7 517.5 380.9 436.2

Tgp °C 129.7 117.8 111.9 111.9
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Figure 6-8. DSC data for HCA-SGS, demonstrating methods by which charactistic data was
determined for A) composite cure from heat flow; B compositeT, from Reversing Cp. Each
trace was performed at3°C/min underlying heating rate. Modulation of £0.477°C every 60

seconds used in Bonly.

From the composite containing silver flake and graphene without SDS-&EN) in Table

6-2, we can see that the addition of filler substantially redeeBls,, compared to that of the
149



representative ethanol dilutegoxycontrol. In addition, th&y pwas reduced by 5°C by the
addition of filler. Since it is known that silver microflake hassignificant effect only p

[161], it appears that the addition of graphene produceddidtiese effects. Comparing the

data for composites HGAGN and HCASGS from Tableé-2, where the only difference is

the modification of graphmee by SDS, we see no changeTy However, the addition of
SDSmodified graphene does not reduce &a&,,m as much as the addin of untreated
graphene didThis result may be interpreted in a number of wayse of which can be as
follows. The presece of graphene reduces crosslinking denséom and Ty pregardless of

the presence of SDShe reduction ote Hom may be partly due to the moiety of oxygen
functionality on graphene surfaces (i.e., C=0 characteristic peak of carboxylic group at 1740
cm’ in Figure 6.3) acting catalytically on the reactions of epoxides and amines, or the
reaction of epoxides and hydnds (from ethanol and the epoxy autocatalytic reaction) as
discussed by othefd 65 167]. These would lead to an unaccounted fraction of the total
reaction heat being released before the sample is placed in the DSC, reducing the reported
& Horm However, in the case of HG8GS, SDS would have covered a large fraction of the
graphene surface, reducing the ability of graphene to act as a catalyst. This would slow the
unintended reactions of the composite before it enters the DSC, increasing the fraction of
enthalpy captured. dWever, further investigations are needed to clarify the exact

mechanism by which the graphene and the SDS influence the reaction enthalpy.

TGA was used tocharacterizethe thermal stability of the final nanocomposites. The

experiment was performed for rguepoxy, pure SDS, CCA, HCBGN, and HCASGS. For
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all the composites, the concentration of silver flakes was 60 wt% and the graphene content
was 1.5 wt% for the hybrid ECA#As the TGA results show that pure epoxy decomposition
started slowly around 30} then greatly acceleratatiaround 325 °C (see Figurép The

pure SDS degraded at a much lower temperature of 200 °C.-$H&Ms began its
decomposition rapidly at approximately 325 °C, demonstrating a small but noticeable
reinforcement effect from thpresence of the graphene surface. HE&BS has a relatively

lower decomposition temperature than the HSE@NSs, perhaps because of the SDS layer
between the graphene and epoxy that may weaken the reinforcement effect of graphene
surface.lt was noted that BA-SGS had 12 wt% more residue after TGA degradation than
the SDSfree CCA and HCASGN composites. This is consistent with results reported by
Wang et al.; they studied composites of epoxy and SDS and observed an increase in residual
wt% in the SD&containng epoxy[168]. It is possibly due to the formation of $Or a
sulfonate, during SDS degradation, which would then be available to promote formation of

stable chaf169,170]
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Figure 6-9. The TGA results for pure SDS, pure epoxy, the conventional ECA, hybrid ECA
with non-modified graphene, and hybrid ECA with SDSmodified graphene

6.4 Summary

Graphene nanosheets with two different sizes (1 um and 5 pm) were modified with SDS and
introduced into the conventional formulation of ECAs; the effect of the graphene surface
modification andgraphenesize on the electrical conductivity &CAs was investigated.

FTIR results confirmed the surface modification of graphene with SDS. TEM imaging and
XRD confirmed the effectiveness of SDS on exfoliation of graphene nanosheets. The SDS
modification of graphene decreased the percolation thresiiaitiver content from 30 wt%

to theremarkaby low value of 10 wi#% while the percolation value did not change for the
hybrid ECA with noamodified graphene. The electrical conductivity measurements also
showed that the larger graphene is more effective in improving the electrical conductivity of
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