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SUMMARY 

 

With the new emphasis on green and sustainable technologies, research into the 

science and engineering of interconnect materials has changed dramatically. Isotropically 

conductive adhesives (ICAs) have been identified as a promising lead-free interconnect 

material. They offer many advantages over traditional solder technology, including 

environmental friendliness, lower temperature processing, fewer processing steps, low 

stress on a substrate, flexibility and stretchability, and reduced cost. However, compared 

with tin/lead solder (Resistivity: 1.5-3×10-5 � cm), one of the main disadvantages of 

ICAs is their higher resistivity (>1×10-4 � cm at 80 wt% loading of silver flakes). 

This dissertation starts with an understanding of the interface between conductive 

fillers and the electrical conduction mechanism of ICAs (Chapter 1). The first part of this 

dissertation, including chapters 2-4, introduces how sintering technology reduces and 

eliminates the contact resistance between conductive fillers and develops highly 

conductive adhesives to meet specific applications. It is found that the surface residue on 

the surface of silver nanoparticles plays a key role in the sintering of silver nanoparticles. 

The surface chemistry and the thermal behavior of silver nanoparticles were studied and 

correlated with the electrical resistivity of the ICAs filled with these silver nanoparticles. 

It is found that silver nanoparticles with lower decomposition temperatures and lower 

content of surface residues are more promising for the development of highly conductive 

adhesives. Then, a further optimization of the synthesis of silver nanoparticles is 

conducted for the fast preparation of highly conductive ICAs. The fast preparation is 

compatible with the industrial reflow process. It is found the fast sintering is attributed to: 
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(1) the thermal decomposition of the silver carboxylate present on the surface of the 

incorporated silver flakes forming in situ highly reactive silver nanoparticles; (2) the 

surface activation of the incorporated silver nanoparticles by the removal of surface 

residues. As a result, ICAs prepared at 230 oC for 5 minutes, at 260 oC for 10 minutes and 

using a typical lead-free solder reflow process show electrical resistivities of 8.1×10-5, 

6.0×10-6 and 6.3×10-5 � cm, respectively. The problems associated with the 

incorporation of silver nanoparticles are resolved by in-situ reduction of silver 

carboxylate on the surface of silver flakes by a flexible epoxy (diglycidyl ether of 

prolypropylene glycol). The flexible epoxy enables the sintering between silver flakes 

and can be used to produce flexible highly conductive adhesives at 150 oC.  

The second part of this dissertation is to replace expensive silver flakes with low 

cost silver-coated copper flakes (chapters 5-6). Two low cost ICAs filled with silver-

coated copper flakes are developed. The first is an anhydride-cured ICA filled with 

silver-coated copper flakes modified with N-phenylaminopropyltrimethoxylsilane and the 

second is an amine-cured ICA filled with untreated silver-coated copper flakes. 

Compared with anhydride-cured ICAs filled with untreated silver-coated copper flakes 

(1.3×10-3 � cm), the two new ICAs showed a much lower resistivity (about 2×10-4 � 

cm). The resistivity of the two ICAs developed is comparable to that of commercial 

silver-filled ICAs. The anhydride-cured ICAs filled with modified silver-coated copper 

flakes showed a stable contact resistance on a Ni/Au surface during 85 oC/85% RH 

(relative humidity) aging for more than 1000 h. The amine-cured ICAs filled with 

untreated silver-coated copper flakes showed stable bulk resistivity during 85 oC/85% RH 
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aging for more than 1000 h. The origin of the much lower resistivity and better reliability 

of the developed ICAs are discussed.  

The findings and insights in this dissertation significantly contribute to (1) the in-

depth understanding of filler-filler, filler-polymer and structure-property relationships of 

ICAs; (2) the structural design and formulation of high performance ICAs; and (3) the 

wider use of ICAs in emerging applications such as printed electronics and solar cells.



 

 1 

CHAPTER 1 

INTRODUCTION 

 

 This chapter gives a brief introduction of electronic packaging technologies. The 

prime objective of this chapter is to provide a fundamental understanding of isotropically 

conductive adhesive (ICA) technology and to identify its opportunities and challenges in 

electrical interconnects. This chapter summarizes the approaches to improve the electrical 

conductivity and to enhance the adhesion strengths on metal surfaces since these 

properties are key parameters for ICA applications. This chapter also includes the outline 

of the research goals and selected approaches to develop high performance ICAs for 

solder replacement.  

1.1 A Brief Overview of Electronic Packaging  

 As microelectronics is driven towards lower cost, higher performance and 

portability, packaging of electronic circuits, i.e. electronic packaging, has become an 

increasingly important area of microelectronic technology. Electronic packaging is 

defined as bridge that interconnects integrated circuit (IC) and other components into a 

system-level board to form electronic products [1]. It provides four functions:  

� Signal distribution, involving mainly topological and electromagnetic 

consideration; 

� Power distribution, involving electromagnetic, structural and materials aspects 

� Heat dissipation (cooling), involving structural and materials consideration.  

� Mechanical, chemical, and electromagnetic protection of components and 

interconnections.   
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Electronic packaging is typically divided into four levels [2-3], as shown in Figure 1.1:  

� Level 0: semiconductor chip level (integrated circuit (IC)).  

� Level 1: chip in a carrier. In first level of packaging, an IC die is assembled into a 

package carrier (substrate or lead frame) with interconnection materials (such as 

conductive adhesives and solders) using wire bonding, tape automated bonding 

or flip chip assembly techniques. The IC die is protected by either a lid or 

encapsulated with a polymer mold. 

� Level 2: the packaged IC die mounted to a printed-circuit board (PCB) or to 

another type of substrate. 

� Level 3: board-to-board interconnects.  

 

 

Figure 1.1 Levels of electronic packaging [3]. 
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Electronic packaging technologies are evolving rapidly to meet the trends of 

lower cost, smaller form factor and higher performance. These trends require decreased 

pitch (the distance between two bumps), increased numbers of input/output (I/O), 

improved electrical performance, more effective thermal interface, software system to 

design and model the assembly, and most importantly, a variety of high performance 

packaging materials to make ever-changing requirements happen. Among these 

packaging materials, electrical interconnect materials are one of the most important 

packaging materials as they strongly affect the performance of electronic devices.   

1.2 Introduction to Electrically Conductive Adhesive  

 The semiconductor electronic industry has made considerable advances over the 

past few decades, while the essential requirements for interconnects in electronic systems 

remained unchanged. Electrical components need to be electrically connected for power, 

ground and signal transmissions. In spite of the toxicity of lead, lead-containing solder, 

especially eutectic tin/lead (Sn/Pb) solder alloy, has been the de facto interconnect 

material in most areas of electronic packaging. These interconnection technologies 

include pin through hole (PTH), surface mount technology (SMT), ball grid array (BGA) 

package, chip scale package (CSP) and flip chip technology [4-6]. 

        With the new emphasis on green and sustainable technologies, research into science 

and engineering of interconnect materials has changed dramatically. Research efforts 

have focused on two lead-free alternatives, lead-free metal solder alloys and polymer-

based Electrically Conductive Adhesives (ECAs) [7-9]. A number of lead-free solder 

alloys have found their way in commercial products. However, these lead-free solders 

possess technical limits, such as processibility, wetting capability, mechanical properties, 
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fatigue and thermal behavior. Most significantly, current commercially available lead-

free solders chosen by the majority of the US electronic industry, such as tin/silver 

(Sn/Ag) and tin/silver/copper (Sn/Ag/Cu), have higher melting temperatures (�220 �C) 

than eutectic tin-lead solder (183 �C). The higher melting temperatures result in solder 

reflow temperatures from 230 �C to over 260 �C. These higher processing temperatures 

severely limit the applicability of lead-free solders to organic/polymer packaged 

components and low cost printed circuit board (PCB) substrates. Moreover, the exposure 

of electronics to higher temperatures degrades component reliability. In addition, high 

reflow temperatures increase energy consumption and consequently the costs. Some low 

melting point lead-free alloys have been developed such as Sn/In (Tm, 120 oC) and Sn/Bi 

(Tm, 138 oC) [10]. However, their material properties and processibility are still of 

concern.  

         ECAs are the ideal interconnect alternative to lead containing solder materials. ECA 

mainly consists of a polymeric resin (epoxy, silicone, polyurethane or polyimide) that 

provides physical and mechanical properties such as adhesion, mechanical strength, 

impact strength, and metal fillers (silver, gold, nickel or copper) that conduct electricity. 

Depending on the filler loading level, ECAs can be categorized into isotropically 

conductive adhesives (ICAs) and anisotropically conductive adhesives/films 

(ACAs/ACFs) as shown in Figure 1.2. ICAs are electrically conductive along all the 

directions. In an ICA the loading level (25-30 vol%) of conductive fillers (commonly 

silver flakes) exceeds the percolation threshold. On the other hand, ACAs/ACFs provide 

unidirectional electrical conductivity in the vertical or z-axis. ACAs/ACFs have a 

relatively low filler loading (usually 5-10 vol%). The loading level of ACAs/ACFs is far 
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below the percolation threshold; the low filler loading is insufficient for inter-particle 

contact, which prevents conductivity in the x–y plane of the adhesives. In addition to 

ICAs and ACAs/ACFs, non-conductive adhesives/films (NCAs/NCFs) have also been 

developed recently. Instead of using electrically conductive fillers to establish the 

conductive joints, the direct and physical contact between two surfaces of the IC bump 

and the pad of substrates can be made under high bonding pressures and heat. The 

significant advantages of ACAs/ACFs and NCAs/NCFs lies in their fine-pitch capability. 

Different adhesives are being adapted as interconnect materials for surface mount 

technology processes, such as chip on glass (COG), chip on flex (COF) and flip-chip 

bonding technologies in electronic packaging industries [4-6].         

 

 
 

Figure 1.2 Schematic illustrations of (a) ICAs, (b) ACAs/ACFs and (c) NCFs.  
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Table 1.1 summarizes the advantages and limitations of both solder and 

conductive adhesive technologies. Although solder technology are still widely used 

today, in the drive toward lower costs, higher densities and further miniaturization, 

conductive adhesives have replaced them in many applications, especially for those 

where low processing temperature and flexibility of the interconnect are required [11]. 

 

Table 1.1 Comparisons of solder with conductive adhesives [11] 

Connection Method Advantages Limitations 
Solder � Batch process 

� Automated dispensing or 
screen-printing 

� Automated reflow 
� Long history of use/mature 

process 
� Easy rework 
� Good electrical connections 
� Good thermal conductions 

 

� Requires flux 
� Risk of flux residues and 

corrosion 
� Concern over toxicity of 

lead 
� Corrosion of solder in 

humidity, if not 
overcoated 

� Risk of voids under large 
component 

� Stress due to large CTE 
mismatches 

� High temperature 
exposure during solder 
reflow (220-260 oC) 

�  Limited wetting and 
adhesion to some surface 
(e.g. glass) 

Conductive 
adhesive 

� Low processing temperature 
� Fine-pitch capability 
� Automated dispensing or 

screen-printing 
� Application-specific 

formulations 
� Wide variety of 

commercially available 
products to choose from 

� Ability to relieve stress 
� Excellent adhesion to most 

surfaces 

� Lower electrical and 
thermal conductivities 
compared with solder 

� Risk of outgassing in 
enclosed packages and for 
space hardware 

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

� Limited thermal stability 
� Finite absorption of 

moisture 
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Table 1.1 continued 

 � Snap cure types cure in 
seconds (160-200 oC) 

� Directional conductivity 
with anisotropic forms 

 May be reworkable 

 

 

1.3 Isotropically Conductive Adhesive (ICA) Technology 

 ICAs, also called “polymer solders”, are composites of a polymer matrix and 

conductive fillers. Compared to metal solder technology, ICAs offer numerous 

advantages, such as environmental friendliness (elimination of lead usage and flux 

cleaning), mild processing conditions, fewer processing steps (reducing processing cost), 

and low stress on the substrates [4-6]. However, like all other lead-free materials, ICAs 

have some limitations, such as lower electrical and thermal conductivities compared to 

solder joints, conductivity fatigue in reliability tests, limited current carrying capability, 

poor impact performance, etc. [4-6]. Table 1.2 shows a general comparison between tin-

lead solder and generic commercialized ICAs [8]. Note that the performance of ICAs is 

strongly dependent on the filler loading level, polymer matrix, the interaction between 

fillers and polymer matrix, processing conditions, etc. In recognition of the importance 

and challenges of ICAs, worldwide efforts have been devoted to research and 

development of various high performance ICAs. 

 

Table 1.2 Conductive adhesives compared with solder [8] 

Characteristic  Sn/Pb solder  ICA 
Volume resistivity (� cm) 0.000015 0.00035 
Typical junction R (m�) 10-15 <25 
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Table 1.2 continued 
 
Thermal conductivity (W/m K) 30 3.5 
Shear strength (psi) >2200 2000 
Finest pitch (mil) 12 <6-8 
Minimum processing temperature (oC) 215 150-170 
Environmental impact Negative  Very minor 
Thermal fatigue Yes Minimal 

 

1.3.1 Basic Compositions of ICAs 

 The formulation of ICAs may involve resin, curing agent, catalyst, conductive 

filler and various additives. These additives include antioxidants, corrosion inhibitors, 

adhesion promoters, rheological additives and wetting agents. However, there are two 

basic compositions: adhesive matrix and conductive filler.   

1.3.1.1 Adhesive Matrices 

 Polymer matrices are used to form mechanical bonds at an interconnection. Both 

thermosetting and thermoplastic polymers have been used in ICA formulations. 

Thermoplastic polymers are rigid materials at temperatures below their glass transition 

temperature (Tg). Above the Tg, these polymers exhibit flow characteristics. Thus, the Tg 

of polymer matrices for ICAs must be sufficiently high to avoid polymer flow during the 

application conditions. Furthermore, the Tg of polymer matrice for ICAs must also be low 

enough to prevent thermal damage associated with chip carrier and devices during 

assembly. The main thermoplastic resin used in ICA formulations is polyimide resin. 

Thermoplastic polymers are particularly advantageous in their ease of processibility and 

reworkability. A major drawback of thermoplastic ICAs is the degradation of adhesion at 

high temperatures. Another drawback of polyimide-based ICAs is that they generally 

contain solvents. During heating, voids are formed when the solvent evaporates. 
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Thermosetting polymers are cross-linked polymers that have an extensive three-

dimensional molecular structure. The three-dimensional structure is a result of curing 

reactions between resins and hardeners under specific conditions such as heat, UV light, 

microwave, moisture, etc. During the curing process, volumetric shrinkage occurs as the 

distance between molecules changing from van der Waals distance to a covalent distance. 

The shrinkage during the curing process causes the intimate contact between conductive 

fillers, contributing to improved electrical conductivity. The ability to maintain strength 

at high temperatures and robust adhesive bonds are the principal advantages of these 

materials. However, because the cure reaction is not reversible, rework or repair of 

interconnections is not an option [12-13].  

Epoxy resins, such as glycidyl ether of bisphenol F (DGEBF, Figure 1.3), are the 

most widely used in thermosetting ICA formulations due to their superior combined 

properties such as excellent adhesion, chemical and heat resistance and excellent 

mechanical properties. Epoxy resins can be cured with either hardeners such as 

carboxylic anhydrides (such as 4-methylhexahydrophthalic anhydride (MHHPA, Figure 

1.3), cycloaliphatic or aromatic amines, polyphenols, dicyandiamides, and isocyanates at 

a curing temperature of beyond 120 oC or hardeners such as primary or secondary 

aliphatic amines, polyaminoamides or thiols at a temperature between room temperature 

and 120 oC [14]. Among these hardeners, carboxylic acid anhydrides exhibit excellent 

properties such as low exotherms and shrinkage during curing, low moisture absorption 

and almost stress-free systems after curing [14]. The disadvantage of anhydride-cured 

epoxy is that they require high curing temperatures to initiate the curing reactions to 

achieve desired mechanical properties and thermal stabilities.  
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Figure 1.3 Molecular structures of DGEBF, MHHPA and 2E4MZCN. 

 

The curing mechanism of epoxy-anhydride systems remains unclear due to 

several competing reactions which can occur, especially in the presence of tertiary 

amines as catalysts [14-21].  In the absence of tertiary amines, the uncatalyzed reaction 

mechanism is shown in Figure 1.4, as proposed by Fisch et al. [16-17]. First, the OH 

group present in the backbone of an epoxy resin donates its proton and thus open the 

anhydride ring, generating an ester group and a carboxylic acid group. Then, the 

carboxylic acid group reacts with another epoxy resin to form di-ester-alchohol, which 

can continue the polymerization by the alternating addition of anhydride and epoxy or by 

etherification until termination occurs through the condensation of one terminal 

carboxylic acid and alcohol to an ester linkage. As a result of the occurrence of 

etherification reaction, only 0.85 equivalents of anhydride, instead of one equivalent of 

anhydride in stoichiometry are required to provide optimum cross-link densities and 

desired properties. 
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Figure 1.4 Schematic mechanism of the uncatalyzed anhydride-epoxy curing [16-17]. 

 

To accelerate the curing reaction of epoxy resins with cyclic carboxylic acid 

anhydrides, strong Lewis bases, such as tertiary amines, imidazoles or ammonium salts 

are usually incorporated into a formulation. In the presence of catalyst, such as 1-

cyanoethyl-2-ethyl-4-methylimidazole (2E4MZ-CN, Figure 1.3), several possible 

initiation mechanisms have been proposed, as shown in Figures 1.5 and 1.6. In Figure 

1.5, initiation of the curing reaction involves the reaction between the tertiary amine 

reacts with an epoxy resin that forms a zwitterion containing a quaternary nitrogen atom 

and an alkoxide anion. The alkoxide anion reacts with an anhydride group and generates 

a carboxylate anion. This carboxylate anion reacts with an epoxy group yielding a new 

alkoxide anion. Etherification between an epoxy resin and an alkoxide anion is a 

competing reaction resulting in an ether linkage. Another mechanism suggested by Fisch 
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seems to be the one being widely accepted at present [16-17]. In this mechanism (Figure 

1.6), Lewis bases open anhydride rings through a nucleophilic attack and form internal 

salts containing a quaternary nitrogen atom and a carboxylate anion. This carboxylate 

anion reacts with epoxide groups to yield alkoxide esters, which react with anhydride to 

form new carboxylate anion esters. These carboxylate anion esters can further react with 

epoxide groups and this alternating reaction continues until the termination reaction 

occurs through the combination of two living polymers.  
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Figure 1.5 Schematic mechanism of the anhydride-epoxy reaction catalyzed by tertiary 

amines [14-15, 18-20]. 
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Figure 1.6 Schematic mechanism of the anhydride-epoxy reaction catalyzed by tertiary 

amines [14, 18-21]. 

 
The curing of an epoxy resin with an anhydride leads to the linear growth of 

polymer chains that then start to branch and cross-link.  As the reaction proceeds, the 

polymer chains are linked to each other to form an infinite polymer network. The 

transformation from a viscous liquid to an elastic gel marks the first appearance of the 

infinite polymer network. The gel point is defined as the time or temperature at which the 
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formation of infinite polymer network occurs. Gelation typically occurs at 55-80% 

conversion [9]. After the gel point, the curing reaction can proceed further. Vitrification 

is another important phenomenon that occurs during the curing reaction. As the curing 

reaction proceeds, if the glass transition temperature of the growing polymer chains 

reaches to the curing temperature, then the transformation from a viscous liquid or elastic 

gel to a glass begins to occur. The vitrification point is defined as the point at which 

further curing reaction is prohibited due to the formation of a rigid glass. The isothermal 

time-temperature-transformation (TTT) cure diagram, as described by Gillham et al. 

(Figure 1.7) [22], is generally used to study the curing process of epoxy systems. Tg0 is 

the glass transition temperature of an uncured epoxy resin and below this temperature, 

reaction occurs very slowly as it is confined to the solid state. Gel Tg is the temperature 

where gelation and vitrification occurs simultaneously. At the curing temperature 

between Tg0 and Gel Tg, an epoxy resin will react and vitrification occurs as the rising 

glass transition temperature of the polymers equals to the curing temperature.  Tg� is 

defined as the maximam Tg of the system. At the curing temperature between gel Tg and 

Tg�, the gelation occurs before the vitrification. Above Tg�, gelation occurs while 

vitrification does not occur. In order to achieve a complete curing, it is necessary to avoid 

the vitrification during curing since the curing reaction changes from the chemically 

kinetically control to a diffusion control. It is also recommended to cure above the Tg� to 

cross-link an epoxy resin completely and develop the desired mechanical properties of 

the system [9].  
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Table 1.3 Comparison of adhesive matrices for electronic applications [11].  

Materials Advantages Disadvantages 
Epoxies High-temperature use; 

Good moisture and chemical resistance; 
High purity; 
Low outgassing 

Longer cure cycles with anhydride 
hardeners; 
Degassing required for two-component 
systems; 
Exotherms in large quantities for amine-
curing agents 

Silicones Highest purity; 
Stress absorbing; 
High and low temperature stability 

Migrate to other circuit elements; 
Low surface energy; 
Swelled by non-polar solvents 

Polyurethanes Good flexibility at low temperatures; 
Stress absorbing; 
Highly versatile chemistry 

Lower thermal stability and service 
temperature than epoxies (150-163 oC); 
Average bond strength unless primer is 
used 

Polyimides Higher temperature stability compared to 
epoxies; 
High ionic purity; 
Reduced bleedout 

Trapped solvent can produce voids 
under large ICs; 
Multi-step curing required to volatilize 
solvent; 
High-stress materials; 
May absorb moisture in cured condition; 
Cannot be B-staged 

Cyanate 
esters 

High adhesion strength; 
High thermal stability; 
High Tg; 
Low CTE 

High-moisture absorption; 
“Popcorn” susceptibility during solder 
reflow 

 

1.3.1.2 Electrically Conductive Fillers 

 Electrically conductive fillers are incorporated into a polymer matrix to render the 

composite highly electrically conductive. Possible conductive fillers include silver (Ag), 

gold (Au), nickel (Ni), copper (Cu) and carbon in various shapes and sizes [9]. Despite its 

high cost and electrochemical activity, silver is the most popular conductive filler for 

ICAs due to its unique properties. These unique properties include the highest electrical 

and thermal conductivities of all metals, easy processing into ideal shapes and 

significantly higher conductivity of its oxides than those of other metals [9]. Although Au 

does not form oxide at ambient conditions, it is too expensive to be used in ICAs. Nickel- 

and copper-based conductive adhesives generally do not have good conductivity stability 
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because these conductive fillers are easily oxidized. Even with corrosion inhibitors, 

copper-based conductive adhesives show a dramatic increase in volume resistivity 

following aging, especially under elevated temperatures and relative humidities [23]. 

Silver-plated copper fillers have shown better resistance than copper fillers, but typically 

ICAs filled with silver-coated copper fillers show increased resistance under aging [24-

26]. This could be due to the incomplete plating of copper with silver, which leads to the 

oxidation/corrosion of silver-coated copper fillers in the polymer matrix and thus the 

increased electrical resistivity. Silver-filled ICAs typically show stable (or decreased) 

bulk resistivity when exposed to elevated temperatures/relative humidities or thermal 

cycling tests. Carbon materials such as carbon black [27-28], graphite/graphene [29-30] 

and carbon nanotubes (CNTs) [31-34] have also been widely used as conductive fillers 

for conductive polymer composites. To improve the electrical conductivity of conductive 

polymer composites, carbon materials have been coated with metals as fillers, such as 

silver-plated CNTs [35-36], silver-plated carbon fibers [37], silver-coated graphite [38-

40], nickel-coated carbon fibers [41] and nickel-coated graphite [42]. In addition, to 

improve electrical and mechanical properties, low-melting-point fillers have been used in 

ICA formulations. Conductive filler powders are coated with a low-melting-point metal. 

The conductive powder is selected from the group consisting of Au, Cu, Ag, Al, Pd, and 

Pt. The low-melting-point metal is selected from the group of fusible metals, such as Bi, 

In, Sn, Sb, and Zn. The filler particles coated with the low-melting-point metal can be 

fused to achieve metallurgical joints between adjacent particles, and between particles 

and the bond pads that are joined using the adhesive material [43-49]. 
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Metal particles or carbon materials in various shapes and different sizes have been 

investigated as electrically conductive fillers for ICAs, including micron-sized silver (or 

Cu, Ni etc.) flakes, nano/micron-sized silver spherical particles, silver nanowires, porous 

nano-sized silver particles, spherical carbon black, micron-sized carbon fibers, carbon 

nanotubes, nano/micron-sized graphite/graphene. Compared with spherical fillers, higher 

aspect ratio fillers, especially nanowires/nanotubes, reduce the percolation threshold of 

conductive polymer composites significantly. Obtaining a low percolation threshold is 

advantageous in minimizing the filler loading and obtaining ideal mechanical properties 

of conductive polymer composites. The particle size of ICA fillers generally ranges from 

1 to 20 µm. Incorporation of larger particles tend to produce ICAs with a higher electrical 

conductivity and lower viscosity [50]. During the preparation of ICAs, a bi-modal 

mixture of fillers is typically used to increase the packing density and thus the electrical 

conductivity at a given metal loading. Among these conductive fillers, silver flakes are 

the most widely used conductive fillers for ICAs. This is because flakes tend to have a 

larger contact area and thus a lower contact resistance than spherical fillers.  

To obtain good processability stable dispersions of silver flakes in a polymer 

matrix are required. Fatty acids (such as stearic acid) are typically used as a lubricant and 

compatibilizer to enhance the processability and stability of ICAs. This lubricant layer 

plays an important role in the dispersion of silver flakes, viscosity and the electrical 

conductivity of ICAs. Therefore, understanding the behavior of lubricants on the surface 

of silver flakes is essential for developing high performance ICAs. Lu et al. characterized 

silver flakes and investigated the thermal decomposition of silver flake lubricants in 

detail [51-52]. It was found that (i) silver flakes lubricated with fatty acids of different 



 19 

chain lengths have exothermic DSC peaks and mass losses at different temperatures. 

Silver flakes lubricated with longer chained fatty acids showed exothermic DSC peaks at 

higher temperatures and started to lose mass at higher temperatures than those lubricated 

with shorter fatty acids; (ii) the lubricant on silver flake surfaces is a salt formed between 

the acid and silver; (iii) exothermic DSC peaks (in air) of a lubricated silver flake is 

probably due to the oxidation of lubricant layer on the silver flake surface; (iv) the 

decomposition of the lubricant�silver salt of fatty acid�includes the release of the fatty 

acid, formation of short-chain acids by decomposition of hydrocarbon moiety of the fatty 

acid, and formation of alcohols through decarbonation of the short chain acids; (v) most 

common solvents such as methanol, tetrahydrofuran, and acetone do not cause significant 

desorption of the lubricants; (vi) addition of a small amount of two short chain acids, 

acetic acid and adipic acid, strongly affects the interaction between the silver flake and 

the resin, leading to a significant increase in the viscosity of the ICAs.  

The lubricant layer improves the dispersion of silver flakes within an epoxy resin, 

which is beneficial to improvement of electrical conductivity of ICAs. However, the 

lubricant layer is composed of organic molecules and thus direct metal-metal contact is 

prohibited. The presence of the lubricant layer increases the tunneling resistance. 

Removal of lubricants before curing causes the aggregation of silver flakes. Therefore, it 

is desired to remove or replace the lubricants with short-chain acids during the curing 

process. The removal or replacement of the lubricants enables more intimate or direct 

metal-metal contact between silver flakes, improving the electrical conductivity of ICAs. 

1.3.2 Conduction Mechanisms 
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 The formation of electrical conductive paths in ICAs is generally understood by 

percolation theory. Figure 1.8 shows the dependence of the resistivity of an ICA on the 

volume fraction of electrically conductive fillers. Increasing filler volume fraction at low 

filler volume fractions decreases the resistivities of ICAs gradually. As the volume 

fraction increases a critical volume fraction, i.e. percolation threshold, is reached. At a 

percolation threshold, conductive fillers come into “contact” and form a continuous 

linkage between conductive fillers. Consequently, the ICA transforms from an insulator 

to a conductor. The continuous linkage between conductive fillers should be thought as a 

series of resistors, as shown in Figure 1.9. The resistance of an ICA is the sum of filler 

resistances (Rf) and inter-particle contact resistances. The contact resistance is composed 

of constriction resistance (Rc) and tunneling resistance (Rt). Constriction resistance 

occurs as the current must squeeze through the small area of contact. Tunnel resistance is 

due to the intermediate layer between the metal surfaces. Therefore, a total resistance of 

an ICA, Rtotal, could be written as [53-59]:   
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In Equations (2) and (3), � is the intrinsic resistivity of conductive fillers, d is the particle 

diameter and D is the contact diameter. In Equations (4)-(7), �t is the tunneling resistivity, 

s is the thickness of a thin film that separates the conductive fillers, � is the dielectric of 

the thin film, and � is the work function of the metal fillers.  

 

 

Figure 1.8 Dependence of the resistivity of ICAs on the volume fraction of electrically 

conductive fillers. For monosized spherical particles, the theoretical percolation threshold 

is about 16 vol%. 
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Figure 1.7 Time temperature transform (TTT) diagram [22]. 

 

Besides epoxies, silicones, cyanate esters, polyimide, and polyurethanes have also 

been employed in ICA formulations. The choice of an adhesive matrix and its 

formulation is critical to the properties of ICAs. In practice, many options exist for the 

adhesive matrix. The general properties of polymer matrices used in ICAs are compared 

in Table 1.3 [11]. Note that the chemical structure of any polymer matrix can be tailored 

readily to produce desired properties and to meet requirements for a specific application. 

An ideal matrix for ICAs should have the following properties: long shelf life (good 

room-temperature latency), fast cure, relatively high Tg, low moisture absorption, and 

good adhesion [6].  
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Figure 1.9 Electrical resistances of ICAs. The resistance of an ICA is the sum of filler 

resistance (Rf), constriction resistance (Rc), and tunneling resistance (Rt). 

 
 In an ICA, the particles could be separated by a thin layer of polymer, oxide or 

lubricants for most commercial silver flakes. The thickness of the interface can vary from 

10 to 100 Å, depending on the physiochemical properties of the polymer matrix, filler, 

filler concentration, and the conditions of composite preparation [57-58, 60]. Particularly, 

the filler-polymer interaction energies play a key role in the formation of thin polymer 

interlayers in interparticle contact regions. For example, if the filler-filler interaction 

energy is lower than that of polymer matrix, each of the electrically conductive filler will 

be covered with a thin polymer layer. If the filler-filler interaction energy is larger than 

that of filler-polymer interaction energy, the aggregation of fillers is thermodynamically 

favored [58]. 

During the curing process, these interlayers may be squeezed from the 

interparticle region due to the internal stress caused by cure shrinkage [58]; oxide layers 
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may be broken or reduced; the thin layer of lubricants could be removed. In such cases, 

the direct contact of conductive fillers may occur. There is no clear conclusion regarding 

whether there is direct contact between conductive fillers or if there is a thin layer in 

between them [61]. It is possible that both situations co-exist within ICAs. The 

conductivity of an ICA is determined by the composite composition (such as filler 

loading), the surface properties of conductive fillers (the presence of a thin layer of 

lubricants or oxide film), physicochemcial properties of polymer matrix (cure shrinkage 

and the interaction between the polymer matrix and conductive fillers), interlayer 

thickness, temperature, processing conditions of ICAs, etc. [58]. In order to achieve 

conductivity, the volume fraction of conductive fillers in an ICA must be equal to or 

higher than the critical volume fraction. Similar to solders, ICAs provide the dual 

functions of electrical connection and mechanical bonding in an interconnection joint. In 

ICA joints, the polymer resin provides mechanical stability and the conductive filler 

provides electrical conductivity. Filler loading levels which are too high cause 

mechanical integrity of adhesive joints to deteriorate. Therefore, the challenge in 

formulating ICAs is to maximize conductive filler content to achieve high electrical 

conductivity without adversely affecting the mechanical properties. In a typical ICA 

formulation, the volume fraction of conductive fillers is about 25–30% [62-63]. 

1.3.3 Methods to Improve Electrical Conductivity  

 Compared with metal solders, ICAs have lower electrical conductivity. There is 

an increasing need for ICAs with higher electrical conductivity in the electronic industry. 

Various approaches to improve the electrical conductivity of ICAs have been reported in 

recent years. 
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1.3.3.1 Increase of the Polymer Matrix Shrinkage 

 ICA pastes before curing usually have low conductivities. During curing, the 

epoxy resin shrinks and the conductive fillers within the polymer matrix experience a 

compressive force. The compressive force brings the conductive fillers closer together 

and contributes to the improved electrical conductivity of ICAs after curing [64]. 

Formulations with higher crosslinking density have higher cure shrinkage and lower 

resistivity. For example, by adding 2 wt% and 10 wt% of trifunctional epoxy into the 

ICA formulation, the resistivity of ICAs decreases from 3.0�10-3 to 1.2�10-3 and 0.58 

�10-3 � cm, respectively [65]. 

1.3.3.2 Incorporation of Short-chain Diacids and Reducing Agents 

 As previously mentioned, a lubricant layer is typically present on the surface of 

commercially available silver flakes. This thin layer of lubricants plays an important role 

in the dispersion of silver flakes in epoxy resins, the viscosity, and the performance of the 

cured ICAs [51-52, 66-67]. After cure, the configuration of the contacts between 

conductive fillers is likely metal-lubricant (possibly epoxy)-metal, instead of direct 

metal-metal contacts. The length and surface orientation of these lubricant molecules 

affect the electron tunneling/hopping between silver flakes. In situ replacement of long-

chain acids (such as stearic acid) with short-chain diacids (such as malonic acid) improve 

the electron tunneling/hopping between silver flakes leading to a decreased in resistivity, 

from �7.3�10-4 to �4.7�10-4 � cm [68]. Li et al. also demonstrated that electrical 

resistivity of ICAs can be decreased from �7.3�10-4 to 6.0 �10-5 � cm by introduction of 

aldehydes into the formulations [69]. The improved electrical conductivity was attributed 

to the removal of silver oxide and the replacement of long-chain acids (stearic acid) with 
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short-chain acids on the surface of silver flakes. Both effects reduce the length of the 

tunneling/hopping gap and may enable direct metallic contacts, improving the electrical 

conductivity of the ICA. 

1.3.3.3 Incorporation of One-dimensional Conductive Fillers 

 High-aspect-ratio conductive fillers enable conductive networks to form within a 

polymer matrix at a much lower filler loading than that of spherical particles. Low filler 

loadings enable the preparation of highly conductive ICAs without degradation of ICA 

mechanical properties and processibility. Wu et al. reported that the resistivity of ICAs 

filled with 56 wt% silver nanowires (30 nm in diameter and a length up to 1.5 �m) was 

1.2 �10-4 � cm, which was significantly lower than that of ICAs filled with 1 �m and 100 

nm silver particles [70-72]. Several possible reasons for the improved electrical 

conductivity were proposed, including larger contact area, fewer contact points, more 

stable contact and enhanced tunneling between these particles due to the presence of a 

small amount of silver nanoparticles. Moreover, ICAs filled with silver nanowires have a 

better shear strength on an alumina plate (17.6 MPa) than that of ICAs filled with micron-

sized silver particles (17.3 MPa). Similar results were reported by Tao et al [72]. Chen et 

al. demonstrated that the resistivity of ICAs could be improved by adding diluents 

containing silver nanoparticles and silver nanowires [73]. Besides silver nanowires, 

carbon nanotubes (CNTs) have also been added to ICA formulations to improve electrical 

conductivity. Table 1.4 shows the effect of adding multi-walled CNTs (MWCNTs) on the 

electrical resistivity of silver-filled ICAs with different silver contents [74] . The addition 

of MWCNTs into the formulation improves the electrical conductivity dramatically for 

ICAs whose filler loading is below percolation threshold. One dimensional fillers like 
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CNTs, improve the contact between conductive fillers and facilitate the formation of 3-D 

conductive networks. This improved contact between conductive fillers is especially 

significant prior to reaching the percolation threshold. However, no significant 

improvement of electrical conductivity is observed when the silver filler loadings reach 

percolation threshold. Oh et al. investigated the effect of adding single-walled CNTs 

(SWCNTs) with different surface properties on the electrical resistivity of a commercial 

silver paste filled with 80 wt% silver powders [35]. It was found that the addition of raw 

SWCNTs into the silver paste did not improve the electrical conductivity. The addition of 

an optimized amount (1.5 wt%) of acid-treated SWCNTs can decrease the electrical 

resistivity significantly. This decrease in resistivity was the result of increased dispersion 

and p-doping effects. However, the resistivity increased with the addition of more acid-

treated SWCNTs. With the addition of silver-plated SWCNTs, the resistivity of the 

commercial silver-filled ICA was decreased by 83% [35]. 

 

Table 1.4 Electrical properties of the CNTs/Ag/epoxy composites with different 

compositions [74]. 

Silver (wt%) 45 52 57 66.5 72 
Bulk resistivity of ICAs,  

�1 (��cm) 
>>108 6.91�106 1.04�106 1.01�104 1.5�10-3 

Bulk resistivity of ICAs 
with the addition of 
CNTs, �2 (��cm) 

4.8�103 3.82�101 2.4�10-2 6.47�10-3 1.43�10-3 

CNTs (wt%) 1.35 1.0 0.4 0.27 0.24 
�1/�2 ---- �105 �108 �106 1.05 

 

1.3.3.4 Low Temperature Transient Liquid Phase Sintering 
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 Liquid phase sintering is a special type of sintering where the liquid phase 

coexists with the solid particles and the solid phase is soluble in the liquid phase [75]. In 

transient liquid phase sintering, liquid exists only for a short period of time and then 

forms an alloy and solidifies. Transient liquid phase sintering materials enable the 

assembly process at a low temperature, minimizing stress level while withstanding high-

temperature joint stability [76]. To exploit the advantages of both solder and conductive 

adhesives, transient liquid phase fillers have been incorporated into ICA formulations i.e. 

transient liquid phase sintered conductive adhesives [46-48, 76]. The filler used is a 

mixture of a high-melting-point metal powder (such as copper) and a low-melting-point 

alloy powder (such as Sn–Pb or Sn–In). The low-melting-point alloy filler melts during 

the curing process. The liquid phase forms an alloy with the high melting point particles. 

The electrical conduction is established through in-situ formed metallurgical connections 

between these two types of powders in a polymer binder and between the powders and 

the metal surfaces (Figure 1.10). The polymer binder with an acid functional ingredient 

fluxes both the metal powders and the metal surfaces to be joined. The fluxing process 

facilitates the transient liquid sintering between the conductive fillers and between the 

conductive fillers and the metal surface to be joined. Sintering enables the formation of 

stable metallic network within the interpenetrating polymer network. Metallurgical bonds 

between the metallic network within the polymer matrix and the metal surfaces enable 

good electrical contact, leading to low joint resistance. The polymer binder serves to form 

mechanical connections and can be tailored to meet the requirements for specific 

applications. The metallic and polymer networks provide robust electrical and 

mechanical interconnection. Compared with standard conductive adhesives, transient 
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liquid phase sintered conductive adhesives exhibit bulk and interfacial resistances 

comparable to solders and have substantially improved impact strength. Electrical 

characteristics of transient liquid phase sintered conductive adhesives remain consistent 

after reliability tests. Lu et al. developed an ICA filled with silver flakes and low-melting-

point alloy fillers [45]. It was found that the ICA showed much lower bulk resistance than 

the commercial ICA and the control ICA filled with only the silver flakes. Moreover, the 

ICA filled with silver flakes and low-melting-point alloy fillers showed much lower 

initial contact resistance (0.15 �) than the ICA with only the silver flakes (�8.90 �) [45]. 

Due to the metallurgical interface between the ICA and the Ni substrate, the contact 

resistance of the ICA on Ni surfaces remained stable during 85 oC/85% RH (relative 

humidity) aging for 1000 h. Kim et al. investigated ICAs composed of fusible Sn-In alloy 

particles and two type of resins [49]. Resin A barely wetted copper surfaces while Resin 

B with reduction capability could flux the metal surfaces and allowed the solder to wet on 

the copper. Consequently, Resin B with reduction capability was effective at achieving 

good metallurgical interconnection between the fillers and metallization, producing a low 

electrical resistance.  

The transient liquid phase sintered conductive adhesives provide the advantages 

of both conventional soldering technology and conductive adhesives. This hybrid 

approach produces strong electrical and mechanical interconnections that are resistant to 

humidity and temperature cycling. One critical limitation of this technology is that the 

numbers of combinations of low melting and high melting fillers are limited. Only certain 

combinations of metallic fillers, which are mutually soluble, exist enabling the formation 

of metallurgical interconnections by transient liquid phase sintering [5]. 
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Figure 1.10 A joint formed by transient liquid phase sintered conductive adhesives. 

1.3.3.5 Low Temperature Sintering of Silver Nanoparticles 

Low temperature sintering of silver nanoparticles has been developed as a 

promising technique for a variety of electronic applications including device interconnect 

[77-84], metal-metal bonding process [85], production of conductive tracks [86-91] and 

electrodes by inkjet printing of silver inks for semiconductor devices [92]. Electrical 

resistivity of silver films close to that of bulk silver (1.6�10-6 � cm) has been achieved 

by sintering of silver nanoparticles in silver conductive inks at low temperatures (<200 

oC) [90, 93-95]. Recently, silver nanoparticles are proposed to be used as conductive 

fillers for ICAs in an attempt to improve the electrical conductivity. The addition of silver 

nanoparticles increased the number of contact points between conductive fillers. 

Although the incorporation of silver nanoparticles decreases the resistivity near the 

percolation threshold [96], the addition of silver nanoparticles into micro-sized silver 
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flakes usually increase the resistivity dramatically if no sintering occurs [77, 83, 96-98]. 

The increase in resistivity is the result of the increased contact resistance. Through SEM 

studies, Ye et al. observed that addition of silver nanoparticles into a polymer matrix with 

micron-sized conductive fillers decreases the chance of direct contact among micron-

sized fillers and the contact area between nano- and micron- sized particles is smaller 

than that between micron-sized particles [97]. In addition, the number of contact points 

significantly increase. As a result, contact resistance of ICAs filled with nano- and 

micron-sized particles increases as the percentage of silver nanoparticles increases. 

However, some research has shown that the electrical conductivity of ICAs can be 

improved by the addition of silver nanoparticles [77-78, 80, 83-84]. 

Jiang et al. investigated the effect of silver nanoparticles functionalized by 

different surfactants (S1, S2, S3, S4, and S5) on the electrical properties of ICAs filled 

with silver flakes and silver nanoparticles (Table 1.5) [83]. It was found that the chain 

length of the surfactants, the debonding temperature and the molecular behaviour are 

important parameters to initiate sintering of silver nanoparticles in the polymer matrix. 

These properties of the surfactant dictate the electrical conductivity of the ICA. By using 

appropriate diacids to functionalize silver nanoparticles, the resistivity of ICAs filled with 

silver flakes and silver nanoparticles (molar ratio of silver flakes to nanoparticles is equal 

to 6:4) was as low as 5�10-6 � cm when cured at 150 oC for 90 min [84]. Morphological 

studies showed that the decreased resistivity was the result of sintering of silver 

nanoparticles within the polymer matrix. Das et al. developed silver-based nano- and 

micro-filled conductive adhesives for z-axis interconnections [80]. It was found that with 

increasing curing temperature, the resistivity of the silver-filled paste decreased due to 
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sintering of the metal particles. The conductive adhesive cured at 190 oC for 2 h showed a 

resistivity of 2�10-5 � cm [80]. 

 

Table 1.5 The effect of different surfactant-treated silver nanoparticles on the resistivity 

of ICAs [83]. 

Fillers Filler loading  Resistivity (� cm) 
Untreated silver nanoparticles 60 wt%** 5.4�10-2 
S1-treated silver nanoparticles 70 wt% 5.4�104 
S2-treated silver nanoparticles 70 wt% 2.4�105 
S3-treated silver nanoparticles 70 wt% 2.4�10-4 
S4-treated silver nanoparticles 70 wt% 6.3�10-4 
S5-treated silver nanoparticles 70 wt% 4.3�10-4 

*The molar ratio of silver nanoparticles and surfactants was set as 1:1. The ICAs were cured at 150 oC for 

90 min. 

**The untreated particles were unable to be loaded with 70 wt%, due to high viscosity of the mixture.  

1.3.4 Adhesion Strength of ICAs 

 One of the major functions of ICAs is to mechanically attach components onto a 

substrate during assembly. The adhesion strength of bonded interfaces between 

components and substrates should be able to withstand impact, thermal shocks, thermal 

cycling and vibration tests as specified for different applications. One critical reliability 

issue of ICAs is their lower adhesion strength compared to solder. The adhesion strength 

of ICAs used to bond different surfaces is dependent on the ability to wet the surfaces and 

the nature of the bonding mechanism. To achieve maximum adhesion, the adhesive must 

completely wet the surface to maximizing surface coverage and minimizing voids at the 

interface. 

1.3.4.1 Adhesion Mechanisms 
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There are two types of adhesion mechanisms, chemical bonding and physical 

bonding, which contribute to the overall adhesion strength of ICAs on a surface [99]. 

Chemical bonding involves the formation of covalent, hydrogen, ionic or metallurgical 

bonds to join components to the substrates. Surface modification with coupling agents 

has emerged as an effective method to enhance adhesion. Coupling agents typically are 

organofunctional compounds based on silicon (Si), titanium (Ti), or zirconium (Zr). 

Figure 1.11 shows some typical coupling agents. A coupling agent consists of two parts 

and acts as intermediary to ‘‘couple’’ the substrate and polymer. For example, the 

methoxy or ethoxy groups in silane coupling agents can be hydrolyzed to form silanol 

groups. The silanol groups can react with the hydroxyl groups present on the surface of 

substrates through a condensation mechanism. The other functional groups, such as 

epoxide and amine groups, can react with epoxy resins or curing agents to form strong 

covalent bonds during the curing process. Physical bonding involves mechanical 

interlocking or physical adsorption between the polymer and the surface of substrate. In 

cases where the molecules of the polymer are highly compatible with the molecules of 

the substrate, they interact to form an inter-diffusion layer. In mechanical interlocking, 

polymer and substrate interact on a more macroscopic level, where the polymer flows 

into the crevices and the pores of substrate surface to establish adhesion [99]. Therefore, 

a polymer is expected to have better adhesion on a rougher surface because there is more 

surface area and ‘‘anchors’’ to allow for interlocking between the polymer and the 

substrate. Moreover, the rough adherence surface may enable a better stress transfer from 

the adherend to the adhesive [100]. High adhesion strength is a critical parameter in fine 

pitch interconnections that are especially fragile to shocks encountered during assembly, 
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handling and lifetime. Many efforts have been dedicated to improve the adhesion strength 

to enhance the reliability of fine pitch joints. Since electrical function is needed for ICA 

interconnects, ICAs are typically used to bond metal surface finishes. In the following 

section, we focus on the adhesion improvement of ICAs on metal surface finishes. 
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Figure 1.11 Structures of coupling agents based on silicon, titanium and zirconium.  

1.3.4.2 Adhesion Improvements 

Liong et al. investigated the adhesion strength of thermoplastic polyarylene ether 

derivative (PAE-2E)-based ICAs on the surfaces of Sn/Pb, Sn, Cu and Ni/Au [101]. It 

was observed that the surface roughness and die shear strength were strongly correlated 

indicating that adhesion of PAE-2E-based ICAs may be dominated by mechanical 

interlocking. Adhesions on these surfaces have been improved by incorporation of 
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coupling agents or epoxy blending. With incorporation of a coupling agent, adhesion 

strength on Ni/Au was approximately 2.75 times the adhesion strength without the 

coupling agent as a result of chemical interaction at the interface. Figure 1.12 shows the 

effect of the combined use of epoxy blending and coupling agents on the adhesion 

strength of PAE-2 based ICAs on Ni/Au and Sn/Pb surfaces before and after 85 oC/85% 

RH aging [102]. The combined use of epoxy blending and coupling agents was effective 

at increasing the adhesion strength of PAE-2 based ICAs on both Ni/Au and Sn/Pb 

surfaces before aging. After 85 oC/85% RH aging for 168 h, the adhesion strength of 

PAE-2 based ICAs with the incorporation of both epoxy and coupling agents on a Sn/Pb 

surface did not change significantly, while the control sample showed a large decrease in 

adhesion. However, the adhesion strengths on Ni/Au were reduced significantly to less 

than 50% after 85 oC/85% RH aging for 168 h. Factors responsible for these results may 

involve the hydrophilicity, surface roughness, and interaction between coupling agents 

(or polymer matrix) and metal surfaces. 
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Figure 1.12 Adhesion strength of PAE-2 based ICAs on Ni/Au and Sn/Pb; (a) before 

aging and (b) after 85 oC/85% RH aging for 168 h. The ratios of epoxy to PAE-2 for P3, 

P4 and P5 are 1:3, 1:4 and 1:5, respectively. Two amino (CA1 and CA2) and one epoxy 

(CA3) terminated coupling agents were used as adhesion promoter [102].  

 

Selection of functional groups (i.e. coupling agents) plays a key role in the 

determination of the adhesion strength since different functional groups have a different 

affinity to a metal surface. Table 1.6 summarizes the functional groups that may have 

strong affinities to different metals. To improve the adhesion strength of PAE-2 based 

ICAs on the surface of Ni/Au at elevated temperatures and relative humidities, thiol 

compounds, which can form self-assembled monolayers (SAMs) on metal surfaces, have 

been studied by Moon et al [103]. It was found that pretreatment of Ni/Au surface by 
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SAM molecules was more effective at enhancing the adhesion strength than the 

premixing of SAM molecules with the resin of PAE-2 polymer both before and after 

aging. Among the SAM molecules studied, SAM molecules containing both thiol and 

carboxylate groups were the most effective at maintaining the adhesion strength of PAE-

2 polymer as well as PAE-2 filled with silver flakes after aging. Note that the 

pretreatment of the metal bond by SAM molecules with carboxylate group did not 

adversely affect the contact resistance stability during aging. Yi et al. studied the die 

shear strength of flexible ICAs, whose matrices were the blend of flexible and rigid 

epoxy resins, on glass, polyimide and gold substrates [104]. With the increase in the 

percentage of the flexible epoxy, the adhesion strength continuously decreases on glass 

and polyimide substrates. Comparing the adhesion strength of flexible ICAs on various 

substrates, the adhesion strength of flexible ICAs on Au was the lowest when using the 

same resin formulation. By treating Au substrate with a thiol compound, Zhang et al. 

showed that the adhesion strength of flexible ICAs on Au and Cu surfaces could be 

improved significantly [105-106]. The improved adhesion strength resulted from the 

capability of SAM molecules to strongly bind the metal surfaces and react with the epoxy 

resin. Compared with other coupling agents, there are two advantages of using thiol 

compounds for ICA interconnections. First, the formation of SAMs increases the number 

of molecules on the surface that can react with resins during curing, improving adhesion 

strength. Second, the available conjugated SAM molecules may be beneficial for electron 

transport at the interface. 

Another way to enhance adhesion strength is to use ICAs filled with low-melting-

point fillers, i.e. transient liquid phase sintered conductive adhesives. Transient liquid 
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phase sintered conductive adhesives have been developed as interconnect materials, 

enabling the metallurgical bonds to the metal pad and within the conductive fillers 

(Figure 1.10). The joints formed exhibit substantially improved impact strength [46-48]. 

 

Table 1.6 Functional groups for different surface finishes* [4-5, 107] 

 Formula  Surface finish 
 Compound Au, Ag, Cu, Ni, Sn, Zn, Pt, Ru 
Acids Thiols  Ag, Fe, Co, Ni, Al 
Nitriles R-C�N Au, Ag, Ni, Cu, Pt 
Nitrogen-
containing 
compounds 

R-NH2, R2-NH, 
R3N, and others 
(such as azoles) 
 

Cu, Au 

Cyanates R-N=C=O Pt, Pd, Rh, Ru 
Silanols R-Si-OH SiO2, Al2O3, quartz, glass, mica, ZnSe, GeO2   
Phosphorus 
compounds 

R3P  Au, CdS, CdSe, CdTe 

 R3P=O Co, CdS, CdSe, CdTe 
*R denotes alkyl or aromatic groups. 

 

1.4 Opportunities and Challenges of ICA Technology 

Low temperature processibility and ability to form flexible interconnects are two 

key features of ICAs that enable ICAs to be widely used in emerging fields with huge 

markets, such as printed and flexible electronics and solar cell applications. In recent 

years, intense efforts have been devoted to the fabrication and formulation of flexible 

electronic materials (substrate, interconnect etc.) to address the dramatically increasing 

need for high performance, highly compact and portable devices. The flexible materials 

offer significant advantages of low profile, light weight, improved form factor and high-

density electronic packaging, attractive for the current and emerging applications in 

microelectronics [108-109]. In particular, flexible interconnects allows for highly 
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integrated systems on flexible substrate materials to be light-weight, thin, bendable and 

potentially stretchable enabling the development of more compact end-products [109].  

Flexible highly conductive interconnect materials with a low-temperature processing 

allow the assembly of electronic devices on the flexible, low cost, temperature-sensitive 

organic substrates, thus promising for emerging applications.  

 One major challenge of ICA properties is lower conductivity, compared with tin-

lead solder. The lower conductivity of ICAs results from the physical contact of 

electrically conductive fillers, rather than metallurgical bonds. Therefore, fundamental 

understanding of the interface between electrically conductive fillers and engineering the 

interface are crucial to improve the electrical conductivity of ICAs. Moreover, high cost 

of silver flakes used as conductive fillers in ICAs further restricts the wide applications of 

ICAs. So far, research into low-cost ICAs has been a limited success.   

1.5 Research Objective/Methodology 

In recognition of the importance and challenges of ICA technology, the objectives 

of the dissertation are:  

� to understand the interface between conductive fillers; 

� to understand the role of surface chemistry and the thermal behavior of nanosized 

conductive fillers in the electrical conductivity of ICAs; 

� to engineering the interface between conductive fillers to develop highly 

conductive ICAs;  

� and to prevent the corrosion of copper and develop highly reliable, highly 

conductive, low cost ICAs.  
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It is well known that organic molecules (such as surface residues or lubricant) 

present on the surface of conductive fillers plays a key role in the electrical conductivity 

of ICAs.  The presence of organic molecules facilitates the dispersion of conductive 

fillers in the polymer matrix while these organic molecules may inhibit the direct metal-

metal contacts. Obviously, the presence of organic molecules on the surface of 

conductive fillers increases the contact resistance of ICAs. To improve the conductivity 

of ICAs, it is important to reduce and even eliminate the contact resistance between 

conductive fillers. Low temperature sintering technology is introduced to reduce and 

eliminate the contact resistance by forming metallurgical joints between conductive 

fillers. The first goal is to investigate the effect of surface chemistry of nanosized 

conductive fillers on the sintering and determine at what temperature that sintering can 

significantly contribute to the improved conductivity of ICAs. Through this study, it is 

learned that lower content and lower decomposition temperatures of surface residues are 

key factors to achieve low temperature sintering. Along with the optimization of 

nanoparticle synthesis, the study of the decomposition of lubricants on the surface of 

silver flakes is further conducted to reduce the sintering duration required to achieve high 

conductivity of ICAs, since long time sintering (1 h) is not preferred for industrial 

applications. So the second goal is to reduce the sintering duration and make the sintering 

(or curing) compatible with industrial reflow process.  Although a very high conductivity 

has been achieved by sintering between the incoroporated silver nanoparticles and silver 

flakes, many challenges remain to be resolved such as high cost of the incorporated silver 

nanoparticles and efficient dispersion of silver nanoparticles. So the third objective is to 

solve these problems associated with the incorporated silver nanoparticles and develop 
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flexible highly conductive ICAs. As known, silver is very expensive while copper is 

much cheaper. However, copper is easily oxidized, resulting in the degradation of 

electrical properties of ICAs filled with copper particles. The final research objective in 

the dissertation is to replace expensive silver flakes with lower cost silver-coated copper 

flakes. The research mainly focuses on preventing the corrosion of silver-coated copper 

flakes to develop highly reliable, highly conductive and low cost ICAs.  

1.6 Organization of the Dissertation 

The dissertation is organized into the following chapters: 

Chapter 2 introduces sintering technology (the driving forces, mechanisms and 

challenges) and investigates the effect of surface chemistry of silver nanoparticles and 

their thermal behavior on the electrical properties of ICAs. 

Chapter 3 describes the fast preparation of printable highly conductive adhesives 

by the decomposition of silver carboxylates on the surface of silver flakes and sintering 

of silver nanoparticles. Silver nanoparticle synthesis is further optimized based on the 

results in Chapter 2. Chapter 3 also investigates the thermal behaviors of silver flakes and 

silver nanoparticles, the effects of sintering (curing) durations and temperatures on the 

electrical properties of ICAs, and the morphology of ICAs induced by sintering. The 

rheological properties of ICA pastes are also discussed and optimized for non contact 

printing. 

Chapter 4 introduces a novel approach to prepare flexible highly conductive 

adhesives at a low temperature (150 oC) and solves many problems associated with the 

incorporation of silver nanoparticles as described in chapters 2 and 3. This chapter studies 

the epoxy compositions and the surface properties of silver flakes and explains the 
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conductivity enhanced mechanism. In addition, a coupling agent is used to improve the 

adhesion strength of flexible highly conductive adhesives on a gold surface. 

Chapter 5 describes the preparation of highly reliable, highly conductive and low 

cost ICAs by the replacement of expensive silver flakes used in chapters 2-4 with low 

cost silver-coated copper flakes. This chapter describes the research progresses on low 

cost ICAs, the production of silver-coated copper flakes, and copper corrosion and its 

prevention using corrosion inhibitors. Followed are the characterization of silver-coated 

copper flakes and surface modification. Then this chapter studies the electrical properties 

of low cost ICAs and the contact resistance stability of the ICAs on a nickel/gold surface 

during the reliability tests (85 oC/85% RH and triple reflow).  

Chapter 6 investigates the development of highly conductive, highly reliable and 

low cost ICAs by using an amine curing agent for in situ protection of silver-coated 

copper flakes. This chapter characterizes an epoxy resin cured with anhydride or amine 

curing agent by FT-IR. This chapter also compares the electrical resistivity betwen ICAs 

cured with an anhydride and ICA cured with an amine and their electrical resistivity 

stability during reliability tests. The reasons why ICAs cured with the amine have lower 

resistivity and better reliability than ICAs cured with the anhydride are discussed. 

Chapter 7 summarizes the important research findings in chapters 1-6 and 

proposes future work. 
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CHAPTER 2 

EFFECT OF THE SURFACE CHEMISTRY OF SILVER 

NANOPARTICLES ON THE ELECTRICAL RESISTIVITY OF ICAS 

 

 This chapter introduces sintering technology to reduce the contact resistance 

between conductive fillers and thus develop highly conductive adhesives. First, the 

driving force for sintering, sintering mechanisms and challenges of sintering within a 

polymer matrix are discussed. Followed by this understanding, silver nanoparticles with 

desired properties for sintering were synthesized by combustion chemical vapor 

condensation. Finally, the effect of surface chemistry of silver nanoparticles and their 

thermal behavior on the electrical properties of ICAs are investigated.  

2.1 Introduction 

 The overall resistance of an ICA is the sum of the resistance of conductive fillers 

and the contact resistance between conductive fillers. The resistance of an ICA mainly 

results from the contact resistance between conductive fillers. Reducing the number of 

contact points between conductive fillers is an effective way to decrease the contact 

resistance. Two approaches have been reported to reduce the resistivity of ICAs. The first 

approach is to incorporate silver nanowires into the formulations [70-72]. High-aspect-

ratio silver nanowires can reduce the percolation threshold effectively. However, the 

contact between conductive fillers is physical contact and as a result, the minimal 

resistivity of such ICAs reported in the literature is about 1.2×10-4 � cm [70]. The second 

approach is to incorporate silver nanoparticles into formulations and achieve 
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metallurgical joints between silver nanoparticles and silver flakes [80, 83-84], i.e. 

through sintering technology. It has been reported that ICA resistivity much lower than 

10-4 � cm can be achieved by using sintering technology [80, 83-84]. “Sintering is a 

method for making objects from powder, by heating the material in a sintering furnace 

below its melting point (solid state sintering) until its particles adhere to each other 

[110]”. Sintering of silver nanoparticles has been developed as a promising technique for 

a variety of electronic applications such as device interconnect [77-84], metal-metal 

bonding process [85] and production of conductive tracks [86-91]. Compared with solder 

technology, there are two advantages of using sintering of silver nanoparticles to achieve 

highly conductive ICA joints [81]. For solder technology, the solder interconnect has to 

operate at temperatures lower than their melting points. If high operating temperatures 

are needed, solders with high melting temperatures have to be used, which in turn 

requires high process temperatures. However, the sintered ICA joint can be formed at a 

temperature far below the melting point of silver (961.8 oC) and enable the joint to be 

operated at temperatures at or higher than their process temperature.  Second, silver has 

higher electrical and thermal conductivities than solder.   

2.1.1 The Driving Force for Sintering 

The thermodynamic driving force for sintering is the reduction in interfacial 

energy. The differences in bulk pressure, vacancy concentration and vapor pressure, due 

to the difference in surface curvature of the particles, induce the mass transport [111]. 

These three parallel phenomena occur simultaneously and independently.  

2.1.1.1 Bulk Pressure Difference 
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According to Young-Laplace equation, which relates the pressure difference to 

the shape of the surface, the pressure difference between the sphere surface and the neck 

surface: 

0 1 0 1

1 1 1 1
( ) [ ( )]s s

c

P P P K K
r r r x

� �� � � � � � � � � �  

Here, we assume that K is the average curvature of the interface, while γ is the 

surface tension and r0, r and x are the principal radii of curvature (Figure 2.1). The 

curvature of a concave surface and a convex surface are assumed to be negative and 

positive, respectively.  

For r>> x>> rc, s

c

P
r

�
� �  

2.1.1.2 Vapor Pressure Difference 

According to Kelvin equation, which relates the equilibrium vapor pressure of a 

liquid to the curvature of the liquid−vapor interface, the pressure difference between 

different surfaces: 

0 1 2

1 1
ln ( )m

p
RT V

p r r
�� �  

where p is the actual vapor pressure, p0 is the saturated vapor pressure, γ is the surface 

tension, Vm is the molar volume, R is the universal gas constant, r1 and r2 are the principal 

radii of curvature, and T is temperature. 

We assume K is the average curvature of the interface, r1 and r2 are the principal 

radii of curvature, then 

1 2

1 1
K

r r
� � , for two sphere with same radius R, 

2 1

c

K
r r

� �   ( 1 2r r r� � ) and rc is 

the radius of the curvature 
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Then,  

0

2
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c

V Vp

p RTr RTr

� �
� �  (eqn. 1) 

In case of ∆p/p0 << 1, the following equation exists, 
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�
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Then, eqn. 1 becomes 
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Therefore, the difference of vapor pressure between the sphere surface and the 

neck surface is 

0
m

c

V
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RTr

�
� �  or 0 (1 )m
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V
p p

RTr

�
� �  

Since we assume that the curvature of a convex (concave) surface is positive 

(negative), �p becomes negative (positive). Therefore, the vapor pressure over a concave 

surface is lower than that over a convex surface. Equilibrium vapor pressure depends on 

droplet size. If p0 < p, then liquid evaporates from the droplets. If p0 > p, then the gas 

condenses onto the droplets increasing their volumes. 

2.1.1.3 Vacancy Concentration Difference 

It is assumed that the area of lower vapor pressure possesses a lower 

concentration of vapor molecules. Conversely, the surface of lower concentration of 

vapor molecules has a higher vacancy concentration [112]. If the vacancy concentration 

is C0, corresponding to pressure P0, then the vacancy concentration difference is 

0
m

c

V
C C

RTr

�
� �  [112].  
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2.1.2 Mechanisms for Sintering in the Two-sphere Model 

When two particles come to contact, a small neck with high curvature forms. The 

difference in surface curvature between the neck surface and the particle surfaces results 

in the differences in bulk pressure, vapor pressure and vacancy concentration. These 

differences provide the driving force for mass transport to the neck during sintering. The 

mass transport contributes to the neck growth and to densification. Figure 2.2 illustrates 

the six alternative paths for mass transport during sintering [113]. The six transport 

mechanisms have the same driving force�the reduction in the total interfacial energy, 

however, with different diffusive paths, sources and sinks, as shown in Table 2.1 [113]. 

The dominant sintering mechanism depends on the material system, the particle size, the 

sintering temperature and time, and the pressure if applied [114].  

All these transport mechanisms lead to the neck growth, but only some of them 

contribute to densification, i.e. grain boundary diffusion, lattice diffusion from grain 

boundary to neck surface and viscous flow. Viscous flow is typically not applicable to 

description of sintering process of a powder compact of crystalline particles unless 

extremely high stresses are applied [115].  Therefore, grain boundary diffusion is the 

source of mass transport for densification in a powder compact of crystalline particles.   
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(a) 

 

                                                       (b) 

Figure 2.1 Two-sphere model for initial stage sintering (a) without shrinkage and (b) with 

shrinkage. 

 

When two particles with different crystalline orientation come to contact, the 

grain boundary forms. Due to its atomic structure, vacancies move along the grain 

boundary readily while a net flow of material is in exactly the opposite direction. The 
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accumulation of vacancies along a grain boundary to form a disk of open volume which 

collapses by the attraction of the adjacent grains results in the densification or shrinkage 

[116].  

 

 

 

 

 

Figure 2.2 Mass transport mechanisms during sintering. 1. surface diffusion, 2. lattice 

(bulk or volume) diffusion from grain boundary to the neck surface, 3. grain boundary 

diffusion, 4. lattice diffusion from surface to neck, 5. evaporation-condensation, 6. 

viscous flow [113]. 
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Table 2.1 Mass transport mechanisms during sintering [113] 

Mechanism Transport path Source Sink Densification 

1 Surface diffusion from particle 

surface to neck 

Surface Neck No 

2 Lattice diffusion from particle 

surface to neck 

Surface Neck No 

3 Evaporation-condensation Surface Neck No 

4 Grain boundary diffusion grain 

boundary to neck 

Grain 

boundary 

Neck Yes 

5 Lattice diffusion from grain 

boundary to neck 

Grain 

boundary 

Neck Yes 

6 Viscous flow Bulk grain Neck Yes 

 

In the two-sphere model, the equation that relates the neck radius (x), the particle 

radius (r), sintering time (t) and temperature (T) can be expressed as a general form 

during the initial stages of sintering: 

( )n m nx
Fr t

r
��  (eqn. 2) 

Theoretically, the mechanism of sintering can be determined by comparing the observed 

rate of neck growth with rates calculated based on one of the above mechanisms, or using 

Herring’s scaling laws. The unambiguous determination of sintering mechanism is, 

however, usually complicated by the several simultaneous and independent mass 

transports [117].
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Table 2.2 Values for the variables in eqn. 2 [75]. 
 

No. Transport path n m F Neck growth Shrinkage Scale 
exponent  

( ) 
1 Surface diffusion  

from particle  
surface to neck 

7 3 56 s s s mD V

RT

� �
 

3
7 56 s s s mD V r t

x
RT

� �
�  

 4 

2 Lattice diffusion  
from particle  

surface to neck 

5 2 20 l s mD V

RT

�
 

2
5 20 l s mD V r t
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RT

�
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 3 
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2018
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2018
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4 Grain boundary  
diffusion grain 

 boundary to neck 

6 2 48 b b s mD V

RT

� �
 

2
6 48 b b s mD V r t

x
RT

� �
�  

1
3

4

3
( )

4
b b s mD Vl

t
l RTr

� ��
�

 

4 

5 Lattice diffusion  
from grain  

boundary to neck 

4 1 16 l s mD V

RT

�
 4 16 l s mD V r

x t
RT

�
�  

1

2
1

2
3

( )l s mD Vl
t

l RTr

��
�  

3 

6 Viscous flow 2 1 4 s�
�

 2 4 srt
x

�
�

�  
3

8
stl

l r

�
�

�
�  

1 

Symbols: x =neck radius, s� = surface energy, sD = diffusion coefficient for surface diffusion s� = thickness for surface, mV = atomic 

volume, R =gas constant, T =temperature, r =particle radius, t =sintering time, lD = diffusion coefficient for lattice diffusion from 

particle surface to neck, p�= vapor pressure, M = molecular weight, 
m

M
d

V
� = theoretical density, bD = diffusion coefficient for grain 

boundary diffusion, b� =thickness for grain boundary, lD = diffusion coefficient for from grain boundary to neck, � =viscosity. 
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With an assumption of no grain growth, Ashby constructed a sintering diagram, based on 

the various sintering mechanisms, to identify the dominant sintering mechanism at a 

given temperature, particle size and neck size and to show the rate of sintering that 

resulted from all the mechanisms acting together [113].  Note the assumption may not be 

justified in real sintering. To experimentally determine a sintering mechanism, two 

requirements need to be met: (a) data are in agreement with the absolute values of 

calculated rates with Herring’s scaling law and (b) the correct temperature dependence 

for the proposed mechanism [117]. Besides this, the distance between two spheres (i. e 

with or without shrinkage) could be used to differentiate the mechanisms of surface 

diffusion from particle surface to neck or evaporation-condensation from viscous flow, 

volume diffusion from grain boundary to neck or grain boundary diffusion. 

            It is generally believed that at low temperatures the dominant sintering 

mechanism is surface diffusion as surface diffusion requires low activation energies and 

has the easiest mass transport path. The much lower activation energy of grain boundary 

diffusion than lattice diffusion also makes grain boundary diffusion prevail in the initial 

stages of sintering [93].  

2.1.3 Challenges for Low Temperature Sintering of Silver Nanoparticles in a 

Polymer Matrix  

Sintering is dependent on many factors such as organic molecules on the 

nanoparticle surfaces, particle size, pressure, atmospheric gas, temperature and sintering 

duration [118]. In particular, the removal of organic molecules (or silver oxide) from the 

surface of silver nanoparticles plays an important role in low temperature sintering 

onsets, extent of densification and final grain sizes [81]. Although sintering can occur at 
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room temperature [90, 95], typically sintering temperature above 200 oC is required to 

achieve desirable electrical and mechanical properties [119-120], which is not compatible 

with most polymeric substrates [77, 86, 88]. The challenge of low temperature sintering 

(<200 oC) of silver nanoparticles synthesized by wet-chemical methods lies in the fact 

that various excellent stabilizers cannot be debonded/decomposed or take a long time to 

debond/decompose at low temperatures since the removal of organic molecules is a 

prerequisite for sintering to occur [121-123].  

Although electrical resistivity of silver films close to that of bulk silver (1.6�10-6 

� cm) has been achieved by sintering of silver nanoparticles in conductive silver inks at 

low temperatures (<200 oC) [90, 93], very limited researches on the preparation of 

polymer composites with very low resistivity (<10-4 � cm) by sintering of silver 

nanoparticles at low temperatures have been found in the literature. Instead, addition of 

silver nanoparticles into silver flakes-filled ICAs results in a dramatic increase in the bulk 

resistivity of the ICAs [96-97]. This increase in resistivity is related to number of contact 

points and reduced contact area between conductive fillers. A possible reason for the high 

resistivity is the difficult debonding or decomposition of organic molecules (or silver 

oxide) at the curing tempeature (<200 oC). Furthermore, the sintering of silver 

nanoparticles in polymer composites hindered by high volume fraction (typically 70-80 

vol%) of highly cross-linked polymer matrices may also explain the high resistivity 

observed. 

Since the decomposition of surface residues on silver nanoparticles plays a key 

role in the thermal sintering of silver nanoparticles, silver nanoparticles in the present 

study were synthesized by the combustion chemical vapor condensation (CCVC) method 
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as it offers many significant advantages over the most widely used wet-chemical methods 

for the synthesis of silver nanoparticles for highly conductive ICAs, including low 

decomposition temperatures of surface residues, low content of surface residues and 

increased production rates (up to 0.1-1 kg/h) [124]. Silver nanoparticles with the first two 

characteristics will promise a low sintering temperature and thus allow the formation of 

the metallurgical joints between the conductive fillers within a polymer matrix to reduce 

the contact resistance effectively (Figure 2.3). This would result in an ICA with very low 

resistivity at a low temperature. In order to identify the critical temperature at which the 

sintering of silver nanoparticles will lead to significantly improved electrical 

conductivity, thermal behavior of silver nanoparticles was investigated and used as a 

guideline for the preparation of the ICAs with very low resistivity.  

 

 

Figure 2.3 Schematic representation of ICAs. (a) an ICA filled with silver flakes; (b) an 

ICA filled with both silver flakes and nanoparticles; (c) an ICA filled with sintered 

particles among flakes [77]. 

2.2 Experimental  

2.2.1 Materials 



 54 

 The epoxy resin and hardener used were diglycidyl ether of bisphenol F (DGEBF, 

Shell Chemical Co.), and hexahydro-4-methylphthalic anhydride (MHHPA, Lindau 

Chemicals), respectively. Catalyst was 1-cyanoethyl-2-ethyl-4-methylimidazole 

(2E4MZCN, Shikoku Chemicals Corp.) Molecular structures of these chemicals were 

shown in Figure 1.3. Silver flakes were donated by Ferro Corp. Typically, surface 

lubricants such as stearic acid were present on the silver flake to improve the rheological 

properties and prevent the agglomeration of silver flakes. Silver nanopartilces were 

synthesized by a CCVC method and donated by nGimat. All chemicals were used as 

received. 

2.2.2 Synthesis of Silver Nanoparticles by CCVC 

Figure 2.4 shows the combustion chemical vapor deposition (CCVD) process 

[125]. Precursors such as silver nitrate or silver carboxylate (in our case silver salt of fatty 

acid) were dissolved in a solvent (alcohol), which typically also acts as the combustible 

fuel [124, 126]. The solution was atomized to form submicron droplets, which were then 

mixed with oxidizing gas (O2) and ignited to generate a flame spray. Combustion of the 

solvents provides heat to decompose the precursors and yield metal and oxide vapors that 

consist of gaseous atoms, ions, and molecular-oxide species. And these vapor species 

condense to form atomic clusters that may coalesce to form nanoparticles (Figure 2.4) 

[126-128]. 
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Figure 2.4 Combustion chemical vapor deposition (CCVD) process [125]. 

 

 Two silver nanoparticles (nanoAg A and nanoAg B) were synthesized by CCVC 

using the same starting precursor (silver salt of fatty acid), but under different synthetic 

conditions. NanoAg A was synthesized under a reducing atmosphere and thus 

carbonaceous surface coating on silver nanoparticles formed. NanoAg B was made under 

an oxidizing atmosphere and the surface composition was mainly silver oxide. 

Additionally, during nanoparticles synthesis, a limited amount of the starting precursor 

may not be completely pyrolyzed and thus could be present in the nanoparticles. 

2.2.3 Preparation of ICAs 

 A 4:6 molar ratio of silver nanoparticles to silver flakes (totally 80 wt%) were 

incorporated into the mixture of DGEBF and HMPA with a molar ratio of 1:0.85. The 

mixture was sonicated for more than 1 hour to disperse the conductive fillers. The 

catalyst was added into the formulations and the mixture was subsequently sonicated for 

another 0.5 hour. Following sonication, the formulated pastes were thermally cured at 

temperatures of 150 and 180 oC to prepare ICAs. 

2.2.4 Characterization 
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 The resistivity of ICAs was calculated from bulk resistance of a specimen with 

specific dimensions. Two strips of a Kapton tape (Dupont) were applied onto a pre-

cleaned glass slide. The formulated paste was printed on the glass slide. After thermal 

cure, bulk resistance (R) of ICA strips was measured by a Keithley 2000 multimeter. The 

width and length of the specimen were measured by digital caliber (VWR). The thickness 

of the specimen was measured by Heidenhain (thickness measuring equipment, ND 

281B, Germany). Bulk resistivity, �, was calculated using Equation (1): 

 

where l, w, t are the length, width and thickness of the sample, respectively. 

 Weight losses of silver nanoparticles during heating in air were studied using a 

thermogravimetric analyzer (TGA) from TA Instruments, model 2050. The heating rate 

was 10 oC/min. 

 The morphology of silver nanoparticles and ICAs was studied by field emission 

scanning electron microscopy (SEM, Hitachi S-800 or LEO 1530). 

 X-ray diffraction analyses of silver nanoparticles were recorded at a scanning rate 

of 0.02 o/s in the 2� range of 30-80o using X-ray powder diffractometer (Philips PW 

1800, PANalytical Almelo, The Netherlands) with a Cu-Kα radiation (λ=1.54 Å). 

Raman spectra of silver nanoparticles were obtained by using a LabRAM 

ARAMIS Raman confocal microscope (HORIBA Jobin Yvon) equipped with a 532 nm 

diode pumped solid state (DPSS) laser. Si wafer was used as a substrate for Raman 

measurements. 
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X-ray photoelectron spectroscopy (XPS) experiments were performed on silver 

nanoparticles using a Thermo Scientific K-Alpha XPS with Al K� source. The typical 

detection depth is about 5 nm. 

2.3 Results and Discussion  

2.3.1 Thermal Behavior of Silver Nanoparticles 

 Figure 2.5 shows TGA results of silver nanoparticles. NanoAg A shows a 

continuous weight loss starting at about 125 oC. The decomposition of surface residues 

was unfinished even up to 400 oC. This is indicative of the coating of nanoAg A by 

carbonaceous substances formed under reducing conditions. The small loss (0.61%) 

leading up to 200 oC indicates a relatively small amount of silver oxide on nanoAg A. 

NanoAg B shows two distinct characteristic weight losses. The first weight loss at 100 oC 

is due to moisture desorption from the surface of nanoAg B because silver oxide on 

nanoAg B has a much stronger affinity for moisture than hydrophobic carbonaceous 

substances on nanoAg A. The second significant weight loss at 205 oC (Figure 2.5, inset) 

is attributed to the decomposition of silver oxide and possibly a very small amount of 

organic surface residues formed during the synthesis. It seems that the decomposition of 

surface residues is almost finished at 220 oC. 
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Figure 2.5 TGA results of nanoAg A and nanoAg B. Inset is the first derivative of the 

curve b in the temperature range of 150-250 oC. 

 

The weight losses for nanoAg A and nanoAg B at 400 oC are 2.06% and 2.73%, 

respectively. The silver nanoparticles, in comparision with silver nanoparticles 

synthesized by wet-chemical methods (the content of surface residues, i. e. stabilizers, are 

typically higher than 10 wt%) [121-123], have much lower content of surface residues. 

For wet-chemical methods, stabilizers are used to prevent the agglomeration of silver 

nanoparticles and for the control of the size, shape, size distribution and solubility [129-

130], including long-chain carboxylates [121], polyvinylpyrrolidone [96, 131], 

polyacrylamide [130], etc. Removal of these stabilizers from silver nanoparticles will 

cause severe agglomeration. Moreover, compared with nanoAg B, silver nanoparticles by 

wet-chemical methods show higher decomposition temperture of surface residues, 

typically >250 oC [96, 122, 129, 131] . Nguyen et al. reported nitrocellulose-stabilized 
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silver nanoparticles as low conversion temperature precursors for inkjet printed 

electronics [123]. Although the degradation of nitrocellulose starts at 135 oC, the process 

is slow and is not complete until 260 oC in the TGA experiments when heated at 10 

oC/min [123]. NanoAg B with low content and a low decomposition temperature (starting 

at 160 oC and almost finished at 220 oC) of surface residues will be promising for thermal 

sintering at a low temperature. 

Surface-enhanced Raman Spectroscopy (SERS) was used to study the surface 

residues on the silver nanoparticles. Figures 2.6 and 2.7 show SERS of both nanoAg A 

and nanoAg B. These two Raman spectra show similar features, which indicates that part 

of the precursor may not be fully pyrolyzed during the CCVC syntheses. However, the 

intensity of the band at 2936 cm-1 due to the stretching of C-H in Figure 2.6 is much 

stronger than that in Figure 2.7, indicating there is much more hydrocarbon on nanoAg A 

than that on nanoAg B. The peak at 1783 cm-1 assigned to C=O stretching in Figure 2.7 is 

related to the oxidation product during the CCVC synthesis under oxidizing conditions, 

which is absent in Figure 2.6. The most intense SERS peak at 1609 cm-1 assigned to 

aromatic C=C stretching was ascribed to the direct surface-ring � orbital interaction while 

the peaks at 862 and 820 cm-1 are assigned to the benzene ring modes.25, 26 The peaks at 

711 and 1394 cm-1 in Figure 2.6 (or 1387 cm-1 in Figure 2.7) are assigned to the 

deformation and the symmetric stretching mode of the -COO- group, respectively. 

Additionally, weak peaks centered at 488 cm-1 in Figures 2.6 and 2.7 indicate the 

presence of silver oxide in both silver nanoparticles [132].  
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Figure 2.6 SERS of nanoAg A. 
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Figure 2.7 SERS of nanoAg B. 

 

XPS spectra of nanoAg A and nanoAg B are shown in Figure 2.8. The peaks 

apparent in the two spectra include the Ag core-level peaks, the O1s and the C1s peaks. 
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Table 3.1 summarizes the atomic ratios of O/Ag of both nanoparticles before and after 

the isothermal treatments.  It is found that nanoAg B has a higher O/Ag ratio than 

nanoAg A. After being treated at 150 oC for 1 h, nanoAg A shows a much higher increase 

in O/Ag ratio than nanoAg B. The increase of O/Ag ratios for both nanoparticles could be 

related to the oxidation of organic surface residues. Figure 2.9 shows the high resolution 

C1s XP spectra of silver nanoparticles before and after the isothermal treatments. 

NanoAg A shows two distinct peaks at 284.6 and 287.1 eV, which could be assigned to 

the carbon present on the hydrocarbon and carbonyl groups present on the surface 

residues, respectively [133]. After being treated at 150 oC for 1 h, two distinct peaks at 

284.8 and 289.1 eV and a shoulder peak at 286.8 eV are clearly observed. The peaks at 

286.8 and 289.1 eV could be assigned to the carbon present on the ketone/aldehyde and 

carboxylate (or possibly carbonate), respectively [133-135]. These results indicated that 

hydrocarbons present on the surface of nanoAg A have been oxidized during the thermal 

treatment at 150 oC. NanoAg B shows an asymmetric peak at 284.9 eV and a shoulder 

peak at 286.8 eV. The peak present at 286.6 eV could be assigned to the carbon present 

on the ketone/aldehyde. This is consistent with the Raman result, as C=O stretching is 

observed at 1783 cm-1. After being treated at 150 oC for 1 h, nanoAg B shows a 

broadening peak at 284.9 eV and the peak at 289.1 eV almost disappears, which may 

indicate that carboxylate could have decomposed. After being treated at 180 oC for 1 h, 

nanoAg A shows an increase in O/Ag ratio while nanoAg B shows a decrease in O/Ag 

ratio. Combined the decreased in O/Ag ratio with the TGA results (Figures 2.5 and 2.15), 

it can be concluded that silver carboxlate and/or silver oxide on the surface of nanoAg B 

have been decomposed during the thermal treatment at 180 oC.  
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(a) 

 

 

(b) 

Figure 2.8 XPS survey spectra of (a) nanoAg A and (b) nanoAg B. 
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Table 3.1 Oxygen-to-silver atomic ratios. 

 NanoAg A 

(O/Ag) 

NanoAg B 

(O/Ag) 

As received 0.45 0.70 

150 oC 1.2 0.79 

180 oC 0.49 0.40 
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Figure 2.9 High resolution C1s XP spectra of (a) nanoAg A, (b) nanoAg A treated at 150 

oC for 1 h, (c) nanoAg A treated at 180 oC for 1 h, (d) nanoAg B, (e) nanoAg B treated at 

150 oC for 1 h, (f) nanoAg B treated at 180 oC for 1 h. High resolution Ag 3d XP spectra 

of nanoAg A and nanoAg B (g). Peak fitting of the Ag 3d spectra of nanoAg A (h) and 

nanoAg B (i).  

            Figure 2.9(g) shows Ag 3d XP spectra of nanoAg A and nanoAg B. Compared 

with nanoAg A, NanoAg B shows a negative shift of 0.05 eV and a broader Ag 3d peak. 

It has been reported that silver shows a negative shift as the amount of silver oxide on 

silver surface increases. The negative shift of Ag 3d in silver oxides is determined by 

factors other than electronegativity differences such as crystal, field potential, work 

function and relaxation energy [135]. Deconvolution of the the asymmetric Ag 3d XP 

spectra of nanoAg A and nanoAg B further confirms nanoAg B contains a larger amount 

of silver oxide than nanoAg A (Figures 2.9(h) and (i)).  

2.3.2 Sintering of Silver Nanoparticles 
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In order to observe distinct sintering of silver nanoparticles, nanoAg A and 

nanoAg B were annealed at 220 oC for 0.5 hour. After annealing, the necks formed 

between silver nanoparticles as a result of minimization of surface energy by atomic 

diffusion (Figure 2.10). However, the increase in the particle size and the width of necks 

of nanoAg B are much larger than those of nanoAg A. It has been proposed that surface 

diffusion is dominated at the initial stage of sintering, followed by grain boundary 

diffusion and lattice diffusion as the temperature increases, since activation energy of 

surface diffusion is lower than that of grain boundary and lattice diffusion [93]. Crystal 

structures of the nanoparticles before (at room temperature) and after sintering at 220 oC 

for 0.5 hour were investigated by XRD (Figure 2.11). Before sintering, the particles show 

slightly broadened peaks, due to smaller particle sizes compared with the annealed 

particles. By using the Scherrer’s equation (Equation (2)), the crystallite size of the 

nanoparticles was calculated [79]. 

  (2) 

 

where t is the crystallite size, K is a shape factor with a typical value of 0.9, � is the X-

ray wavelength, � is the diffraction angle and � is the full width at half maximum 

intensity (FWHM) in radians. Figure 2.12 shows the crystallite size of nanoAg A and 

nanoAg B before (as received) and after annealing. After annealing, the crystallite sizes 

of both nanoparticles increase, and the increase in size of nanoAg B is much larger than 

that of nanoAg A. Thus, during the sintering process, not only particle size increases but 

also the crystal grains in the particle grow. The growth of silver nanoparticles along with 
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the formation of the necks between conductive fillers will considerably reduce contact 

resistance, and larger necks will result in lower resistivity. 

 

 

 

Figure 2.10 Comparison of the morphologies of (a) nanoAg A at room temperature, (b) 

nanoAg B at room temperature, (c) nanoAg A after annealing at 220 oC for 0.5 hour and 

(d) nanoAg B after annealing at 220 oC for 0.5 hour. 



 68 

 

 

Figure 2.11 XRD of (a) nanoAg A and (b) nanoAg B before (at room temperature) and 

after annealing at 220 oC for 0.5 hour. 
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Figure 2.12 Crystallite sizes of silver nanoparticles before (at room temperature) and after 

annealing at 220 oC for 0.5 hour. 

2.3.3 Electrical Properties of ICAs 

 Figure 2.13 shows bulk resistivity of ICAs filled with micron-sized silver flakes 

and the silver nanoparticles. When cured at 150 oC for 1 hour, bulk resistivities of ICAs 

filled with nanoAg A and silver flakes, and those with nanoAg B and silver flakes are 

8.43�10-4 and 2.44�10-2 � cm, respectively, which are higher than that of typical micron-

sized silver flake filled ICAs (~10-4 � cm). Figures 2.14 and 2.15 show that the weight 

losses of nanoAg A and nanoAg B are 0.73% and 1.11% (0.28% from moisture 

desorption) after heating at 150 oC for 1 hour, 0.87% and 2.62% (0.28% from moisture 

desorption) after heating at 180 oC for 1 hour, respectively. Comparing with the weight 

losses of nanoAg A (0.87%) and nanoAg B (2.62%) after heating at 180 oC for 1 hour in 

Figure 2.15, it can be concluded that, after curing at 150 oC for 1 hour, a relatively large 
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amount of silver oxide is still present on nanoAg B while silver oxide on nanoAg A is 

almost completely decomposed, although carbonaceous substances are still present on 

nanoAg A. Our previous studies indicate that silver oxide on silver flakes will cause a 

significant increase in the resistivity of the ICAs filled with silver flakes [69]. Thus the 

relatively higher electrical resistivity of ICAs filled with nanoAg B and silver flakes than 

that of those filled with nanoAg A and silver flakes could be from a relatively large 

amount of silver oxide on nanoAg B. By SEM studies, Ye et al. observed that addition of 

silver nanoparticles into a polymer matrix with micron-sized conductive fillers decreases 

the chance of direct contact among micron-sized fillers and the contact area between 

nano- and micron- sized particles is smaller than that between micron-sized particles 

[97]. In addition, the number of contact points will significantly increase. As a result, the 

resistivity of the ICAs with nano- and micron-sized particles increases as the percentage 

of silver nanoparticles increases. 

 

Figure 2.13 Bulk resistivity of ICAs filled with nanoAg A and silver flakes, and those 

with nanoAg B and silver flakes (a) cured at 150 oC, (b) annealed at 180 oC after curing, 

and (c) cured at 180 oC. 
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Figure 2.14 Weight losses of (a) nanoAg A and (b) nanoAg B isothermally heated at 150 

oC for 1 hour. 

 

 

Figure 2.15 Weight losses of (a) nanoAg A and (b) nanoAg B isothermally heated at 180 

oC for 1 hour.  
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After the samples were annealed at 180 oC for 1 hour, lower resistivities of both 

ICAs compared with those cured at 150 oC were obtained as a result of further sintering 

of silver nanoparticles. The resistivity of the annealed ICAs filled with nanoAg A and 

silver flakes is several times lower than that of the ICAs cured at 150 oC; the resistivity of 

ICAs filled with nanoAg B and silver flakes decreases more distinctly�three orders of 

magnitude lower than that before annealing. Comparing with the weight losses of 

nanoAg A (2.06% at 400 oC) and nanoAg B (2.73% at 400 oC) in Figure 2.5, it can be 

concluded that surface residues on nanoAg B  have been almost completely decomposed 

while surface residues on nanoAg A have been partially decomposed after annealing at 

180 oC for 1 hour. The nearly complete removal of the surface residues on nanoAg B at 

180 oC contributes significantly to the growth of silver nanoparticles and thicker necks, 

compared with partial decomposition of the surface residues on nanoAg A. Moreover, the 

weight loss difference for nanoAg B between heating at 150 and 180 oC for 1 hour is 

much larger than that for nanoAg A. As a result, a dramatic decrease in bulk resistivity of 

ICAs filled with nanoAg B was observed after annealing at 180 oC for 1 hour, while the 

resistivity reduction of ICAs filled with  nanoAg A was less significant. Figure 2.16 

shows cross-sections of ICAs filled with silver flakes and nanoAg B cured at 150 oC for 1 

hour, annealed at 180 oC for 1 hour and cured at 180 oC for 1 hour. When ICAs were 

cured at 150 oC (Figure 2.16 (a)), spherical silver nanoparticles were observed in the 

polymer matrix. When the samples were annealed at 180 oC or cured at 180 oC for 1 hour 

(Figures 2.16 (b) and (c)), the morphologies of the ICAs have been significantly changed 

and spherical silver nanoparticles have become an agglomerated mass, indicating 

sintering occurred between silver nanoparticles, and between silver nanoparticles and 
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silver flakes. More distinct sintering can be seen in Figure 2.16 (d) as some of the 

nanoparticles grow up into facets with loss of the spherical shape. The sintering of the 

conductive fillers allows the formation of the metallurgical joints between silver 

nanoparticles, silver nanoparticles and silver flakes, and thus 3-D conductive networks 

form within the polymer matrix. Consequently, sintering of nanoAg B within the polymer 

matrix at 180 oC will effectively reduce the contact resistance and thus ICAs with very 

low resistivity were achieved at 180 oC. In addition, even lower resistivity (4.8�10-5 � 

cm) is achieved for ICAs cured at 180 oC than that of the annealed one as curing of ICAs 

at 180 oC bypasses the low temperature regime and thus is more desirable for the particle 

growth and the neck formation between silver nanoparticles, and between silver 

nanoparticles and silver flakes. 

 

 

Figure 2.16 SEM images of cross-section of ICAs (a) cured at 150 oC, (b) cured at 150 oC 

and then annealed at 180 oC, (c) cured at 180 oC and (d) cured at 180 oC at a larger 

magnification. 
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2.4 Conclusions 

Thermal behavior of silver nanoparticles has been studied by TGA, SERS, SEM, 

XPS and XRD to select silver nanoparticles suitable for the preparation of ICAs with 

very low resistivity at low temperatures. By the comparative studies of thermal behavior 

of silver nanoparticles, the critical processing temperature that leads to very low 

resistivity of ICAs has been identified for different silver nanoparticles. It is found that 

the surface chemistry of silver nanoparticles plays a key role in low temperature 

sintering. Silver nanoparticles with complete decomposition of surface residues at a lower 

temperature are more desirable for the preparation of highly conductive ICAs at low 

temperatures. The formulated ICAs with very low resistivity (4.8×10-5 � cm) at a low 

temperature (180 oC) will enable the electrical interconnection between temperature-

sensitive surface mounted devices and non-solderable or flexible low-cost organic 

substrates. 
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CHAPTER 3 

FAST PREPARATION OF PRINTABLE HIGHLY CONDUCTIVE 

ICAS 

 

 Based on the experimental results obtained in chapter 2, chapter 3 describes the 

further optimization of silver nanoparticles for the fast preparation of printable highly 

conductive ICAs. In this chapter, thermal behavior of silver flakes and silver 

nanoparticles are first investigated to provide a guideline for the processing temperature 

leading to highly conductive ICAs. Then, the effects of sintering (curing) durations and 

temperatures on the electrical properties of ICAs are studied. Finally, the rheological 

properties of ICA pastes are discussed and optimized for non contact printing.  

3.1 Introduction 

 The preparation of novel printable conductive adhesives or inks is essential to 

providing new solutions to the dramatically increasing need for low cost, high 

performance, electrically functional devices in printed electronics. Inkjet printing of 

conductive silver inks on a substrate followed by sintering of silver nanoparticles or 

thermal decomposition of metallo-organic precusors has been developed as a promising 

technique for a variety of electronic applications. These applications include the 

interconnection of circuitry on a printed circuit board and the fabrication of conductive 

tracks or electrodes for thin-film transistors (TFTs), light-emitting diodes, solar cells, 

sensors, and radio frequency identification (RFID) tags, etc. [92, 136-137]. However, 

current commercially available silver conductive ink technologies have unaffordable 

drawbacks. Silver conductive inks do not offer strong enough adhesion on many 
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substrates for use as an interconnect material or for mechanical reliability in flexible 

substrates [138-139]. After printing and subsequent sintering, the resulting silver films 

lack cohesion and tend to crack due to considerable shrinkage [139]. Moreover, sintering 

processes take ten minutes [140] or longer durations [77, 80, 83-84, 88, 141-142] limiting 

commercial applications. To address the drawbacks of silver inks, highly conductive 

ICAs with a combination of electrical, mechanical and adhesive functions are a 

promising solution for printed electronics. One of the main disadvantages of ICAs is the 

relatively high electrical resistivity (3.5×10-4 � cm), compared with eutectic Sn/Pb 

solders (1.5-3×10-5 � cm) [5, 143]. By incorporation of silver nanoparticles with nearly 

complete decomposition of surface residues at the curing temperature, highly conductive 

ICAs with electrical resistivity of 4.8×10-5 � cm have been prepared at 180 oC for 60 

minutes in chapter 2 [77]. However, the trend towards mixed assembly technologies, 

having components attached with both solder and ICAs on the same board requires 

uniformity of the curing profile/solder reflow processes. To obtain maximum device level 

reliability and reduce the cost, ICAs are required to be cured in a short duration, and most 

preferably during the solder reflow process. 

This chapter describes the preparation of printable, highly conductive ICAs by 

fast sintering of silver flakes and silver nanoparticles within a polymer matrix. The 

thermal behavior of silver flakes and silver nanoparticles has been studied by 

Thermogravimeteric Analysis (TGA), Surface-enhanced Raman Spectroscopy (SERS) 

and Scanning Electron Microscopy (SEM). This provides a guideline for the processing 

temperature for the preparation of highly conductive ICAs. At certain temperatures, the 

thermal decomposition of silver carboxylate on the surface of silver flakes forms highly 
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reactive silver nanoparticles. The formation of silver nanoparticles on the surface of the 

silver flakes as well as the thermal decomposition of residues on the surface of the 

incorporated silver nanoparticles occurs. Both the in-situ formed and the incorporated 

silver nanoparticles are highly reactive due to their high surface-to-volume ratios and 

minimal surface residues. The lack of surface residues facilitates the sintering among 

silver flakes, in-situ formed silver nanoparticles and the incorporated silver nanoparticles. 

The sintering process enables the formation of metallurgical joints between the 

conductive fillers, instead of physical contacts, within the polymer matrix. The formation 

of metallurgical joints effectively reduces and even eliminates the contact resistance 

among the conductive fillers, leading to highly conductive ICAs (Figure 3.1). The effects 

of sintering time and temperature on the electrical resistivity of the ICAs have been 

studied. In addition, the correlation between the rheological properties of ICA pastes and 

the non-contact printing process are discussed. Finally, the non-contact printing of 

conductive adhesive pastes on different substrates is demonstrated. 

 

 

 

Figure 3.1 Schematic illustration of the sintering between silver nanoparticles and silver 

flakes within a polymer matrix. 
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3.2 Experimental 

3.2.1 Preparation of ICAs 

 Silver nanoparticles used in the present study were synthesized by Combustion 

Chemical Vapor Condensation (CCVC) method. Silver flakes with a surface area of 0.57 

m2/g were donated by Ferro Corp. The wide size distribution of silver flakes in the range 

of several to about twenty microns was used to improve the packing density. Typically, 

surface lubricants such as stearic acid were present on the surface of silver flakes to 

improve the rheological properties and prevent the aggregation of silver flakes. Silver 

nanoparticles and silver flakes with an optimized ratio of 4:6 (totally 80 wt% of the 

mixture) were incorporated into the mixture of diglycidyl ether of bisphenol F (DGEBF, 

Shell Chemical Co.) and hexahydro-4-methylphthalic anhydride (HMPA, Lindau 

Chemicals). The weight ratio of DGEBF to HMPA is 1:0.85. The mixture was sonicated 

for one hour to disperse the conductive fillers within the epoxy resin. Following 

sonication, the catalyst, 1-cyanoethyl-2-ethyl-4-methylimidazole (2E4MZ-CN, Shikoku 

Chemicals Corp.), was added into the formulations and the resulting conductive adhesive 

paste was further sonicated for another 30 minutes. Two strips of a Kapton tape (Dupont) 

were applied onto a pre-cleaned glass slide. The formulated paste was printed on the 

glass slide and put into the oven with a preset temperature for curing. Reflow tests were 

conducted in a BTU oven (BTU International). The reflow oven has seven chambers and 

one cooling station. The temperatures for each chamber were set to 75, 110, 156, 198, 

221, 255 and 175 oC, characteristic of a typical lead-free solder reflow profile.  

3.2.2 Characterization 
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The electrical resistivity of ICAs was measured as according to the method described in 

chapter 2. Weight losses of the silver nanoparticles and flakes during heating in air were 

studied using TGA (TA Instruments, model 2050) at a heating rate of 20 oC/min. Raman 

spectra of the silver nanoparticles were obtained by using a LabRAM ARAMIS Raman 

confocal microscope (HORIBA Jobin Yvon) equipped with a 532 nm diode pumped solid 

state (DPSS) laser. Silicon wafer was used as a substrate for Raman measurements. The 

rheological properties of the ICA pastes were measured with cone-plate (2°) geometry at 

23 oC by a stress-controlled rheometer from TA Instruments, model AR1000-N. Non-

contact printing (or jetting) of the pastes was performed at room temperature by ASM 

Pacific Technology Ltd. using a jet dispenser with air pressure of 0.1-0.15 bar and jetting 

time of 5 ms. The nozzle size was 50 �m.  

3.3 Results and Discussion 

3.3.1 Thermal Decomposition of Silver Carboxylate on the Surface of Silver Flakes 

 Commercial silver flakes are generally produced from silver powders by a ball-

milling process. To prevent the aggregation of silver powders, an organic lubricant, 

generally a fatty acid (such as stearic acid), is typically used during the production of 

silver flakes. After production, a thin layer of lubricant is present on the surface of silver 

flakes [51-52, 66-67]. The thin layer of lubricant affects the interaction of silver flake 

with other silver flakes and with the polymer system [66]. Consequently, this layer of 

surface lubricant affects the dispersion of silver flakes, the rheology of formulated pastes 

and the electrical conductivity of the resulting ICAs. Figure 3.2 shows Raman spectra of 

the lubricant on the surface of silver flakes without thermal treatment and after isothermal 

heating at 230, 250 and 260 oC for five minutes. While the very small shoulder peak at 
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1700 cm-1 indicates the presence of a trace amount of the fatty acid, the peaks at 1432 and 

1591 cm-1 are assigned to the symmetric (�s(COO-)) and antisymmetric (�as(COO-)) 

stretching vibrations of the carboxylate group, respectively [144-146]. The presence of 

the strong bands due to the stretching vibrations of the carboxylate group and a very 

weak band due to the carbonyl stretching of a carboxylic acid indicates that most fatty 

acid molecules have been converted into carboxylate on the surface of silver flakes. It is 

well known that the binding of fatty acid to a silver surface will lead to the breaking of 

the O-H bond in the fatty acid and subsequent formation of a carboxylate species, which 

formed a bond between the oxygen in the carboxylate group and the silver surface (-

COOAg) [51-52, 66-67]. Therefore, the thin layer of lubricant is a silver salt formed 

between fatty acid and silver, i.e. silver carboxylate, rather than a free fatty acid, which is 

consistent with previous studies [51-52, 66-67]. The peak at 933 cm-1 is due to C-COO- 

stretching. The peaks at 2850 and 2924 cm-1 are assigned to the symmetric and 

asymmetric stretching vibrations of the methylene group. The methylene twisting, 

wagging and scissor appear at 1297, 1362 and 1474 cm-1, respectively [144]. Figure 3.3 

shows the TGA results of the silver flakes. A weight loss started at 150 oC and it 

continued up to 223 oC with a weight loss of 0.14%. This weight loss was followed by a 

weight increase of 0.01% until 234 oC. The weight increase is due to the oxidation of the 

lubricant on the silver flakes [52]. After 234 oC, further weight loss was observed and 

final weight loss at 450 oC was 0.23%. The weight loss (0.23%) results from the 

decomposition of the carboxylate. This amount of the surface lubricant corresponds to 

roughly a monolayer of stearate on the surface of silver flake [67]. This lubricant 

monolayer plays a key role in the sintering between silver flakes as it provides an energy 
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barrier for sintering. Substantial removal of the lubricant layer is a prerequisite for 

sintering to occur. After isothermal heating at 230, 250 and 260 oC for five minutes, the 

weight losses of the silver flakes are 0.16%, 0.17% and 0.18%, respectively. The 

corresponding SERS of the lubricant on the surface of silver flakes after thermal 

treatments are shown in Figure 3.2. The Raman intensities of the lubricant on the surface 

of the treated silver flakes were significantly reduced. With the thermal treatment at 230 

oC, C-C stretching at 1062 cm-1, -COO- deformation at 695 cm-1 and Ag-O stretching (-

COOAg) at 253 cm-1 became prominent, while the peak at 483 cm-1 disappeared 

indicating the decomposition of silver oxide [77, 132]. The presence of both the Ag-O 

stretching and the carboxylate species further indicates that the lubricant layer is silver 

carboxylate. A Raman peak at 1769 cm-1 assigned to C=O stretching appeared after 

thermal treatment, which further confirmed the oxidation of surface lubricants during the 

thermal treatment (Figure 3.2, inset). As the temperature was increased to 250 oC, the 

peaks at 2924, 2850 and 933 cm-1 disappeared and the peak at 253 cm-1 showed lower 

intensity and broadening. Meanwhile, the peak at 1769 cm-1 became more obvious 

indicating more surface lubricants being oxidized. A further increase in the temperature 

resulted in the nearly complete disappearance of all peaks except a small peak at 1062 

cm-1, indicating that most surface lubricants were decomposed. It is well-documented that 

the thermal decomposition of silver carboxylate leads to the formation of silver 

nanoparticles [94, 147-151]. The thermal decomposition products of silver carboxylate 

are related to the decomposition atmosphere, heating rate and temperature [150, 152]. 

Studies from Liu et al. reveal that the thermal decomposition product of silver behenate is 

CO2 at 230 oC, and hydrogen and water at 260 oC, respectively, verified by combined 
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thermogravimetry-differential thermal analysis-mass spectrometry (TG-DTA-MS) 

analysis [151]. In the present study, the thermal decomposition was conducted in air, so 

the final products were metallic silver and gases (CO2 and H2O) [149, 151].  From the 

TGA and Raman results, it can be concluded that, during isothermal heating at the 

temperatures, the thin layer of lubricant─silver carboxylate─present on the surface of 

silver flakes has been substantially decomposed, facilitating the sintering between silver 

flakes. 

 

Figure 3.2 Raman spectra of the lubricants on the surface of silver flakes (a) without 

thermal treatment and after being isothermally heated at different temperatures for 5 min: 

(b) 230, (c) 250, and (d) 260 °C. 
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Figure 3.3 TGA of the silver flakes (a) without thermal treatment and after being 

isothermally heated at different temperatures for 5 min: (b) 230, (c) 250, and (d) 260 °C. 

Inset is the first derivative of TGA curve a in the temperature range of 100-350 °C. 

Significant weight loss and increase are at 218 and 227 °C, respectively. 

 

Figure 3.4 shows the SEM images of the silver flakes untreated and after 

isothermal heating at 230, 250 and 260 oC for five minutes. As shown in Figure 3.4 (a), 

the silver flakes have a broad size distribution, which enables higher packing density 

improving conductivity at given filler loadings. There are some nano-sized silver bumps 

on the surface of untreated silver flakes, but the surface is relatively smooth (Figure 3.4 

(a), inset). After the thermal treatments, the surface of silver flakes shows increased 

roughness. The increased surface roughness is the result of thermal decomposition of 

silver carboxylate on the surface of silver flakes, which forms highly reactive nano- or 

submicron-sized silver particles that sintered with the silver flakes (Figure 3.4 (b) and 
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inset). Note that sintering between adjacent nano-sized bumps on the surface of a silver 

flake is dependent on the decomposition of silver carboxylate since the activation energy 

of surface diffusion is lower than that of bulk diffusion. The lack of a surfactant on the 

surface of these particles means they have a high surface energy facilitating mass 

transport, even at temperatures well below the melting temperature of bulk silver (961.8 

oC). Sintering of these nanoparticles is evident by the formation of “bridges” between 

silver flakes after isothermal treatment at 230 oC for five minutes. The higher thermal 

treatment temperature led to wider necks and rougher surfaces (Figure 3.4 (c) and inset). 

As the temperature increases to 260 oC, there was a transition to edge by edge sintering 

and no isolated flakes were observed at that temperature (Figure 3.4 (d) and inset). It 

should be emphasized that, during isothermal heating, the thermal decomposition of 

silver carboxylate to form in situ highly reactive silver nanoparticles is crucial for the 

sintering between silver flakes, including the sintering between nano-sized silver bumps 

on the surface of silver flakes. Without the thermal decomposition, sintering will not 

proceed. The formation of “bridge” or edge by edge sintering enables the formation of 

metallurgical joints among silver flakes which remarkably facilitates the electron 

transport among the silver flakes. 
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Figure 3.4 SEM images of the silver flakes (a) without thermal treatment and after being 

isothermally heated at different temperatures for 5 min: (b) 230, (c) 250, and (d) 260 °C. 

Scale bars are 4 μm and 400 nm (inset), respectively. 

3.3.2 Thermal Behavior of Silver Nanoparticles 

 Nanoparticles tend to sinter or Ostwald ripen to reduce their total free energy [85, 

93, 111]. As mentioned in chapter 2, during the synthesis of silver nanoparticles, a variety 

of stabilizers are utilized to control the size, size distribution and stability. These 

stabilizers provide an energy barrier to sintering. Sintering only occurs after the 

substantial removal of the stabilizers. However, the removal of the stabilizers typically 

requires a temperature higher than 250 oC and a relatively long time, due to a relatively 

large amount of surface residues on the particle surface (�10 wt%) in most cases [123, 

131, 153], low mobility of surfactants and the tendency of surfactants to physically 
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adsorb. However, these surfactants are necessary to obtain a good dispersion and prevent 

aggregation of silver nanoparticles in the polymer matrix. To address these challenges, 

silver nanoparticles were synthesized by Combustion Chemical Vapor Condensation 

(CCVC). Silver nanoparticles synthesized by CCVC offer many significant advantages 

over those by wet chemical methods for the preparation of highly conductive ICAs. 

CCVC nanoparticles synthesis produces nanoparticles whose surface residues have 

minimal surface coverage and low decomposition temperatures. For example, silver 

nanoparticles synthesized by CCVC showed a 2.45% weight loss of surface residues at 

450 oC; the decomposition of surface residues started at 160 oC and was almost finished 

at 220 oC [77]. Additionally, nanoparticles produced from CCVC methods have narrow 

size distribution and high production rates (up to 0.1-1 kg/h) [77, 124]. In chapter 2, it has 

been found that silver nanoparticles with lower decomposition temperatures of surface 

residues and lower content of surface residues are more desirable for low temperature 

sintering of silver nanoparticles and the preparation of highly conductive ICAs [77]. To 

facilitate the fast sintering, the experimental condition for CCVC nanoparticle synthesis 

was further optimized in the present study. Figure 3.5 shows the TGA results of the silver 

nanoparticles. The weight loss of the silver nanoparticles started at 150 oC and was nearly 

completed at 195 oC. The final weight loss at 450 oC was 0.49%. The present silver 

nanoparticles with lower decomposition temperatures of surface residues and lower 

content of surface residues will better facilitate the fast sintering between silver 

nanoparticles and the fast preparation of highly conductive ICAs. The significant weight 

loss observed at 191 oC may be attributed to the decomposition of silver oxide or possibly 

organic residues during the synthesis [77]. After isothermal heating at 230, 250 and 260 
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oC for five minutes, the weight losses of the silver nanoparticles were 0.40%, 0.42% and 

0.42%, respectively. Comparing the net weight loss of the silver nanoparticles at 450 oC 

(0.49%), it can be concluded that the surface residues have almost been decomposed at 

these temperatures. The nearly complete decomposition of surface residues at these 

temperatures within five minutes facilitates the fast sintering of silver nanoparticles. The 

novel use of CCVC nanoparticles in ICAs allows for the fast preparation of highly 

conductive ICAs. 

 

 

Figure 3.5 TGA of the silver nanoparticles synthesized by CCVC (a) without thermal 

treatment and after being isothermally heated at different temperatures for 5 min: (b) 230, 

(c) 250, and (d) 260 °C. Inset is the first derivative of curve a. 

 
Figure 3.6 shows the SEM images of the silver nanoparticles without thermal 

treatment and after isothermal heating at 230, 250 and 260 oC for five minutes. Compared 

with the untreated silver nanoparticles (Figure 3.6 (a)), the size of the thermally treated 



 88 

silver nanoparticles increased significantly. These nanoparticles formed a porous 3-D 

continuous network after isothermal heating at 230 oC for five minutes (Figure 3.6 (b)). 

The formation of necks among the silver nanoparticles was the result of surface diffusion 

driven by a reduction in surface energy. Surface diffusion dominates at the initial 

sintering stage since the activation energy of surface diffusion is lower than that of grain 

boundary and lattice diffusions [93]. As the temperature increases to 250 oC, the particle 

sizes increased further and the necks between them widen (Figure 3.6 (c)). Densification 

observed at 260 oC indicates the dominant grain boundary/lattice diffusions during the 

sintering process (Figure 3.6 (d)). 

 

 

 

Figure 3.6 SEM images of the silver nanoparticles synthesized by CCVC (a) without 

thermal treatment and after being isothermally heated at different temperatures for 5 min: 

(b) 230, (c) 250, and (d) 260 °C. Scale bars are 400 nm. 
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3.3.3 Electrical Properties of ICAs 

 Although the electrical resistivity of silver films close to that of bulk silver 

(1.6�10-6 � cm) has been achieved by sintering of silver nanoparticles in silver inks, it 

remains a challenge to sinter silver nanoparticles within polymer matrices to achieve 

highly conductive ICAs. The incorporation of silver nanoparticles into a polymer matrix 

results in an ICA with a very high resistivity [96-97, 131], as a result of increased contact 

points and reduced contact area among conductive fillers [97]. The possible reasons are: 

1) the difficult debonding or decomposition of organic molecules (or silver oxide) at 

curing temperatures; 2) the impediment of the sintering of silver nanoparticles by high 

volume fraction (typically 70-80 vol%) of highly cross-linked polymer matrices [77]. In 

the present study, the curing of the epoxy resin and the sintering among the conductive 

fillers occur simultaneously. Figure 3.7 shows the effect of curing (or sintering) time and 

temperature on the resistivity of ICAs. When cured at 230 and 250 oC for two minutes or 

at 260 oC for one minute, the ICAs show high resistivities. When the curing time is three 

minutes, the ICAs prepared at 230 oC show a lower resistivity (9.8�10-5 � cm) than those 

of conventional silver-filled ICAs at the same filler loading. As the temperature increases, 

ICAs with lower resistivities can be obtained. Increasing curing time to five minutes led 

to a further decrease in electrical resistivity for the samples cured at 260 oC. This 

improvement in conductivity was less pronounced for the samples cured at 230 and 250 

oC. Extending the curing time to 10 minutes at 260 oC results in the ICAs with a 

resistivity of as low as about 6.0�10-6 � cm, close to the resistivity of bulk silver. In 

addition, ICAs cured using a typical lead-free solder reflow profiles show electrical 

resistivity of 6.3�10-5 � cm. The preparation of highly conductive ICAs during solder 
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reflow reduces the processing steps and cost enabling the natural integration into standard 

industrial electronic packaging processes. 

 

Figure 3.7 Effects of curing time and temperature on the resistivity of ICAs. 

 
Figure 3.8 shows the cross-section of ICAs cured at 230, 250 and 260 oC for five 

minutes and 260 oC for ten minutes. At 230 oC, the particles within the polymer matrix 

were connected to one another and formed necks (Figure 3.8 (a)). At 250 oC, the neck 

size between the particles increased and rod-like structures formed (Figure 3.8 (b)). When 

increasing the temperature to 260 oC, the particles grew significantly and necking was 

more prominent (Figure 3.8 (c)). When curing was conducted at 260 oC for ten minutes, 

smoother facets with elongated particle structures formed (Figure 3.8 (d)). The necking 

exhibited during the sintering process reduces and even eliminates the contact resistance 

effectively among the conductive fillers and enable the formation of 3-D continuous 

conductive networks within the polymer matrix, leading to the highly conductive ICAs. 
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Figure 3.8 SEM images of the cross-section of ICAs cured at (a) 230 °C, 5 min; (b) 250 

°C, 5 min; (c) 260 °C, 5 min; and (d) 260 °C, 10 min. Scale bars are 2 μm. 

3.3.4 Rheological Properties of ICA Pastes 

 Non-contact printing is defined as the accurate dispensing of materials onto a 

selective location without physical contact in a controlled manner. The attractive features 

of non-contact printing technologies are cost-effectiveness, reduced waste of precious 

materials, the accurate dispensing of a small amount of materials onto a selective 

location, no special requirements for substrates (e.g., roughness, flexibility), and 

environmental friendliness [119-120, 154]. Despite these advantages many of the 

necessary processing conditions are still not fully understood. Most importantly, the 

effect of the rheological properties of the printed materials on the printing process is still 

undetermined. The viscosity of any printed composite materials strongly depends on the 
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filler loading, filler size, shape, and additives that are used to tune the rheological 

properties. Non-contact printing technologies require that the materials should readily 

flow and have the ability to recover its viscosity rapidly to retain the shape of the 

adhesive paste after printing [155]. With the incorporation of silver nanoparticles, the 

viscosity of the conductive adhesive paste (the mixture of conductive fillers, the epoxy 

resin, etc. before curing) increases dramatically at low shear rates. However, the addition 

of large amounts of solvent to reduce the viscosity would result in the sedimentation of 

silver flakes, which causes variations in the local silver concentration and may block the 

nozzle [138]. These requirements render non-contacting printing of highly viscous pastes 

challenging. Figure 3.9 shows the viscosity vs. shear rate of the ICA paste. The paste 

showed a typical shear thinning behavior. The viscosity of the paste at a shear rate of 

2500 s-1 was 221 mPa�s, much higher than that of typical silver inks (<40 mPa�s). The 

shear thinning behavior of the paste is related to the tradeoff between break-down due to 

flow stresses and build-up due to in-flow collision and Brownian motion [156-157]. 

When no shear force is exerted on the paste, the particles aggregate due to attraction 

forces such as van der Waals force. Aggregation caused by these forces can promote the 

formation of spatial networks, which creates an internal structure. The internal structure 

is important to provide long-term dispersion stability [155]. Under shear, the weak forces 

within the paste are broken and the paste is dispensed easily. To gain insights into the 

structure and measure the viscoelasticity of the paste, oscillatory stress sweep of the paste 

was performed, as shown in Figure 10 (inset). Storage modulus (G’) and loss modulus 

(G’’) measured in the oscillatory test represent solid and liquid characteristics of the 

paste. At low shear stresses the paste shows a dominant solid-like behavior (G’>G’’) and 



 93 

as the applied stress increases, the paste gradually changes from solid-like (elastic) 

behavior to liquid-like (viscous) behavior. The point at which G’=G’’ is a solid-fluid 

transition and an indicator for assessing the cohesiveness of the paste [158]. It has been 

found that if the applied shear stress at the point where G’=G’’ was too low, splashing 

occurred during the printing. In the present study, the applied stress was 4.37 Pa when 

G’=G’’, which was optimal for the non-contact printing. 

 

 

Figure 3.9 Viscosity as a function of shear rate for the paste filled with 80 wt % silver 

fillers. Inset is an oscillatory stress sweep test for the paste. 

3.3.5 Non-contact Printing of ICA Pastes 

 Figure 3.10 shows the non-contact printing of the paste on the surfaces of glass 

(Figure 3.10 (A)) and a silver-plating lead frame (Figures 3.10 (B), (C) and (D)). 

Depending on the interaction between the paste and substrates, the paste can either totally 

wet the glass surface with a radius of about 220 �m and a height of about 14.5 �m, or 
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form a dot with a radius of 130 �m and a height of 49 �m on the silver-plating lead frame 

under optimized conditions. Following cure, due to the shrinkage of epoxy resins, the 

printed dots have a radius of 120 �m and a height of 28 �m. Generally, the Weber 

number (We), defined as the ratio of kinetic energy to the surface energy of a droplet 

(Equation (2)), provides a good estimate whether the droplet has sufficient kinetic energy 

to overcome the surface tension at the orifice and to create a free flying droplet [159]. 

There is a critical Weber number below which a free flying droplet cannot be created. For 

inviscid liquids (an ideal liquid that has no viscosity), the critical Weber number is about 

12 (Equation (3)); for printed materials whose viscosities are not negligible, the critical 

Weber number can be much larger than 12 and is related to the viscosity through the 

Ohnesorge number (Oh) (Equations (4) and (5)) 

2Dv
We

�
�

�           (2) 

 

12criticalWe �  (��0)  (3) 

 

1.612 (1 1.07 )criticalWe Oh� � �  (�>0) (4) 

Oh
D

�
� �

�         (5) 

 

Where � is the density, � is the velocity, D is the drop diameter before impact, � is the 

surface tension, and � is the dynamic viscosity. Increasing the viscosity of the printed 

materials leads to an increase in Ohnesorge number and a dramatic increase in the critical 
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Weber number, making the creation of small droplets from viscous materials very 

difficult [159]. To the best of our knowledge, this is the first successful attempt to print 

highly viscous ICA pastes into dot arrays with such a small size on the substrate in the 

open literature. The non-contact printing of the highly viscous ICA pastes opens up new 

avenues for low-cost printed electronics. Increased understanding of the correlation 

between the rheological properties and the non-contact printing process is needed to 

optimize material and printing parameters to obtain ultra-high resolution non-contact 

printing technologies for low cost interconnects of the future. 

 

 

Figure 3.10 Noncontact printing of the ICA pastes with 80 wt % silver fillers on (A) a 

glass slide (side view, optical microscopy) with a radius of about 220 μm, (B) on an 

silver-plating lead frame with a radius of 130 μm (side view, optical microscopy), (C) on 
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an silver-plated lead frame with a dot size (top view, microscopy) before curing, and (D) 

on an silver-plated lead frame with a dot size (top view, SEM) after curing. 

3.4 Conclusions 

 This chapter demonstrates the fast preparation of printable highly conductive 

ICAs using thermal decomposition of silver carboxylate on the surface of silver flakes 

and sintering between conductive fillers during the ICA curing process. The sintering 

between conductive fillers reduces and eliminates the contact resistance effectively, 

leading to ICAs with the electrical resistivities of 8.1�10-5, 6.0�10-6 and 6.3�10-5 � cm 

when ICAs were prepared at 230 oC for five minutes, at 260 oC for ten minutes and using 

a typical lead-free solder reflow process, respectively. The highly viscous ICA pastes 

with optimized rheological properties can be non-contact printed into a micro-array of 

dots with a radius of 130 �m. The developed ICAs with superior electrical conductivity 

and fast processing along with non-contact printing technologies will considerably reduce 

the cost of interconnection in printed electronics enabling their wide scale industrial 

application.  
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CHAPTER 4 

LOW TEMPERATURE APPROACH TO PREPARE FLEXIBLE 

HIGHLY CONDUCTIVE ADHESIVES 

 

 This chapter describes the preparation of flexible highly conductive adhesives at a 

low temperature (150 oC) by in situ reduction of silver carboxylates on the surface of 

silver flakes. The reduction of silver carboxylates forms highly reactive silver 

nanoparticles that lead to the sintering between silver flakes. This approach solves many 

problems associated with the incorporation of silver nanoparticles into the formulation, as 

described in chapters 2 and 3.  In this chapter, epoxy compositions and the surface 

properties of silver flakes are first characterized. Then silver flakes are treated with epoxy 

resins and their surface morphologies and properties change induced by the treatment are 

characterized to explain the conductivity enhanced mechanism. In addition, a coupling 

agent is used to improve the adhesion strength of flexible highly ICAs on a gold surface.  

4.1 Introduction 

 The preparation of novel flexible highly conductive interconnect materials at low 

temperatures (preferably 150 oC or below) is essential for the future of low-cost flexible 

electronics [4-5, 108, 160-162]. The popularity of flexible circuits and building electronic 

devices on flexible substrates requires the interconnect materials to be mechanically 

compliant and highly conductive [108, 163-165]. Low processing temperatures of the 

interconnect materials are also required to enable the wide use of low cost, flexible 

substrates such as paper and polyethylene terephthalate (PET). Flexible conductive 
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polydimethylsiloxane (PDMS) composites have been developed for various 

microelectronic applications, owing to the unique physical and chemical properties of 

PDMS. These properties include superior elasticity and flexibility, optical transparency, 

biocompatibility and stable physical and chemical properties over a wide range of 

temperatures from -50 oC to +200 oC [166]. Agar et al. reported that the resistivity of 

PDMS filled with 80 wt% bimodal distribution of micron-sized silver flakes is about 

7×10-4 � cm [60]. Electrical resistivity of PDMS filled with 19 vol% silver particles 

showed a resistivity of about 10-2 � cm and the resistivity of the PDMS-based conductive 

composites exhibited no significant decreases as the filler loading increased [166]. Lutz 

and Cole reported the lowest resistivity of 2×10-4 � cm for PDMS filled with 80 wt% 

silver particles and the resistivity leveled off even increasing the filler loading [167]. 

However, a minimum resistivity of on the order of 10-5 � cm is required to avoid severe 

resistive losses [168]. Another limitation of flexible conductive PDMS composites lies in 

the poor adhesion on metal surfaces due to the low surface energy of PDMS. This further 

limits their wide application as a flexible interconnect material. Therefore, new flexible 

interconnect materials with low electrical resistivity, good adhesion and low processing 

temperature must be developed for flexible electronic applications.  

The resistivity of a conductive polymer composite is determined by the composite 

composition (such as filler loading), the surface properties of conductive fillers (such as 

the presence of a thin layer of lubricant or oxide film), physicochemical properties of 

polymer matrix (such as cure shrinkage and the interaction between the polymer matrix 

and conductive fillers), interlayer thickness, temperature, processing conditions of 

conductive polymer composites, etc. [4, 58, 169]. The resistance of a conductive polymer 
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composite is the sum of filler resistances (Rf) and inter-particle contact resistances (Rc). 

The contact resistance is composed of constriction resistance and tunneling resistance 

[54, 56, 70, 97, 170-173]. Constriction resistance occurs as the current must squeeze 

through the small area of contact. Tunnel resistance is due to the intermediate layer 

between conductive fillers. In conductive polymer composites, conductive fillers may be 

separated by a thin layer of polymer, oxide or lubricant for most commercial silver flakes 

which have been extensively used for the preparation of ICAs [4, 58, 172]. The thickness 

of the interface can vary from 10 to 100 Å, depending on the physiochemical properties 

of the polymer matrix, filler, filler concentration, and the conditions of composite 

preparation [58]. Relatively low conductivity of conductive polymer composites such as 

conductive PDMS composites results from the physical contact, instead of metallurgical 

joints between conductive fillers [77-78, 84]. Reducing and eliminating the contact 

resistance between conductive fillers is crucial for the preparation of highly conductive 

polymer composites. 

This chapter describes a novel approach to enable the formation of metallurgical 

joints between silver flakes within a flexible polymer matrix by simply incorporating a 

flexible epoxy with reduction capability�diglycidyl ether of polypropylene glycol 

(DGEPG), leading to flexible highly conductive ICAs. The approach involves i) in situ 

reduction of silver carboxylate present on the surface of silver flakes by DGEPG, a mild 

reducing agent, to form nano/submicron-sized silver particles both on the surface of and 

at the edge of silver flakes; ii) the in situ formed nano/submicron-sized silver particles, 

due to high surface area-to-volume ratios and lack of strong capping agents, are highly 

surface reactive, which results in the low temperature sintering between silver flakes 
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during curing. Sintering enables the formation of metallurgical joints and reduces the 

contact resistance among the conductive fillers effectively, leading to highly conductive 

ICAs.  

4.2. Experimental 

4.2.1 Materials 

 Epoxy resins used were diglycidyl ether of polypropylene glycol (DGEPG, 

D.E.R. 732, Dow Chemical, Figure 4.4) and diglycidyl ether of bisphenol F (DGEBF, 

EPON 862, Shell Chemical Co., Figure 4.4). DGEPG has a much lower viscosity (60-70 

mPas) than DGEBF (2500-4500 mPas). The curing agent was hexahydro-4-

methylphthalic anhydride (MHHPA) donated by Lindau Chemicals. Catalyst was 1-

cyanoethyl-2-ethyl-4-methylimidazole (2E4MZ-CN, Shikoku Chemicals Corp.) Two 

silver flakes with different sizes and surface lubricants (Ag-FA and Ag-FB, Ferro Corp.) 

were used to improve the packing density and adjust the viscosity of the formulated 

pastes. All chemicals were used as received. 

4.2.2 Reduction of Silver Carboxylate on the Surface of Silver Flakes 

 An epoxy resin (DGEBF or DGEPG) was mixed with silver flakes and then 

heated at 150 oC for 10 or 30 min. Silver flakes lost their luster and the surface appeared 

dull after being treated with DGEPG, while no significant change of surface appearance 

was observed for silver flakes treated with DGEBF. Acetone was added to the mixture 

and the resulting mixture was centrifuged. After removal of the superant, the silver flakes 

were re-dispersed in acetone. Five cycles of dispersing and centrifugation were used in an 

effort to remove the residual epoxy resin. Note that the lubricant on the surface of silver 
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flakes was hardly washed off by acetone during the process [174]. Finally, the silver 

flakes were dried in vacuum before the characterization. 

4.2.3 Preparation of ICAs 

 Different ratios of DGEBF and DGEPG were mixed with 80 wt% silver flakes 

(Ag-FA and Ag-FB with a mass ratio of 1:1), MHHPA and the catalyst. Two strips of a 

Kapton tape (Dupont) were applied onto a pre-cleaned glass slide. The formulated pastes 

were printed on the glass slide. Then the pastes were thermally cured at 150 oC in air for 

1 h. To show flexibility of the ICAs, the formulated pastes were printed on the surface of 

polyethylene terephthalate. After curing, the samples were bended conformally to the 

surface of cylinders with different radii to measure the resistivity change under bending 

condition. 

4.2.4 Characterization 

 Mass spectrum of DGEBF was analyzed by fast atom bombardment–mass 

spectrometry (FAB-MS) using thioglycerol as a matrix. Mass spectrum of DGEPG was 

collected with the Voyager 4700 MALDI-TOF-TOF system (ABI) operated in reflector 

mode. Alpha-Cyano-4-hydroxycinnamic acid (CHCA) was used as a matrix for MALDI.  

The resistivity of ICAs was measured according to the method described in 

chapter 2. 

Weight losses of silver flakes during heating in air were studied using 

thermogravimetric analyzer (TGA, TA Instruments, model 2050). The heating rate was 

20 oC/min.  

Morphologies of the treated silver flakes and the ICAs were studied by field 

emission scanning electron microscopy (SEM, LEO 1530). Decomposition of the 
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lubricants on the surface of silver flakes was studied by differential scanning calorimetry 

(DSC, TA Instruments, Q100). The heating rate was 10 oC/min.  

Raman spectra were obtained by using a LabRAM ARAMIS Raman confocal 

microscope (HORIBA Jobin Yvon) equipped with a 532 nm diode pumped solid state 

(DPSS) laser. Si wafer was used as a substrate for Raman measurements. 

Gold surface was treated with 1 mM 4-mercaptobenzoic acid in alcohol for 24 h. 

Then the surface was rinsed with alcohol to remove non-adhering molecules and dried. 

Silicon dies (2 mm by 2 mm) were placed on the untreated or treated gold surface with 

ICAs that containing a uniform size of glass beads. These glass beads were used to 

control the thickness of ICA between silicon die and the substrate. For adhesion study, a 

die shear tester (Dage series 4000) was utilized, with a configuration as shown in Figure 

4.1.  

 

  

 

Figure 4.1 Schematic illustration of die shear test. 

4.3 Results and Discussion 

4.3.1 Characterization of DGEBF and DGEPG 
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 EPON Resin 862 (Diglycidyl Ether of Bisphenol F, DGEBF) is a low viscosity, 

liquid epoxy resin manufactured from epichlorohydrin and bisphenol-F with NaOH at 

about 65 oC (Figure 4.2). The reaction of DGEBF with bisphenol F results in the 

formation of higher molecular weight resins, as shown in Figure 4.2.  The excess amount 

of epichlorohydrin is required to limit the production of higher molecular weight 

products. Mass spectrum of EPON Resin 862 indicates that higher molecular weight 

products are present in the resin, which contains secondary –OH groups. D.E.R. 732 

liquid epoxy resin is a reaction product of epichlorohydrin and polypropylene glycol. 

Mass spectrum of D.E.R. 732 indicates that D.E.R. 732 contains molecules with different 

units of propylene oxide and verifies the presence of primary –OH groups (Figure 4.3). 

The primary –OH groups may come from the incomplete reaction between 

epichlorohydrin and polypropylene glycol. Molecules present in the resins are shown in 

Figure 4.4.  
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Figure 4.2 Synthesis of diglycidyl ether of bisphenol F.  
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(a) 

 

(b) 

Figure 4.3 Mass spectra of (a) DGEBF and (b) DGEPG. 
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Figure 4.4 Molecular structures of DGEPG (a) mainly m=5, 6, 7, 8, 9 and 10 and (b) 

mainly m=7, 8, 9 and 10, and DGEBF (c) and (d) (n=1). 

 

4.3.2 Characterization of Silver Flakes 

 Figure 4.5 shows SEM images of silver flakes in this study. Typically 

bimodal fillers are used to increase the packing density and thus higher conductivity at a 

given filler loading. It is well known that a thin layer of lubricant is present on the surface 

of commercial silver flakes to prevent the aggregation of silver flakes during production. 

This layer of lubricant affects the interaction of silver flake with other silver flakes and 

with the polymer system and thus affects the dispersion of silver flakes, the rheology of 

formulated pastes and the electrical conductivity of the resulting polymer composites [52, 

66-67, 174]. Figure 4.6 shows Raman spectra of the lubricant on the surface of silver 

flakes. The presence of carboxylate groups on the surface of silver flakes was verified by 

the symmetric (νs(COO-)) stretching at 1432 cm-1 (or 1438 cm-1) and asymmetric 

(νas(COO-)) stretching at 1591 cm-1 (or 1587 cm-1) [66, 144-145]. These results are 



 106 

consistent with previous studies that the lubricant layer is indeed silver carboxylate [52, 

66-67, 174]. The distinct differences between the two spectra were i) the intensity of the 

peaks at 930 and 664 cm-1 in Figure 4.6 (a), assigned to the C-COO- stretching and the 

deformation of -COO- [145], was much stronger than that of the corresponding peaks in 

Figure 4.6 (b); ii) The SERS peaks of C-H stretching of the lubricant on Ag-FA were 

well resolved, compared with those of the lubricant on Ag-FB (Figure 4.6, inset); iii) the 

methylene twisting, wagging and scissor appeared at 1297, 1362 and 1474 cm-1 [144], 

respectively in Figure 4.6 (b). These distinct differences are related to the chain length of 

lubricants and their surface orientation and conformation [145]. Figure 4.7 shows TGA 

results of the silver flakes. Ag-FA and Ag-FB showed significant weight losses at 188 oC 

and 218 oC, respectively (Figure 4.7, inset). This clearly indicates the presence of 

lubricants on the surface of silver flakes. Weight losses of Ag-FA and Ag-FB at 450 oC 

were 0.09% and 0.23%, respectively. Both Ag-FA and Ag-FB showed endothermic peaks 

at 232 and 247 oC, respectively (Figure 4.8). Lu et al. found that silver flakes lubricated 

with fatty acids of a longer chain showed exothermic DSC peaks at higher temperatures 

[51]. These exothermic DSC peaks in air of lubricated silver flakes are due to the 

oxidation of the lubricant layer [51-52]. These results indicated that the lubricant on the 

surface of Ag-FB may have a longer chain than that on Ag-FA. 
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(a) (b) 

Figure 4.5 Silver flakes (a) Ag-FA and (b) Ag-FB. 
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Figure 4.6 Raman spectra of the lubricant on the surface of (a) Ag-FA and (b) Ag-FB. 

Inset is the spectra in the range of 2800-3200 cm-1. 



 108 

50 100 150 200 250 300 350 400 450
99.0

99.2

99.4

99.6

99.8

100.0

100.2

100 150 200 250 300

218 oC

b

 

 

 

a
188 oC

 

 

W
ei

g
h

t 
(%

)

Temperature (�C)

a

b

 

Figure 4.7 TGA of (a) Ag-FA and (b) Ag-FB. Inset is the first derivative of curve a and b 

in the temperature range of 100-300 oC. 
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Figure 4.8 DSC of (a) Ag-FA and (b) Ag-FB. 

4.3.3 Reduction of Silver Carboxylate on the Surface of Silver Flakes 

 To investigate the reduction of silver carboxylate and the formation of silver 

particles on the surface of silver flakes, Ag-FA and Ag-FB were treated with DGEBF and 
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DGEPG at the curing temperature (150 oC). Figures 4.9 and 4.10 show the surface 

morphology changes of silver flakes after isothermal treatment. When treated with 

DGEBF at 150 oC for 10 min, the surface of silver flakes remained relatively smooth 

(Figures 4.9 (a) and 4.10 (a)). Compared with silver flakes treated with DGEBF, silver 

flakes treated with DGEPG showed clearly the growth of silver nano/submicron-sized 

particles on their surfaces and at their edges (Figures 4.9 (c) and 4.10 (c)). As the time for 

treatment increased, silver flakes treated with DGEBF became rough (Figures 4.9 (b) and 

4.10 (b)). The relatively rough surface was the result of the reduction of silver 

carboxylate and the formation of highly surface reactive silver nano/submicron-sized 

particles. These particles then sintered with the silver flakes. The growth of silver 

nano/submicron-sized particles was more prominent when silver flakes were treated with 

DGEPG for 30 min (Figures 4.9 (d) and 4.10 (d)). Moreover, neckings between silver 

flakes were observed. The neckings between silver flakes are indicative of effective 

sintering between silver flakes. This may result from the relatively stronger reduction 

capability of the primary –OH group in DGEPG than secondary –OH group in DGEBF at 

150 oC. 
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Figure 4.9 Ag-FA treated with DGEBF for (a) 10 min, (b) 30 min and with DGEPG for 

(c) 10 min, (d) 30 min at 150 oC 

 

 

Figure 4.10 Ag-FB treated with DGEBF for (a) 10 min, (b) 30 min and with DGEPG for 

(c) 10 min, (d) 30 min at 150 oC. 
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Figure 4.11 shows DSC of silver flakes (Ag-FB) treated with DGEBF or DGEPG. 

Ag-FB shows clearly an exothermic peak and a mild broad peak at 276 oC after 

isothermal treatment with DGEBF for 10 and 30 min, respectively. The shift of the 

exothermic peak from 247 oC (Figure 4.7) to 276 oC may result from the physical 

absorption of DGEBF onto the surface of silver flakes that delays the oxidation of the 

lubricant. The physical absorption was verified by the peak at 915 cm-1 (Figure 4.12 (b)), 

the characteristic vibration of epoxy rings, in the Raman spectrum of silver flakes treated 

with DGEBF (Figure 4.12 (c)). After treatment with DGEPG, the exothermic DSC peak 

disappeared (Figure 4.11) and Raman peaks of the lubricant on the surface of silver 

flakes almost disappeared (Figures 4.12 (a) and (d)). Both DSC and Raman results 

indicated that silver carboxylate on the surface of silver flakes were reduced and 

removed. This was consistent with the lack of luster on the surface of DGEPG treated 

silver flakes. It is well-documented that organic molecules on the surface of silver 

particles play an important role in the sintering onsets, the extent of densification and 

final grain sizes [81]. These organic molecules provide an energy barrier to sintering. The 

particles sinter if the thermal energy is sufficient to overcome the activation energy 

provided by the organic molecules [149]. The nearly complete removal of the lubricant 

from the surface of silver flakes facilitated the sintering between silver flakes for DGEPG 

treated silver flakes and thus the electron transport. 
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Figure 4.11 DSC of Ag-FB treated with DGEBF (a) 10 min, (b) 30 min and with DGEPG 

(c) 10 min, (d) 30 min at 150 oC. 
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Figure 4.12 Raman spectra of (a) the lubricant on the surface of silver flakes (Ag-FB), (b) 

DGEBF, silver flakes treated with (c) DGEBF and (d) DGEPG at 150 oC. 
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4.3.4 Properties of Flexible Highly Conductive ICAs 

 Electrical conduction of an ICA is established through the cure shrinkage of the 

polymer matrix, which brings metal fillers into intimate contacts and forms 3-D 

conductive networks within the polymer matrix. Figure 4.13 shows bulk resistivity of the 

ICAs filled with 80 wt% silver flakes using different ratios of DGEBF and DGEPG as 

polymer matrices. DGEBF filled with 80 wt% silver flakes shows an averaged resistivity 

of 2.3×10-4 Ω cm, which is comparable to that of commercially available ICAs. The 

averaged resistivity decreased to 1.4×10-4 Ω cm and the lowest resistivity was 6.5×10-5 Ω 

cm for the ICAs with equal amounts of DGEBF and DGEPG. The ICAs showed a lower 

electrical resistivity (3.5×10-5 Ω cm) with an increased DGEPG content (70 wt% of the 

mixture of DGEBF and DGEPG). This could be due to the enhanced reduction of silver 

carboxylate and increased necking area between silver flakes. The resistivity of the 

DGEPG filled with 80 wt% silver flakes is 2.5×10-5 Ω cm, about one order of magnitude 

lower than that of the ICAs composed of DGEBF and 80 wt% silver flakes. Figure 4.14 

shows the cross-sections of the ICAs. Without DGEPG, the surface of silver flakes within 

the polymer matrix was relatively smooth (Figure 4.14 (a)). There are lubricants (or 

possibly oxide) at the interface between silver flakes. The presence of the lubricants 

increases the tunneling resistance between silver flakes. With the incorporation of 

DGEPG, silver nano/submicron-sized particles formed both on the surface and at the 

edges of the silver flakes (Figure 4.14 (b)). As the content of DGEPG increased, larger 

particles and neckings between silver flakes formed (Figures 4.14 (c) and (d)). Therefore, 

two factors contribute to the significantly improved electrical conductivity of the ICAs 

with the incorporation of DGEPG. First, the growth of highly surface reactive silver 



 114 

nano/submicron-sized particles facilitates the sintering between silver flakes. The 

sintering leads to the formation of metallurgical joints and reduces and eliminates the 

contact resistance effectively. Second, the removal of surface lubricant, as verified from 

Figure 4.12, enables direct metal-metal contacts between silver flakes, decreasing the 

contact resistance. The resistivity of flexible highly conductive ICAs with ratios of 70:30 

and 50:50 of DGEPG to DGEBF increased by 43.9�8% and 66.3�24%, when the radius 

of curvature of the samples was changed from 30 mm to 14 mm, respectively. 

  Highly conductive ICAs have been prepared by low temperature sintering (<200 

oC) of the incorporated silver nanoparticles [77, 83-84, 175]. The limitations of these 

approaches include i) low dispersion efficiency of untreated nanoparticles in the epoxy 

matrix. Surface functionalization with short-chain diacids can enhance the dispersion and 

prevent the oxidation as well as facilitate the sintering, but decrease the catalytic 

capability and tend to result in poor mechanical properties of the ICAs [83-84]; ii) the 

relatively high cost of silver nanoparticles. A large amount of silver nanoparticles used to 

improve the electrical conductivity increases the cost; iii) complicated and expensive 

processes such as surface functionalization [83-84], synthesis of multi-walled carbon 

nanotubes decorated with silver nanoparticles [175] and relatively long-period sonication 

[77, 83-84]. These complicated, time-consuming steps limit their industrial applications; 

iv) difficulties in printing pastes filled with nanomaterials. A high loading of 

nanomaterials increases the viscosity of the paste dramatically at low shear rates. The 

increased viscosity makes the paste difficult to flow and to be printed, especially for low 

cost jet dispensing technologies. Compared with these studies, the present study offers a 

much simpler, lower cost approach to achieve highly conductive ICAs. 
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Figure 4.13 (a) Electrical resistivity of ICAs filled with 80 wt% silver flakes by using 

different polymer matrices including DGEBF (100%), a 50:50 mixture of DGEBF and 

DGEPG, a 30:70 mixture of DGEBF and DGEPG, and DGEPG (100%). 

 

 

 
Figure 4.14 SEM images of cross-sections of ICAs filled with 80 wt% silver flakes by 

using different polymer matrices (a) DGEBF (100%); (b) 50:50 mixture of DGEBF and 

DGEPG, (c) 30:70 mixture of DGEBF and DGEPG, (d) DGEPG (100%). 
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4.3.5 Adhesion Improvements 

 Adhesion strength is an important factor to evaluate the performance of the joint. 

Flexible highly conductive adhesives (FHCA) with different ratios of flexible epoxy and 

rigid epoxy were formulated and the die shear strengths of the FHCA on glass, polyimide 

and gold substrate have been reported. Typically with the increase in the fraction of 

flexible epoxy, the adhesion strength continuously decreases. Comparing the adhesion 

strength of FHCAs on various substrates, the adhesion strength of FHCAs on Au was the 

lowest with the same resin formulation [104]. Depending on the surface properties of the 

substrate, coupling agents containing different functional groups such as thiol, carboxylic 

acid, amine and epoxide groups have been used to improve the adhesions strength. In 

order to enhance the adhesion strength of FHCAs on Ni/Au surface, 4-mercaptobenzoic 

acid was selected since thiol group has a strong affinity to Au surface while carboxylic 

acid can react with epoxy resins (Figure 4.15). Figure 4.16 shows the XPS of the gold 

surface treated with 4-mercaptobenzoic acid.  The presence of S2s, S2p, C and O 

indicated that the surface has been modified with 4-mercaptobenzoic acid. Contact angle 

measurement further confirm the successful coating as the contact angle decrease from 

60o (untreated gold surface) to 40o after the surface being treated with the molecules. 

The adhesion strengths of FHCA on Au treated with 4-mercaptobenzoic acid were 

measured for the formulations with 50 wt% and 70 wt% flexible epoxy. As shown in 

Figure 4.17, flexible highly conductive adhesives with ratios of 70:30 and 50:50 of 

DGEPG to DGEBF exhibited die shear strengths of 9.8 and 14.7 MPa (1 MPa means 10.2 

kg force per square centimeter, which also equals to about 10 atm) on a gold surface, 

respectively. The adhesion strength on the gold surface can be improved significantly by 
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surface modification with a coupling agent and increased to 14.2 and 32.9 MPa 

correspondingly [106]. These improvements are attributed to the capability of the 

coupling agent to form strong bonds with both the FHCAs and Au substrates. Simple 

device level tests indicated that interconnects based on the flexible highly conductive 

polymer composites are robust during the substrate rolling/bending, enabling the 

application of the flexible highly conductive ICAs in flexible electronics [106]. 

 

 

Figure 4.15 Schematic illustration of metal surface coated with a coupling agent for 

adhesion improvement. 
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Figure 4.16 XPS of a gold surface treated with 4-mercaptobenzoic acid. 
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Figure 4.17 Adhesion strength of FECA on Ni/Au surfaces with and without the 

treatment. 

4.4 Conclusions 

 Flexible highly conductive ICAs with electrical resistivity as low as 2.5×10-5 Ω 

cm were prepared at 150 oC by simply incorporating flexible epoxy (DGEPG) into the 

ICA formulations. DGEPG functioned as a mild reducing agent for the in situ reduction 

of silver carboxylate on the surface of silver flakes. The reduction of silver flakes by 

DGEPG removed the surface lubricant and allowed the metallurgical joints and direct 

metal-metal contacts between the conductive fillers. This reduced and eliminated the 

contact resistance effectively, enabling the preparation of flexible highly conductive 

ICAs at a low temperature. The approach developed offers many significant advantages 

such as  

i) reduced materials cost; 
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ii) low processing temperature compatible with low cost, flexible substrates such as 

paper and PET;  

iii) simple processing;  

iv) low viscosity of the formulated pastes with DGEPG, allowing the paste to be used 

for low cost jet-dispensing technologies;  

v) tunable mechanical properties;  

vi)  flexibility and high electrical conductivity. 

Future printed electronics requires ICAs to be mechanically compliant to fit the non-

planar forms, to have a high conductivity, to have strong adhesion on many substrates 

and to have low processing temperatures to be compatible with low cost, flexible 

substrates. The multi-functional ICAs developed in this study are attractive for current 

and emerging applications in flexible electronics. 
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CHAPTER 5 

SURFACE MODIFICATION OF SILVER-COATED COPPER 

FLAKES FOR HIGHLY RELIABLE LOW COST ICAS 

 

 This chapter describes the replacement of expensive silver flakes used in chapters 

2-4 with lower cost silver-coated copper flakes and the development of highly reliable, 

highly conductive, low cost ICAs. First, this chapter gives a literature review on low cost 

ICAs, describes the production of silver-coated copper flakes, and discusses copper 

corrosion and its prevention using corrosion inhibitors. The characterization of silver-

coated copper flakes and surface modification are then conducted.  Followed are the 

electrical properties of ICAs filled with silver-coated copper flakes. Finally, the contact 

resistance of the ICAs on nickel/gold surface during the reliability tests (85 oC/85% RH 

and reflow) is studied. 

5.1 Introduction 

5.1.1 Literature Review on Low Cost ICAs 

 One of the main hurdles for the wide use of current commercial silver-filled ICAs 

is the high cost of silver fillers (silver: $35/ounce in March 2011). Significant research 

has been devoted to the development of low cost ICAs. Copper (copper: $0.27/ounce in 

March 2011) could be a promising candidate for low cost electrically conductive fillers, 

due to its low resistivity, low cost and reduced electro-migration compared to silver [23, 

176]. Other low-cost electrically conductive fillers have also been developed to replace 

silver for ICAs, including solder particles [46-47], a mixture of solder and copper [46-
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47], copper alloys [43, 177-178], copper coated with a thin layer of low melting point 

metals, Pb-free metals (such as Sn, In, Bi, Sb, Zn and their alloys) [44], and silver-coated 

copper  fillers [24-26, 178-179]. The challenge associated with ICAs filled with the low-

cost conductive fillers lies in the oxidation and corrosion of the filler particles during 

curing and reliability tests. The formation of non-conductive oxides deteriorates the 

electrical properties of the ICAs limiting their applications in electronic packaging. Yim 

et al. developed ICAs filled with copper flakes and investigated the effect of silane 

coupling agents (SCAs) on the oxidation prevention of copper powder [23]. It was found 

that the oxidation of copper flakes occurred during the curing of copper-filled ICAs. With 

the incorporation of the SCA as corrosion inhibitor, the contact resistance of copper-filled 

ICAs dramatically reduced (about 0.3 �), compared with copper-filled ICAs without a 

corrosion inhibitor (about 100 M�). The improvement was attributed to the protection of 

copper flakes from oxidation by SCA during the curing at 150 oC. However, the 

developed ICAs showed a significant increase in bulk resistivity, from 1.28�10-3 to 3.00� 

10-3 � cm during 85 oC/85% RH aging for only 24 h. Copper readily oxidizes even at low 

temperatures and cannot form a self-protective layer to prevent further oxidation [180-

181]. Recently, Ho et al. investigated the properties of ICAs filled with copper and 

copper alloyed with Ag, Ge, Mg and Zn in terms of electrical conductivity, thermal 

stability, and the effects of the trace alloy elements on the oxidation resistance of the 

metallic fillers [179]. The ICAs filled with these fillers showed similar electrical 

conductivity after curing. However, after exposure at 125 oC for 1000 h in air, the 

resistivity of ICAs filled with copper alloyed with silver and Mg increases from 2.38�10-4 



 122 

to 2.43�10-3 � cm and from 4.53 �10-4 to 7.3�10-3 � cm, respectively. The resistivity of 

ICAs filled with other fillers (such as Ge and Zn) increased dramatically. 

To enhance oxidation resistance of copper particles, the effect of coating copper 

particles with silver has been investigated [24-26, 178-179]. Lin et al. reported that a 

silver coating on copper flakes provided good oxidation resistance at temperatures lower 

than 175 oC [24]. However, the resistivity of ICAs filled with the silver-coated copper 

flakes increased from 1.6�10-3 � cm before the treatment of the fillers to 2.5�10-3 � cm 

after the heat treatment at 175 oC for two hours as a result of the formation of Cu2O on 

the silver-coated copper flakes (38). The oxidation of silver-coated copper flakes may 

result from incomplete plating of the copper flakes with silver. Park et al. investigated the 

effect of SCAs and dispersing agents on the electrical conductivity and corrosion stability 

of silicone sealants filled with silver-coated copper powders [26]. With the most effective 

SCA, 3-aminopropyltriethoxysilane, silicone sealants filled with the silver-coated copper 

flakes showed a 30% increase in the resistivity after storage at 50 oC for 24 h. These 

results indicate oxidation of the silver-coated copper powders at high temperatures. 

Additionally, due to the difference in electrochemical potential between copper and 

silver, galvanic corrosion can occur in pits in the silver plating. Although silver-coated 

copper has been used with limited success, the coating of silver on copper particles 

greatly prevents the oxidation of copper particles. 

5.1.2 Production of Silver-coated Copper Particles 

 In order to overcome copper oxidation/corrosion, the production of silver-coated 

copper particles (including sphereical particles, flakes and other forms) has been 

explored. Generally the coating of copper particles with silver can be achieved by either 
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electroplating or electroless plating. Takeshima et al. in US Patent No. 4,954,235 

describes the electroplating of fine copper particles (0.1-10 �m) with silver [182]. Figure 

5.1 shows schematic principle of the electroplating of copper particles with silver.  A 

stationary circulating flow of a suspension of copper particles in the copper ion-

containing electrolyte is specially designed in the bath to collide with the surface of the 

cathode, but not coming in contact with anode. When the particles come to contact with 

the surface of the cathode, electric charges of the cathode transfer to the particles (Figure 

5.2 (a)) and then the charged particles leave the surface (Figure 5.2 (b)). Silver ions 

which are present in the vicinity of the charged particles electrostatically come in contact 

with the charged particles and deposit thereon (Figure 5.2 (b)). The flow of the copper 

particle suspension is repeatedly brought in collision with the cathode and the coating 

process proceeds continuously. If all the surface of the cathode is unceasingly hit by 

copper particles, then silver ions in the electrolyte may only deposit on the surface of 

copper particles without substantial deposition on the surface of the cathode. To meet this 

desired condition, optimization of the particle concentration and particle velocity is 

essential. The electroplating method is very difficult to uniformly electroplating of each 

and every copper particle with a size smaller than 10 µm with a high yield.   
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Figure 5.1 Schematic illustration of electroplating of copper particles with silver. 

  

 

 

Figure 5.2 Schematic illustration of electroplating process of a single particle. 

 

Electroless silver plating on copper particles has been found to be more efficient. 

According to US Patent 5,945,158, electroless silver plating on copper particles usually 

involves four steps [183]:  
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1. Removal of copper oxides and hydroxides by ammonia and ammonium sulfate to 

provide a clean surface for silver deposition (eqn. (1)-(3)). 

  

Cu2O + 2NH4OH+ (NH4)2SO4 = [Cu(NH3)2]SO4 + 3H2O (1)

CuO + 2NH4OH+ (NH4)2SO4 = Cu(NH3)4SO4 + 3H2O (2)

Cu(OH)2 + 2NH4OH+ (NH4)2SO4 = Cu(NH3)4SO4 + 3H2O (3)  

 

2. Once the copper surface is clean and activated, silver ion solution, which is freshly 

prepared by dissolution of silver nitrite in ammonium hydroxide (eqn. (4)-(6)) were 

added to the slurry of copper particles in the ammonium sulfate solution plus a reducing 

agent, i.e. sodium potassium tartrate. Sodium potassium tartrate functions as both a mild 

reducing agent of the silver ions and as a complexing agent for Cu2+ ion to suppress 

precipitation of copper hydroxides.  

 

2AgNO3+ 2NH4OH = Ag2O + 2NH4NO3 + H2O (4)
Ag2O + 4NH4OH = 2[Ag(NH3)2]OH + 3H2O (5)

[Ag(NH3)2]OH + NH4NO3 = [Ag(NH3)2]NO3 + NH4OH (6)  

 

3.  After the addition of the silver ion solutions and the reducing agent, the following 

displacement reaction takes place at the active copper surface (Eqn. (7)).  A comparison 

of the standard reduction-oxidation potentials indicates the displacement reaction is 

favored [184]. 
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Cu + 2[Ag(NH3)2]NO3 = [Cu(NH3)4]2(NO3)2 + 2Ag Eo = +0.696 V (7)

Ag(NH3)2
+ + e = Ag + 2NH3 Eo = +0.373 V

Cu + 4NH3 - 2e = Cu(NH3)4
2+ Eo = -0.05 V

 

 

4. Subsequent reduction of the silver ion by sodium potassium tartrate, as proposed (eqn. 

(8) and (9)), leads to the growth of silver coating at room temperature.  

 

 

2Ag(NH3)2
+ + 2OH- = Ag2O + 4NH3 + H2O (8)

OH

OH

O

O

O
O3Ag2O + + 2OH- = 6 Ag + 3H2O + O

O

O

O

(9)

 

The resulting silver-coated copper particles are filtered and washed with deionized water 

at pH=7 and finally dried at 105 oC. Although the production of silver-coated copper 

flakes has improved significantly, integral silver coverage on copper particles with 

uniform thickness remains a challenge. Therefore, the prevention of oxidation and 

corrosion of the exposed copper on silver-coated copper flakes is crucial for the 

preparation of highly reliable ICAs filled with silver-coated copper flakes.  

5.1.3 Copper Oxidation and Galvanic Corrosion 

 As is well known, copper is susceptible to oxidation. Oxidation occurs under both 

dry and wet conditions and usually becomes more serious under high temperatures.  

However, a galvanic corrosion happens only when the following conditions are met: (a) 

two metals with different electrochemical potentials (see Table 5.1) are present and 
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connected; (b) an aqueous phase with electrolyte exists; and (3) one of the two metals has 

electrochemical potential lower than the potential of the reaction (H2O +O2 + 4e- = 4OH-

), which is 0.4 V under the standard condition.  Since the plating of silver on the surface 

of copper particles is not integral, galvanic corrosion of silver-coated copper flakes can 

occur when moisture and oxygen come in contact with the copper-silver interface. The 

difference in the electrical potential serves as the driving force for the electron flow 

between two metals. As a result, the copper acts as an anode and tends to corrode while 

the silver acts as a cathode and is protected. The reactions are shown as follows: 

At the anode (i.e. exposed copper): 

22 4 2Cu e Cu �� �  

At the cathode (i.e. silver plating) 

2 22 4 4O H O e OH �� � �  

The OH- produced at the cathode will migrate and diffuse to the anode and react with 

Cu2+ to form Cu(OH)2. Consequently, the electrical conductivity of silver-coated copper 

flakes and thus ICAs filled with silver-coated copper flakes is degraded due to the 

formation of insulative Cu(OH)2. 

 

Table 5.1 Electrochemical potential values for selected metals. 

Element Reaction Potential (V) 
Gold Au+ + e- = Au 1.691 

 Au3+ + 3e- = Au 1.50 
Silver Ag+ + e- = Ag 0.799 

Copper Cu+ + e- = Cu 0.521 
Oxygen, 

water 
2H2O + O2 + 4e-= 4OH- 0.401 

Copper Cu2+ + 2e- = Cu 0.342 
Hydrogen 2H+ + 2e- = H2 0 

Lead Pb2+ + 2e- = Pb -0.126 
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Table 5.1 continued 
 

  

Tin Sn2+ + 2e- = Sn -0.138 
Nickel Ni2+ + 2e- = Ni -0.257 

Chromium Cr3+ + 3e- = Cr -0.744 
Zinc Zn2+ + 2e- = Zn -0.762 

Magnesium Mg2+ + 2e- = Mg -2.372 

 

5.1.4 Copper Corrosion Prevention Using Corrosion Inhibitors 

 Copper, one of the most important metals, has a wide variety of industrial 

applications due to its excellent electrical, thermal and mechanical properties. Corrosion 

of copper plays a very important role in the diverse applications and consequently, 

studying the corrosion prevention of copper has attracted much attention. Corrosion 

inhibitor, defined as a chemical compound that decreases the corrosion rate of a material, 

typically a metal or an alloy [185], remains an effective approach to protect the copper 

from corrosion in various aggressive environments. There are several types of corrosion 

inhibitors [185].  

� Anodic corrosion inhibitors. Anodic inhibitors usually act by forming a protective 

oxide film on the surface of the metal (where metal is corroded) and thus directly 

control corrosion by preventing the reaction that causes corrosion.  

� Cathodic corrosion inhibitors. Cathodic inhibitors form a protective film coating 

of the cathodic metal (where metal is not lost) and thus indirectly prevent 

corrosion by limiting the diffusion of reducing species to the cathodic metal 

surface. As every oxidation requires the reduction to occur at the same time, the 

slow diffusion reduces the corrosion rate.  Oxygen scavengers can react with the 

dissolved oxygen in the system to reduce the corrosion rate. 



 129 

� Mixed corrosion inhibitors. Mixed inhibitors are organic materials that absorb on 

the surface and thus block both anodic and cathodic reactions.  

� Volatile corrosion inhibitors. Volatile corrosion inhibitors (VCI), also called 

vapor phase inhibitors (VPI), are compounds transported in a closed environment 

to the site of corrosion by volatilization from a source. 

Various organic corrosion inhibitors have been widely used to retard or prevent the 

oxidation and corrosion of copper. These corrosion inhibitors include azoles [186-187], 

amines [188-192], amino acids [193], triphenylmethane derivatives [194], thiol group 

compounds [195], phosphates [196] and other organic compounds [197]. Figure 5.3 

shows some examples of effective copper corrosion inhibitors in various environments.  

These effective organic corrosion inhibitors typically contain a �-system and/or 

heteroatoms such as nitrogen (N), sulfur (S), or phosphorus (P), which improves the 

inhibitor efficiency. This has been explained by the formation of coordinative bonds 

between vacant d orbitals in Cu atom and atoms able to donate electrons [197].  Among 

these organic corrosion inhibitors, benzotriazole (BTAH, Figure 5.3, 1) has been reported 

to be one of the most effective copper corrosion inhibitors.   
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Figure 5.3 Examples of copper corrosion inhibitors. 1: benzotriazole; 2: 2-

mecaptobenzothiazole; 3: 1-phenyl-5-mercapto-1,2,3,4-tetrazole; 4: 1-phenyl-4-

methylimidazole; 5: N-phenyl-1,4-phenylenediamine; 6: 4-aminobenzenethiol; 7: 

Tryptophan; 8: triphenylmethane; 9: Triphenyl phosphate.  

 

However, contradictory inhibitor mechanisms have been proposed and the mechanism by 

which BATH interact with copper surface remains to be elucidated. Generally, BATH 

acts as a mixed corrosion inhibitor, but the predominant effect is on inhibition of anodic 

reaction. The inhibition process generally involves (i) the absorption of the corrosion 

inhibitor on the surface of copper where copper undergoes oxidation to Cu+; (ii) the 

formation of protective insoluble copper complex on the surface, preventing the copper 
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surface from corrosion [197-199]. Cotton and his co-workers pioneered research of using 

BTAH as a copper corrosion inhibitor and postulated that the complex existed in a linear 

polymeric form (Figure 5.4) [200]. In this proposed structure, copper was bonded by 

coordination involving a lone pair of electrons from one nitrogen atom and a Cu-N bond 

formed by replacement of the H atom from the N-H group. It is generally believed that 

the superior corrosion inhibition efficiency of BTAH is attributed to both the formation 

of strong Cu-N chemical bond and the formation of [Cu-BTA]n polymeric complex. The 

formation of polymeric complex not only improve the stability of the protective film on 

the copper surface but also increase the packing density, making the protective film an 

effective barrier against diffusion of aggressive ions from the surrounding to the copper 

surface and passage of metal ion into the surrounding.  
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Figure 5.4 Copper-benzotriazole complex chemisorbed on the copper surface as 

postulated by Cotton [200].  

 
Despite high corrosion inhibition efficiency of BTAH, it should be emphasized 

there is no universal solution for effective copper corrosion inhibition. For example, 
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thiazoles and benzotriazole show a good protection except in strongly acidic media, 

where tetrazoles and imidazoles show a high inhibition efficiency. Benzotriazole loses its 

high efficiency where sulfide ions are present in the environment. The efficiency of a 

corrosion inhibitor depends strongly on the factors causing corrosion such as 

concentration of corrosion inhibitor, pH and temperature. In most cases, effective 

corrosion inhibitors were determined experimentally from a large set of organic 

compounds and the experiments provides only the information whether a specific 

corrosion inhibitor is effective or not in a given environment.  Therefore, a specific 

corrosion inhibitor has to be selected or tailored for a specific application.  

Although the formation of dense layers of polymeric complex improves the 

corrosion inhibition efficiency, these dense layers could prevent the electron transport 

across conductive fillers within ICAs. Another disadvantage is the low thermal stability 

of benzotrizole on the copper surface. It was reported that in oxygen containing 

environment, benzotriazole was quickly lost from the surface at temperatures above 150 

oC. Recently, many papers have been published on the use of intrinsically conductive 

polymers [201-203] and their derivatives [202, 204-205] as a corrosion inhibitor for 

copper. These polymers may function as macromolecular corrosion inhibitors as they 

reduce the number of active sites on the metal surface through adsorption and may act as 

a physical barrier by decreasing the transport of corrosive agents [206]. But their low 

processability, poor mechanical properties and inadequate thermal stability significantly 

limit their use as corrosion inhibitors [207]. Moreover, their insolubility with epoxy 

resins may further restrict their applications in electronic industry [208]. 



 133 

In this chapter, N-phenylaminopropyltrimethoxylsilane (NPAPTMS) has been 

selected as copper corrosion inhibitor. Previous studies in our research group indicated 

that, in contrast with other molecules studied, NPAPTMS can prevent the oxidation of 

copper flakes effectively during thermal curing at 150 oC and subsequent reliability tests. 

Moreover, the reaction of the secondary amine groups with epoxy leading to the 

formation of tertiary amine groups enables an effective protection of copper surface at 

high temperatures as the tertiary amine groups are linked to the highly cross-linked 

polymer matrix, which decompose at temperatures higher than 300 oC. Additional 

advantage may involve the adhesion improvement between conductive adhesives and 

silicon chips as the reaction between NPAPTMS and silicon chips occurs. 

  

H
N CH2CH2CH2 Si

OCH3

OCH3

OCH3  

 

Figure 5.5 Molecular structure of N-phenylaminopropyltrimethoxylsilane. 

5.2 Experimental  

5.2.1 Materials  

 Diglycidyl ether of bisphenol F (DGEBF) having an epoxide equivalent weight of 

165-173 was supplied by Shell Chemical Company. The curing agent, Lindride 52D 

(methylhexahydrophthalic anhydride), was provided by Lindau Chemical Inc. Silver-

coated copper flakes and the catalyst, 1-cyanoethyl-2-ethyl-4-methylimidazole 

(2E4MZCN), were donated by Ferro Corp. and Shikoku Chemicals Corp. (Japan), 
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respectively. Silver-coated copper flakes (RDAGCU) have an aspect ratio of 3 and silver 

thickness of about 150 nm.  

5.2.2 Surface Modification of Silver-coated Copper Flakes 

 Silver-coated copper flakes (5 g) were dispersed in 10 mM NPAPTMS in ethanol 

and were stirred at room temperature for 24 hours. Then the mixture was centrifuged and 

the flakes were re-dispersed in ethanol four times in an effort to remove non-adhering 

molecules. Finally, the modified silver-coated copper flakes were dried in vacuum before 

further use. 

5.2.3 Preparation of ICAs Filled with Silver-coated Copper Flakes 

 ICAs filled with silver-coated copper flakes were prepared by curing the mixture 

of DGEBF, curing agent, catalyst, and 80 wt% untreated silver-coated copper flakes (or 

silver-coated copper flakes modified by NPAPTMS) at 150 oC for 1 hour. It was found 

that silver-coated copper flakes were easily dispersed in the epoxy resin after surface 

modification with NPAPTMS. For comparison, NPAPTMS (1 wt% of the mixture) was 

also in-situ incorporated into the ICAs filled with the untreated silver-coated copper 

flakes. 

5.2.4 Characterization 

 A thermogravimetric analyzer (TGA) from TA Instruments, model 2050 was used 

to study the oxidation of silver-coated copper flakes in air. The temperature was raised 

from 25 oC to 600 oC at a heating rate of 10 oC/min. 

The resistivity of ICAs was measured according to the method described in 

chapter 2. Contact resistance of ICAs in a circuit was studied on the test coupon depicted 
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in Figure 5.6. The test coupon consisted of etched metal patterns and a FR-4 organic 

substrate fabricated by Standley Circuit (Englewood, CO). Then the ICA was stencil-

printed on the gaps between every two metal patterns. After the ICA was cured, the 

contact resistance of the patterned circuit was measured with the multimeter attached to 

the two ends of the pattern. 

 

 

 

 

Figure 5.6 Test coupon for contact resistance measurement. 

 

The specimens were exposed to 85 oC/85% RH in a temperature/humidity 

chamber (Lunaire Environmental, model CEO932W-4) and were exposed to dry heat at 

85 oC in a thermal oven.  

The resistance of each specimen was measured periodically for more than 1000 

hours. Reflow tests were conducted in a BTU oven (BTU International). The reflow oven 
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has seven chambers and one cooling station. The temperatures for each chamber were set 

as 75, 110, 156, 198, 221, 255 and 175 oC, characteristic of a typical lead-free reflow 

profile. After each reflow, resistance of the specimens was measured and resistivity was 

calculated accordingly. 

5.3 Results and Discussion  

5.3.1 Characterization of Silver-coated Copper Flakes 

 Figure 5.7 shows the SEM images of the untreated silver-coated copper flakes. 

The size of silver-coated copper flakes is mainly about 5-10 �m (Figure 5.7 (a)). It was 

observed taht some pits exist on the surface of silver-coated copper flakes, which may be 

due to the incomplete plating of copper flakes with silver. As shown in Figures 5.7, 5.8 

and 5.9, some flakes showed a relatively smooth surface while others were coated with 

nanoparticles. Energy-dispersive X-ray spectroscopy (EDX) of the smooth regions 

indicated that these smooth surfaces had a little amount of silver (Figure 5.8) and some 

relatively dark region shows the present of a fair amount of oxygen indicating that copper 

oxides forms in the detected area (Figure 5.9). EDX of the surface decorated with 

nanoparticles indicates the presence of a relatively large amount of silver. Therefore, 

these nanoparticles are silver nanoparticles plated on the surface of copper flakes. Figure 

5.10 shows the XRD spectrum of the silver-coated copper flake. In addition to copper, 

silver crystaline phase was clearly identified.  

Oxidation of silver-coated copper flakes was characterized by TGA (Figure 5.11). 

The TGA result indicates that oxidation of silver-coated copper flakes occurred at around 

150 oC in air (Figure 5.11, inset) and continued up to 600 oC, by which temperature the 

weight gain was 22.2%. For silver-coated copper flakes modified by NPAPTMS, the 
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weight loss occurred from 110 oC and continued up to 300 oC with a weight loss of 

0.75% (Figure 5.11, inset), which verifies the presence of NPAPTMS on the surface of 

silver-coated copper flakes. It could be possible that, during the heating in the 

temperature range of 150-300 oC, the weight loss of NPAPTMS on the silver-coated 

copper flakes and the weight increase of the silver-coated copper flakes due to oxidation 

both occurred. However, comparing the amount of the weight increase of untreated 

silver-coated copper flakes (20.44%) with that of the modified one (15.85%) in the 

temperature range of 300-600 oC, it can be concluded that the onset of oxidation of silver-

coated copper flakes modified by NPAPTMS has been significantly delayed. 

 

 

(a) 
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                                                                     (b) 

Figure 5.7 SEM images of silver-coated copper flakes (a) and (b). 
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Figure 5.8 SEM-EDX of silver-coated copper flakes in the region A in Figure 5.7. 
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Figure 5.9 SEM-EDX of silver-coated copper flakes in the region B in Figure 5.7. 
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Figure 5.10 XRD of silver-coated copper flakes. 

 

Figure 5.11 TGA of silver-coated copper flakes in air (a) untreated and (b) treated with 

NPAPTMS. Inset shows the temperature range from 100 to 200 oC. 
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5.3.2 Electrical Properties of ICAs Filled with Silver-coated Copper Flakes 

 Figure 5.12 shows the electrical resistivity of ICAs filled with silver-coated 

copper flakes with different processes. Bulk resistivity of ICAs filled with 80 wt% 

untreated silver-coated copper flakes is about 1.3×10-3 � cm, similar to the value of 

1.6×10-3 � cm reported in the literature [24]. By in situ incorporation of NPAPTMS, bulk 

resistivity of ICAs filled with untreated silver-coated copper flakes was decreased to 

7×10-4 � cm. The ICA filled with silver-coated copper flakes modified by NPAPTMS 

showed the lowest bulk resistivity of 2.4×10-4 � cm, similar to that of commercially 

available silver-filled ICAs (�10-4 � cm). Tan et al. reported that bulk resistivity of silver 

flake-filled ICAs was decreased from about 6.9×10-4 to about 5.5×10-4 � cm with 

addition of a silane coupling agent (KH-570 SCA) [209]. Improvement of electrical 

conductivity was also observed for composites filled with silver nanopartiles modified by 

3-aminopropyl triethoxysilane, compared with the untreated one [210]. It is believed that 

the remarkable improvement in the dispersion of silver fillers in the polymer matrix and 

the enhanced adhesion between fillers and polymer matrix contributed to the improved 

electrical conductivity [209-210]. In the present study, the improved dispersion of silver-

coated copper flakes modified by NPAPTMS in the polymer matrix could also contribute 

to the better electrical conductivity. However, the main reason could be the coordination 

of nitrogen on NPAPTMS to the exposed copper [211] of silver-coated copper flakes, 

thus protecting copper from oxidation during curing at 150 oC. This explanation is 

supported by the TGA result (Figure 5.11) indicating that silver-coated copper began 

oxidation at the curing temperature (150 oC) in the absence of oxidation prevention.  
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Figure 5.12 Electrical resistivity of ICAs filled with (a) untreated silver-coated copper 

flakes, (b) untreated silver-coated copper flakes with in-situ incorporation of NPAPTMS 

and (c) silver-coated copper flakes modified by NPAPTMS. 

5.3.3 Reliability Tests of ICAs 

 The National Center for Manufacturing Sciences (NCMS) has set a standard for 

conductive adhesives intended to replace solder that if the shift in contact resistance is 

less than 20% after 500 hours of aging at 85 oC/85% RH, then contact resistance is 

defined as “stable” [212]. The contact resistance shifts of ICAs filled with untreated and 

treated silver-coated copper flakes aging at 85 oC/85% RH are compared and the results 

are shown in Figure 5.13. Obviously, the ICAs filled with silver-coated copper flakes that 

are modified by NPAPTMS showed much more stable contact resistance than the ICA 

containing the untreated silver-coated copper flakes. It was found that bulk resistivity of 

the ICA filled with untreated silver-coated copper flakes dramatically increased during 

aging. Therefore the contact resistance of ICAs filled with untreated silver-coated copper 
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flakes was not stable. However, the increase in contact resistance of the ICAs filled with 

silver-coated copper flakes modified by NPAPTMS on a Ni/Au surface was less than 

10% during aging for more than 1000 hours. The effective stabilization of contact 

resistance resulted from the chemical coordination of NPAPTMS to the exposed copper 

of silver-coated copper flakes, and thus NPAPTMS acted as a protective layer, preventing 

the galvanic corrosion. 

 

Figure 5.13 Contact resistance shifts of ICAs filled with (a) untreated silver-coated 

copper flakes and (b) silver-coated copper flakes modified by NPAPTMS aging at 85 

oC/85% RH. 

 
Figure 5.14 shows the contact resistance shifts of ICAs filled with untreated and 

treated silver-coated copper flakes on a Ni/Au surface after reflows. As silver-coated 

copper flakes started to be oxidized at 150 oC (Figure 5.11), the oxidation of exposed 

copper of silver-coated copper flakes led to the increase in contact resistance of ICAs 
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filled with untreated silver-coated copper flakes by more than 90% after 3 reflows. 

However, ICAs filled with silver-coated copper flakes modified by NPAPTMS showed 

decreased contact resistance. Although NPAPTMS started to detach from the surface of 

silver-coated copper flakes at 110 oC, the reaction of the SCA with the epoxy matrix 

during cross-linking will prevent oxidation of the exposed copper of silver-coated copper 

flakes during reflow process with a peak reflow temperature of 255 oC. The decreased 

contact resistance may result from the post curing effect of ICAs [65, 213]. 

 

Figure 5.14 Contact resistance shifts of ICAs filled with (a) untreated silver-coated 

copper flakes and (b) silver-coated copper flakes modified by NPAPTMS during reflow 

processes. 

5.4 Conclusions 

 In summary, by surface modification of silver-coated copper flakes with 

NPAPTMS, the ICAs with bulk resistivity as low as 2.4×10-4 � cm has been formulated. 
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The resistivity is comparable to that of commercially available silver-filled ICAs (�10-4 � 

cm). The reduced resistivity of the ICAs filled with the modified silver-coated copper 

flakes compared with the ICAs filled with untreated silver-coated copper flakes was 

attributed to the oxidation prevention of the silver-coated copper flakes by NPAPTMS 

during curing. More importantly, contact resistance of the ICAs filled with the modified 

silver-coated copper flakes on a Ni/Au surface was stabilized for more than 1000 hours of 

aging at 85 oC/85% RH and after three reflows with a peak reflow temperature of 255 oC. 

The development of highly reliable, highly conductive and low cost ICAs filled with 

silver-coated copper flakes will allow them to be widely used in electronic packaging. 
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CHAPTER 6 

PREPARATION OF HIGHLY RELIABLE LOW COST ICAS USING 

AMINE CURING AGENT AS CORROSION INHIBITOR 

 

 This chapter investigates the development of highly conductive, highly reliable 

and low cost ICAs by the in situ protection of silver-coated copper flakes with an amine 

curing agent. First, the epoxy resin cured with an anhydride or amine curing agent is 

characterized by Fourier Transform Infrared Spectroscopy (FT-IR). This chapter 

compares the electrical resistivity of between ICAs cured with an anhydride and ICA 

cured with an amine and their resistivity stability during reliability tests. The reasons why 

ICAs cured with the amine have lower resistivity and better reliability than ICAs cured 

with the anhydride are discussed. 

 

6.1 Introduction 

 In chapter 5, it has been found that copper surface modified with amine silane 

coupling agent (N-phenylaminopropyltrimethoxylsilane, NPAPTMS) can effectively 

prevent the oxidation of silver-coated copper flakes during curing at 150 oC and 

subsequent corrosion during 85 oC/85% RH aging and triple reflow test. It was also found 

that in situ incorporation of NPAPTMS into formulation is not as effective as surface 

modification of silver-coated copper flakes with NPAPTMS. In many industrial 

applications, it would be more desirable to formulate ICAs without a complicated process 

(such as surface modification).  
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In this chapter, an amine curing agent is selected for the preparation of highly 

reliable, highly conductive, and low-cost ICAs filled with silver-coated copper flakes. 

This is because amines have been reported as effective copper corrosion inhibitors, 

including primary, secondary and tertiary amines. The coordination of the amine curing 

agent to the exposed copper of silver-coated copper flakes prevents the oxidation of the 

exposed copper during the ICA curing at 150 oC. After curing, the formed ample 

secondary and tertiary amine groups could further protect the exposed copper surface 

from oxidation/corrosion effectively in harsh environments.  

6.2 Experimental  

6.2.1 Materials 

 Diglycidyl ether of bisphenol F (DGEBF) with an epoxide equivalent weight of 

165-173 was supplied by Shell Chemical Company. Isophorone diamine (IPDA) was 

purchased from Sigma-Aldrich. Silver-coated copper flakes (RDAGCU) with an aspect 

ratio of 3 and silver thickness of about 150 nm were donated by Ferro Corp. The catalyst, 

1-cyanoethyl-2-ethyl-4-methylimidazole (2E4MZCN), and methylhexahydrophthalic 

anhydride (MHHPA) were donated by Shikoku Chemicals Corp. (Japan) and Lindau 

Chemicals Corp., respectively.  

6.2.2 Preparation of ICAs Filled with Silver-coated Copper Flakes 

 ICAs filled with silver-coated copper flakes were prepared by curing the mixture 

of DGEBF, the curing agent, the catalyst and 80 wt% silver-coated copper flakes at 150 

oC for 1 hour. Two curing agents, MHHPA and IPDA were used. 

6.2.3 Characterization  
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 FT-IR spectra of anhydride- and amine-cured epoxies were recorded using 

Nicolet FT-IR spectrometer (Magna IR 560) at room temperature after curing. All the 

spectra were obtained in the spectral range of 400-4000 cm-1 at a resolution of 2 cm-1 and 

256 repetitive scans were averaged per spectrum.  

 The specimens were exposed to 85 oC/85% RH in a temperature/humidity 

chamber (Lunaire Environmental, model CEO932W-4) and 85 oC/dry in a thermal oven. 

The resistance of each specimen was measured periodically for more than 1000 hours. 

Reflow tests were conducted in BTU oven (BTU International). The reflow oven has 

seven chambers and one cooling station. The temperatures for each chamber were set as 

75, 110, 156, 198, 221, 255 and 175 oC, characteristic of a typical lead-free profile. After 

each reflow, resistance of the specimens was measured and resistivity was calculated 

accordingly. 

6.3 Results and Discussion  

6.3.1 Curing Mechanism and FT-IR Spectra of an Epoxy Cured with Anhydride or 

Amines 

 Figure 6.1 shows FT-IR spectra of MHHPA (Figure 6.1 (a)), DGEBF (Figure 6.1 

(b)) and MHHPA-cured DGEBF (Figure 6.1 (c)). Peak assignments of the spectra are 

summarized in Table 6.1. The major differences in the spectrum before and after curing 

are as follows: (1) a broad feature of the stretching of –OH at 3527 cm-1 was observed 

after curing; (2) the disappearance of the bands at 1861 and 1784 cm-1 assigned to 

stretching of C=O and at 1219 cm-1 to the stretching of C-O indicated that the reaction of 

anhydride with DGEBF occurred; (3) the intensity at 915 cm-1 decreased, indicative of 
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the reduction in the amount of epoxide groups; (4) appearance of the peaks at 1737 and 

1175 cm-1 due to the stretching of C=O and C-O verified the formation of ester linkages.  

 

Figure 6.1 FT-IR Spectra of (a) MHHPA, (b) DGEBF and (c) MHHPA-cured DGEBF. 

 

Table 6.1 Peak assignments in the FT-IR spectra of DGEBF, MHHPA, MHHPA- and 

IDPA- cured DGEBF [214-220]. 

DGEBF MHHPA 

 

MHHPA-

cured 

DGEBF  

IPDA IPDA-cured 

DGEBF 

Assignments 

 3620    �(O-H) , free 

3503  3527  3550 �(O-H),  hydrogen bonded 

   3382 

3351 

3280 

3184 

 �(N-H) , primary amine 

 

      



 151 

Table 6.1 continued      

    3421 �(N-H), secondary amine 

3060  3061  3060 �(�-H) 

3032  3032  3032 �(�-H) 

2950 2954  2950  �as(CH3) 

2924 2926  2903  �as(CH2) 

 2871 2869   �s(CH3) 

   2838  �s(CH2) 

2836     �s(OCH2) 

 1861    �s(C=O), anhydride 

 1784    �as(C=O), anhydride 

  1737   �(C=O), ester 

1611  1609  1609 �(C=C)� 

   1604  �(N-H), primary amine 

1583  1586  1585 �(C=C)� 

  1510   �(C=C)� 

1452 1458   1452 �(CH2) scissors 

1243  1242  1242 �C(�)-OC(alkyl) 

  1175   �(C-O), ester 

1108  1111  1113 �(C-OH), alcohol 

�(C-O-C), ether 

1040  1040  1034 �C(�)O-C(alkyl) 

 1219    �(C-O), anhydride 

 947    anhydride ring 

915  915  915 epoxide  

 901    anhydride ring 

838  836   �(�-H) out of plane 

�(C-O-C(�)), ether 

�: stretching, �as: asymmetric stretching, �s: symmetric stretching, �: deformation, �: benzene ring.  

 The mechanism of addition of amines to an epoxy ring is complicated as inter- 

and intra-molecularly complexes may form in the starting substance [220]. Moreover, the 
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addition of hydroxyl group containing compounds (water/moisture, alcohols, phenols and 

acids) facilitates nucleophilic attack of amine to the carbon atoms of epoxy rings. The 

following equations (Figure 6.2) briefly describe the main reactions of an epoxy resin 

with the amine [215, 221-223]. The initial step involved the addition of active hydrogen 

to the epoxy group and formed a secondary amine. The secondary amine may further 

react with an epoxy resin to form a tertiary amine. In addition, the etherification of a 

hydroxyl group with epoxide groups may occur. As a result, a cross-linked polymer 

network is generated since both epoxy and amine are multifunctional. Amines are more 

reactive than anhydride and can react with epoxy resins at room temperature. It should be 

pointed out that the diffusivity of the reactive functional groups are seriously restricted as 

the reaction of amine with epoxy resins proceeds and the glass transition temperature of 

the mixture approaches the reaction temperature, although there is a significant amount of 

reactive functional groups available. Consequently, the available functional groups such 

as amino groups dramatically increase moisture absorption. Therefore, a high curing 

temperature (150 oC) is employed to achieve low moisture absorption of the resulting 

polymer. Figure 6.3 shows FT-IR spectra of DGEBF, IPDA and IPDA-cured DGEBF. 

The peak assignments are also generalized in Table 6.1. After curing, a very small band 

at 915 cm-1 indicated that epoxide groups were almost reacted. The peaks at 3382, 3351, 

3280 and 3184 cm-1 due to the stretching of N-H were changed to the broad absorption at 

3421 cm-1, which was assigned to the stretching of secondary amine (N-H) [219]. 

Meanwhile, the band at 1604 cm-1 assigned to –NH2 scissor disappeared indicating the 

reaction of the primary amine. 
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Figure 6.2 Curing mechanism of IPDA with DGEBF [215, 221-223]. 

 

Figure 6.3 FT-IR spectra of (a) IPDA, (b) DGEBF and (c) IPDA-cured DGEBF. 
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6.3.2 Electrical Properties of ICAs Filled with Silver-coated Copper Flakes 

 During curing of ICAs, the polymer matrix shrinks due to the conversion of non-

covalent interactions (such as van der Waals force) to covalent bonds between an epoxy 

resin and a curing agent. Shrinkage of the polymer matrix causes more intimate contacts 

among the fillers in the composite and thus conductive networks are established within 

the polymer matrix after curing [64]. Bulk resistivity of anhydride-cured ICAs filled with 

80 wt% silver-coated copper was about 1.3×10-3 � cm, similar to the reported value of 

1.6×10-3 � cm [24]. Compared with anhydride-cured ICAs, amine-cured ICAs show a 

much lower bulk resistivity (2×10-4 � cm). This resistivity is comparable to that of 

commercially available silver-filled ICAs (~10-4 � cm). In last chapter, that bulk 

resistivity of ICAs filled with the same silver-coated copper flakes modified by 

NPAPTMS (2.4×10-4 � cm)  was much lower than that of ICAs filled with untreated 

silver-coated copper flakes (1.3×10-3 � cm). The reduced resistivity was attributed to the 

oxidation prevention of the silver-coated copper flakes by NPAPTMS during curing at 

150 oC. Yim et al. reported that the oxidation of copper flakes occurred during the curing 

of copper-filled ICAs. With the incorporation of a corrosion inhibitor, the contact 

resistance of copper-filled ICAs dramatically reduced (about 0.3 �), compared with 

copper-filled ICAs without a corrosion inhibitor (about 100 M�) [23]. In the present 

study, the main reason that amine-cured ICAs have a much lower resistivity could be due 

to the coordination of nitrogen on the curing agent to the exposed copper of silver-coated 

copper flakes, protecting the exposed copper from oxidation during curing at 150 oC. 

This explanation is supported by the TGA result (Figure 5.11), which indicates that 

silver-coated copper flakes begin oxidation at the curing temperature if there is no 
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protection. Wokaun et al. investigated the coordination of m-toluidine to a copper surface 

concluded that the primary amine bound to a copper surface via the nitrogen lone pair, 

i.e. the amine donated electron density to metal, as verified by surface enhanced Raman 

scattering studies [211]. Therefore, the coordination of amines to the exposed copper 

surface of silver-coated copper flakes could protect the exposed copper of silver-coated 

copper flakes from oxidation during curing. 

6.3.3 Reliability Tests of ICAs Filled With Silver-coated Copper Flakes 

 Bulk resistivity changes of the samples during 85 oC/dry and 85 oC/85% RH 

aging are shown in Figures 6.4 and 6.5, respectively. As can be seen from Figure 6.4, 

anhydride-cured ICAs showed a small increase in bulk resistivity while bulk resistivity of 

amine-cured ICAs decreased at first and then was stable. The decrease in bulk resistivity 

of amine-cured ICAs may result from post-annealing effect [213, 224]. However, during 

85 oC/85% RH aging, bulk resistivity of anhydride-cured ICAs increased dramatically 

with time while that of amine-cured ICAs was stable for more than 1000 hours (Figure 

6.5). One of the critical requirements for galvanic corrosion to occur is water and 

therefore, galvanic corrosion can be neglected and only simple oxidation occurred during 

85 oC/dry aging. The stable bulk resistivity of both anhydride- and amine-cured ICAs 

indicated that the oxidation of silver-coated copper flakes was not significant at 85 oC. 

However, the dramatic increase in bulk resistivity of the anhydride-cured ICAs indicated 

that galvanic corrosion came to play and was dominant during 85 oC/85% RH since ester 

groups formed during the curing of anhydride with epoxy could not protect the exposed 

copper of silver-coated copper flakes. Unlike anhydrides, amines which can chemically 

adsorbe and coordinate to copper [28, 52] have been widely reported as copper corrosion 
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inhibitors in diluted HCl, H2SO4 and HNO3 solutions. The amines include primary amine 

[189-192], secondary amine [188] and tertiary amine [225]. Therefore, considerable 

amounts of secondary and tertiary amines in the polymer network, as verified from FT-IR 

(Figures 6.3), can co-ordinatively bind to the exposed copper surface and prevent the 

galvanic corrosion of silver-coated copper flakes within the amine-cured ICAs 

effectively. The corrosion prevention maintained the stable bulk resistivity of amine-

cured ICAs during the reliability test. 

 

Figure 6.4 Bulk resistivity shifts of anhydride-cured ICAs and amine-cured ICAs during 

85 oC/dry aging.  
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Figure 6.5 Bulk resistivity shifts of anhydride-cured ICAs and amine-cured ICAs during 

85 oC/85% RH aging. 

 

 Most organic corrosion inhibitors may detach or decompose from the metal 

surfaces at elevated temperatures. Significant advantages of the novel approach in the 

present study for copper oxidation/corrosion prevention are the ample secondary and 

tertiary amines in amine-cured epoxy polymer networks available for multi-binding to 

copper surface and high decomposition temperatures of cross-linked polymers, enabling 

the effective protection of copper at high temperatures. Figure 6.6 shows bulk resistivity 

shifts of anhydride-cured and amine-cured ICAs during the triple reflow processes in air. 

After triple reflows, bulk resistivity of anhydride-cured ICAs increased by more than 

90%. This increase was the result of oxidation of silver-coated copper flakes in 

anhydride-cured ICAs at temperatures higher than 150 oC in air (Figure 5.11). On the 
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contrary, the amine-cured ICAs filled with the silver-coated copper flakes showed even 

decreased bulk resistivities at a maximum reflow temperature of 255 oC in air during the 

reflow processes. The decreased bulk resistivity was due to the post-annealing effect 

[213, 224]. The results demonstrated the excellent protection of copper from oxidation 

with amine-cured epoxy at high temperatures.  

 

Figure 6.6 Bulk resistivity shifts of anhydride-cured and amine-cured ICAs during reflow 

processes. 

6.4 Conclusions 

 In summary, by selecting the amine as a curing agent, silver-coated copper flake 

filled ICAs with bulk resistivity as low as commercially available silver-filled ICAs have 

been prepared. More importantly, the amine-cured ICAs showed stable bulk resistivity 

during 85 oC/85% RH aging for more than 1000 hours, and triple reflow tests indicated 

that the resistivity of the ICAs was stable at high temperatures (peak temperature: 255 
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oC). Galvanic corrosion was identified as the dominant mechanism underlying unstable 

resistivity of silver-coated copper filled ICAs during 85 oC/85% RH aging. The key 

points for the design of amine-cured ICAs include (1) the effective protection of the 

exposed copper surface of silver-coated copper flakes from oxidation and corrosion by 

ample amines during curing and reliability tests; (2) high decomposition temperatures of 

cross-linked polymers containing amine groups enabling the excellent protection of the 

exposed copper surface at high temperatures. The novel approach will enable the lower 

cost ICAs to be widely used in electronic packaging. 
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CHAPTER 7 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

   

7.1 Summary and Conclusions 

 Isotropically conductive adhesives (ICAs) have drawn much attention as an 

environmentally friendly solution for lead-free interconnects as they offer many 

advantages over traditional solder technology. These advantages include (1) 

environmental friendliness; (2) lower processing temperature (typically 150 oC or below) 

enabling the wide use of temperature-sensitive and low-cost components and substrates; 

(3) fewer processing steps reducing the processing cost; (4) low stress on a substrate; and 

(5) flexibility and stretchability enabling a more compliant interconnect; and (6) reduced 

cost. As the electronics follows the trend of higher performance at lower cost in a smaller 

size, two key features of ICAs, low temperature processing and ability to form flexibile 

(or stretchable) interconnects, have become increasingly important for emerging 

applications. However, compared with tin/lead solder (1.5-3×10-5 � cm), ICAs have 

lower conductivity (>1×10-4 � cm at 80 wt% loading of silver flakes). The low electrical 

conductivity limits the performance of device interconnected with ICAs. To improve the 

conductivity of ICAs, it is important to understand the electrical conduction in ICAs and 

develop higher performance ICAs to meet the requirements of emerging applications at a 

lower cost.  

In this dissertation, an in-depth study of the interface between conductive fillers 

and electrical properties of ICAs has been carried out. This dissertation aims at gaining 

an insight into the interface between conductive fillers within a polymer matrix to 
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develop economical, highly conductive, reliable ICAs processable at low temperatures 

for electronic packaging applications. The research findings are summarized in the 

following paragraphs.  

From the literature review in Chapter 1, it is evident that the interface between 

conductive fillers plays a key role in the electrical conductivity of ICAs. The high contact 

resistance existing between conductive fillers in ICAs causes ICAs to have high electrical 

resistivity. However, engineering the interface to obtain a low electrical resistivity 

(<1×10-4 � cm) remains a challenge. Chapter 2 introduces sintering technology to reduce 

the contact resistance between conductive fillers. It is found that the decomposition of the 

surface residues on silver nanoparticle plays a key role in the thermal sintering of silver 

nanoparticles. Silver nanoparticles synthesized by widely used wet-chemical methods 

may not be suitable for the preparation of highly conductive ICAs since stabilizers on the 

surface of silver nanoparticles are difficult to remove at a low temperature (<200 oC). 

Instead, silver nanoparticles in this study were synthesized by the combustion chemical 

vapor condensation (CCVC) method. CCVC offers many significant advantages over the 

most widely used wet-chemical methods to synthesize silver nanoparticles for highly 

conductive ICAs, including low decomposition temperatures of surface residues, low 

content of surface residues and increased production rates (up to 0.1-1 kg/h) [124]. The 

effects of the surface chemistry and the thermal behavior of silver nanoparticles were 

studied, which was correlated with the electrical properties of the resulting ICAs. It is 

found that silver nanoparticles with lower decomposition temperatures and lower content 

of surface residues are promising for the development of highly conductive ICAs. The 

formation of the metallurgical joints between the conductive fillers as a result of sintering 
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reduces the contact resistance effectively. This results in an ICA with electrical resistivity 

of 4.8×10-5 � cm when the ICA was cured at 180 oC.  

Based on the experimental results and the understanding obtained in chapter 2, 

Chapter 3 further optimizes silver nanoparticles for the fast preparation of printable 

highly conductive ICAs. This fast preparation is important for industrial applications as 

the trend towards mixed assembly technologies, having components attached with both 

solders and ICAs on the same board requires uniformity of the curing profile/solder 

reflow processes.  In this chapter, thermal behavior of silver flakes and silver 

nanoparticles are first investigated to provide a guideline for the processing temperature 

leading to highly conductive ICAs. It is found the fast sintering is attributed to: (1) the 

thermal decomposition of silver carboxylate-which is present on the surface of the 

incorporated silver flakes—to form in situ highly reactive silver nanoparticles; (2) the 

surface activation of the incorporated silver nanoparticles by the removal of surface 

residues. As a result, ICAs prepared at 230 oC for 5 minutes, at 260 oC for 10 minutes and 

using a typical lead-free solder reflow process show electrical resistivities of 8.1×10-5, 

6.0×10-6 and 6.3×10-5 � cm, respectively. The correlation between the rheological 

properties of the adhesive paste and the non-contact printing process has been discussed. 

With the optimal rheological properties, the formulated highly viscous pastes (221 mPa s 

at 2500 s-1) can be non-contact printed into dot arrays with a radius of 130 �m. The non-

contact printable ICA paste with superior electrical conductivity and fast processing are 

promising for the future of printed electronics. 

Although ICAs with very low resistivities have been achieved, there are many 

problems associated with the incorporation of a large amount of silver nanoparticles. 
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These problems include (1) low dispersion efficiency of untreated nanoparticles in the 

epoxy matrix; (2) the relatively high cost of silver nanoparticles; (3) the complicated and 

expensive processes such as surface functionalization limiting their industrial 

applications; and (4) difficulties in printing pastes filled with nanomaterials. Chapter 4 

describes a novel method to solve these problems and develops flexible highly 

conductive ICAs at a low temperature (150 oC) by in situ reduction of silver carboxylates 

on the surface of silver flakes into highly surface reactive silver nanoparticles. The 

formation of highly surface reactive nanoparticles leads to the sintering between silver 

flakes. In this chapter, silver flakes are treated with epoxy resins and their surface 

morphologies and properties change induced by the treatment are characterized to explain 

the conductivity enhanced mechanism. It is found that the reduction of silver flakes by 

diglycidyl ether of polypropylene glycol (DGEPG) occurs and removes the surface 

lubricant, which allows the metallurgical joints and direct metal-metal contacts between 

the conductive fillers. The formation of the metallurgical joints and direct metal-metal 

contacts reduce and even eliminate the contact resistance effectively, enabling the 

preparation of flexible highly conductive ICAs at a low temperature. The approach 

developed offers many significant advantages such as (1) reduced materials cost; (2) low 

processing temperature compatible with low cost, flexible substrates such as paper and 

PET; (3) simple processing; (4) low viscosity of the formulated pastes with DGEPG, 

allowing the pastes to be used for low cost jet-dispensing technologies; (5) tunable 

mechanical properties; and (6) both flexibility and high electrical conductivity. 

Chapters 5 and 6 describe the replacement of expensive silver flakes with low 

cost silver-coated copper flakes and develop highly reliable, highly conductive, and low 
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cost ICAs. Chapter 5 characterizes silver-coated copper flakes by SEM-EDX. It is found 

that the plating of silver on copper is not complete, which leads to the oxidation of silver-

coated copper flakes at high temperatures (>150 oC) and corrosion of silver-coated 

coppers during the reliability tests. As a result, the degradation of electrical properties of 

ICAs occurs if there is no protection for silver-coated copper flakes. By surface 

modification of silver-coated copper flakes with N-phenylaminopropyltrimethoxylsilane, 

ICAs with bulk resistivity as low as 2.4×10-4 � cm has been formulated. The resistivity is 

comparable to that of commercially available silver-filled ICAs (�10-4 � cm). The 

reduced resistivity of the ICAs filled with the modified silver-coated copper flakes 

compared with the ICAs filled with untreated silver-coated copper flakes was attributed 

to oxidation prevention of the silver-coated copper flakes by N-

phenylaminopropyltrimethoxylsilane during curing. More importantly, the contact 

resistance of the ICAs filled with the modified silver-coated copper flakes on a Ni/Au 

surface has been stabilized for more than 1000 hours during 85 oC/85%RH aging and 

after three reflows with a peak reflow temperature of 255 oC.  

Chapter 6 introduces a novel approach for the development of highly conductive, 

highly reliable and low cost ICAs by in situ protection of silver-coated copper flakes with 

an amine curing agent. The coordination of the amine curing agent to the exposed copper 

of silver-coated copper flakes prevents the oxidation of the exposed copper during the 

ICA curing at 150 oC. After curing, the formed ample secondary and tertiary amine 

groups could further protect the exposed copper surface from oxidation/corrosion 

effectively in harsh environments. In comparison with an anhydride-cured ICA 

(resistivity: ~1.3×10-3 � cm), an amine-cured ICA exhibits a much lower bulk resistivity 
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(~2×10-4 � cm). This resistivity is comparable to that of commercially available silver-

filled ICAs. Galvanic corrosion was identified as the dominant mechanism underlying 

unstable resistivity of silver-coated copper filled ICAs during 85 oC/85% RH aging. 

Moreover, amine-cured ICA shows very stable bulk resistivity during 85 oC/85% RH 

aging for more than 1000 hours and triple reflow tests with a peak reflow temperature at 

255 oC. The key points for the design of amine-cured ICAs involve (1) the effective 

protection of the exposed copper surface of silver-coated copper flakes from oxidation 

and corrosion by ample amines during curing and reliability tests; (2) high decomposition 

temperatures of cross-linked polymers containing amine groups enabling the excellent 

protection of the exposed copper surface at high temperatures. 

It is concluded that: 

(1) engineering the interface between conductive fillers within the polymer 

matrix, that is, enabling the sintering between conductive fillers at a low temprerature, is 

the key to the development of highly conductive ICAs at a low temperature; 

(2) Oxidation prevention of low cost conductive fillers during curing and the 

corrosion prevention of the conductive fillers in the reliability tests are crucial to achieve 

highly reliable, highly conductive, and low cost ICAs.  

7.2 Future Work 

7.2.1 Insights into ICAs with the Flexible Epoxy or Other Additives 

 In this dissertation, ICAs with the electrical resistivity of on the order of 10-5 � 

cm have been developed at 150 oC. It is very clear that the sintering of silver flakes leads 

to the significant decrease in the electrical resistivity. However, further research need to 
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be conducted. (1) The oxidation product of primary –OH should be verified. Instead of 

using commercial products like a mixture of compounds with different molecular 

weights, it is suggested to use pure compounds; Moreover, a systematic study of a series 

of molecules with different amount of –OH groups per mole of molecules, i.e. additives 

with –OH groups, can be further performed. (2) Study the effect of the additives on the 

curing of epoxy resins. It is important to know the gel point of the formulation with the 

novel additives and correlated the gel point with the electrical properties of the resulting 

ICAs. Since the curing brings silver flakes into intimate contacts because of cure 

shrinkage, it seems it is more desired to bring silver flakes into contact and subsequent 

sintering results in better necking between silver flakes. However, the problem is that the 

diffusion of –OH group to react with silver salts on the surface of silver flakes is 

significantly limited. On the contrary, if the reduction occurs while silver flakes are not in 

close contact, the reduction may not significantly contribute to the necking between silver 

flakes. Further studies need to be carried out to optimize the time to cure and to sinter. (3) 

The gel point can be controlled by using catalysts with different reactivities.   

7.2.2 Preparation of Highly Conductive ICAs at Temperatures Below 150 oC 

Printed electronics is an emerging field with a huge potential market approaching 

10 billion US dollars in 2011, over 30 billion US dollars in 2015 and 96 billion US 

dollars in 2020, as forecasted [226]. The main requirements of this applications when 

applied to flexible substrates are: (1) low processing temperatures (<150 oC), to be 

compatible with organic substrates such as polyethylene terephthalate (PET, upper 

working temperature: 115-170 oC), polycarbonate (PC, working temperature: -40-130 oC) 

and paper (working temperature: <150 oC); (2) flexible (or stretchable) interconnects, to 
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allow for highly integrated systems to be light-weight, thin, bendable and potentially 

stretchable; (3) low viscosity and proper surface tension, allowing the solution to be 

properly jetted by a printer; (4) low cost, to allow the applicability to the organic 

disposable, recyclable electronics of the future. In this dissertation, the lowest 

temperature to achieve high conductivity is 150 oC, the upper limit temperatures for low 

cost substrates such as paper. The ICAs developed in this study meet most of the main 

requirements, thus very promising for emerging applications. Further works can be 

conducted to facilitate ICA applications in printed electronics. (1) It is more desirable to 

develop highly conductive ICAs at a temperature below 150 oC. If the current catalyst is 

replaced with a more reactive one, could it be possible to use the same formulation in this 

dissertation to develop highly conductive ICAs at temperatures lower than 150 oC? If not, 

it is important to figure out the reasons and to develop highly conductive ICAs at a lower 

temperature for printed electronics; (2) Further optimization and evaluation of flexibility 

on a device level or development of stretchable ICAs for stretchable interconnects is also 

suggested.  Future electronic devices will require ICAs to be mechanically compliant. 

Traditionally, rigid epoxy resins (over 3 GPa in Young’s modulus of the polymer matrix) 

are used as polymer matrices for ICAs to provide chemical bonding and excellent 

mechanical and adhesion strengths. However, with the popularity of flex circuits and 

flexible substrates, in particular for flexible printed electronics, there are some limitations 

when attaching the conventional rigid ICAs to the substrate due to the poor flexibility of 

the ICA joints. Another limitation is that the interconnection based on rigid ICAs tends to 

fracture under thermal cycling.   

7.2.3 Preparation of Low Cost ICAs Filled With Copper Particles  
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 Silver is expensive and will become more expensive in the future. Undoubtedly, 

replacement of silver with copper or other lower cost conductive fillers is a new trend. 

Although many efforts have been devoted to developing copper-filled ICAs, very limited 

progress has been made after several decades. There is an increasing interest in silver-

coated copper particles (including spherical particles, flakes and other forms) for a 

variety of applications including silver-coated copper inks and adhesives. In this 

dissertation, highly conductive, highly reliable ICAs filled with low cost silver-coated 

copper flakes have been developed. The ICAs filled with low cost silver-coated copper 

flakes developed in this dissertation are comparable to commercial ICAs filled with silver 

flakes in regards of electrical conductivity and reliability.  In particular, it is found that 

bare copper flakes exist in the low cost ICAs developed in this dissertation. This is a very 

promising result for future development of ICAs filled with copper particles. Further 

studies on ICAs filled with copper particles along with the methodology described in this 

dissertation can open tremendous opportunities.    
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