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Preface

With the phasing out of lead-bearing solders, electrically conductive
adhesives (ECAs) have been identified as one of the environmentally
friendly alternatives to tin/lead (Sn/Pb) solders in electronics packaging
applications. In particular, with the requirements for fine-pitch and high-
performance interconnects in advanced packaging, ECAs with nano-
materials or other nano-technology are becoming more and more important
due to the special electrical, mechanical, optical, magnetic, and chemical
properties that nano-sized materials can possess. There has been extensive
research for the last few years on materials and process improvement of
ECAs, as well as on the advances of nanoconductive adhesives that
contain nano-filler, such as nano-particles, nanowires, or carbon nanotubes
and nano monolayer graphenes.

The objective of this book is to review the most recent advances of various
types of electrically conductive adhesives with the particular emphasis on
the emerging nanotechnology, including materials development and
characterizations, processing optimization, reliability improvement, and
future challenges/opportunities identification.

This book consists of nine Chapters, each representing a specific field of
interest. Chapter 1 discusses an overview of electronic packaging and the
evolvement of different types of conductive adhesives. Chapter 2 describes
the latest development of nano-materials, nanotechnology and their
applications in microelectronics packaging. Chapter 3 reviews the key
polymeric materials used in conductive adhesives and the analytic
approaches for ECA characterizations. Chapter 4 deals with the recent
advances in materials, processes, and applications of isotropically
conductive adhesives (ICAs), particularly focusing on the fundamental
understanding and improvement of materials properties for ICAs and
nano-ICAs. Chapter 5 discusses the recent development and applications
of anisotropically conductive adhesives (ACA) with the emphasis on the
nano-materials implementation for improved performance. Chapter 6
describes the latest materials and processing development of non-
conductive adhesives (NCA). Chapter 7 discusses the details of conductive
nano-inks and their applications in transparent electrodes, printed electronics,
and other packaging areas. Chapter 8 focuses on the recent research and
development of materials and applications of intrinsically conducting
polymers. And finally, Chapter 9 summarizes the recent advances of
conductive adhesives with nanotechnology and discusses the challenges and
opportunities for continuing the work on nanoconductive adhesives.
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The field of electrically conductive adhesives and nanotechnology is quite
broad and their development is dynamic, so it is impossible to cover every
aspect of them. We have attempted to include most major areas with the
latest references which should be useful to our audience who work in this
vast growing discipline. With the advances of microelectronics packaging
and nanotechnology, there is always a constant need of improved materials
and technology. This is a challenge that requires the continuous and active
collaborative efforts between materials scientists, chemists, physicists,
device and package design engineers.

We express our gratitude to many of our colleagues and friends in the field
of microelectronics packaging, conductive adhesives and nanoscience and
nanotechnology. Many of their published works have been cited in this
book, including work published by many other experts in the fields. We
would also like to thank Owen Hildreth and Angela Duan for proofreading
some chapters and Steven Elliot and Andrew Leigh for editorial suggestions.

Chandler, AZ YiLi
Yantai, China Daniel Lu
Atlanta, GA C.P. Wong
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Chapter 1
Introduction

1.1 Electronics Packaging and Interconnect

Integrated circuits (ICs) form the bases of all modern electronic products.
However, an IC alone does not form a complete system and it must be inte-
grated with other components into a system-level board. “Electronic Packag-
ing” is defined as the bridge that interconnects the integrated circuits (ICs)
and other components into a system-level board to form electronic products
[1]. The packaging has four main functions: (1) signal distribution, mainly
involving topological and electromagnetic considerations; (2) power distri-
bution, involving electromagnetic, structural, and material aspects; (3) heat
dissipation (thermal management), involving structural and material consid-
erations; (4) and protection (mechanical, chemical, electromagnetic) of
components and interconnections. Furthermore, design for x (where x stands
for performance, environment, manufacturability, and reliability) at the front
end and system test at the final stage prior to the system shipment are also
important functions for electronic packaging. The challenge for the package
is to provide all crucial functions required by the microelectronic system
without limiting the performance of the individual part.

From the bare chip fabricated from the silicon wafer to the final product
ready for use, the whole system can be divided into various levels of the
packaging. The first-level packaging provides the interconnection between
an IC and the package. At this level, the packaging acts as an IC “carrier.”
The IC carrier allows IC to be shipped after “burn-in” (an accelerated test
with high bias, temperature, and other accelerated factors designed to
wipe out those inferior components to reduce the infant mortality of the
IC) and electrical test to be ready for assembly onto a system-level board
by end product or contract manufacturers.

Due to the complexity of modern electronics packaging, there are many
levels of interconnects with first-level interconnects defined as the connections
between the IC and the IC carrier. Currently, two types of first-level intercon-
nection dominate the industry: (1) wire bonding and (2) flip chip attachment.

Y. Li et al., Electrical Conductive Adhesives with Nanotechnologies, 1
DOI 10.1007/978-0-387-88783-8_1, © Springer Science+Business Media, LLC 2010



2 1 Introduction

Many other interconnection methods exist to meet special needs or perform-
ance requirements. These range from tape automated bonding (TAB) which,
at times, has seen significant usage within certain product lines to novel inter-
connection schemes, involving deposited thin films [2], compliant G-shaped
springs [3], laser-deposited (written) conductors [4—6], copper pillar with sol-
der cap [7-9], pure copper interconnect [10], and carbon nanotube (CNT)-
based interconnect [11]. Pressure contacts using de-formable conducting
polymers or elastomers have been used where the need to easily remove and
replace the IC is a primary concern.

Wire bonding is the process of providing electrical connection be-
tween the silicon chip and the external leads of the semiconductor de-
vice using very fine bonding wires. The wire used in wire bonding is
usually made either of gold (Au) or aluminum (Al). However, copper
(Cu) wire bonding is starting to gain a foothold in the semiconductor
manufacturing industry because Cu wire has a cost saving of more than
80% as compared to Au wire, higher thermal and electrical conductivity
with lower power loss, and higher current flow as compared to Au wire
which are important for enhanced device performance and reliability.
There are two common wire bonding processes: Au ball bonding
(Fig.1.1) and Al wedge bonding (Fig. 1.2) [12].

100X

Fig. 1.1. Ball bonds (thermo-compression or thermosonic). (a) Scanning electron
microscope photo micrograph of typical ball bonds and (b) schematic representa-
tion of ball bonds with important parameters indicated
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Fig. 1.1. (Continued)

Fig. 1.2. Ultrasonic bonds (wedge bonds). (a) Scanning electron microscope photo
micrographs of typical ultrasonic wedge bonds and (b) schematic representation of

ultrasonic bonds with important parameters indicated
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(b)

Fig. 1.2. (Continued)

Gold ball bonding starts when a gold wire is fed through what is
called a capillary. The capillary holds the gold wire as an electronic
flame-off (EFO) is used to melt the end of the wire, forming a gold ball
with a free-air ball diameter ranging from 1.5 to 2.5 times the wire di-
ameter, with a typical wire diameter ~25-30 um. Free air ball size
consistency, controlled by the EFO and the tail length, is critical in
good bonding. The free- air ball is then brought into contact with the
bond pad. Adequate amounts of pressure, heat, and ultrasonic forces are
then applied to the ball for a specific amount of time, forming the initial
metallurgical weld between the ball and the bond pad as well as de-
forming the ball bond itself into its final shape. The wire is then run to
the corresponding finger of the leadframe, forming a gradual arc or
"loop" between the bond pad and the leadfinger. Pressure and ultrasonic
forces are applied to the wire to form the second bond (known as a
wedge bond, stitch bond, or fishtail bond), with the leadfinger. The
wire bonding machine or wire bonder breaks the wire in preparation for
the next wire bond cycle by clamping the wire and raising the capillary.

During aluminum wedge bonding, a clamped aluminum wire is brought
in contact with the aluminum bond pad. Ultrasonic energy is then applied
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to the wire for a specific duration while being held down by a specific amount
of force, forming the first wedge bond between the wire and the bond pad. The
wire is then run to the corresponding lead finger, against which it is again
pressed, and a second bond formed by applying ultrasonic energy to the wire.
The wire is then broken off by clamping and movement of the wire.

The gold ball bonding is non-directional and, as a result, is much faster
than aluminum wedge bonding, which is why it is extensively used in plas-
tic packaging. Unfortunately, gold ball bonding on Al bond pads cannot be
used in hermetic packages, primarily because the high sealing tempera-
tures (400-450°C) used for these packages tremendously accelerate the
formation of Au—Al intermetallics, which can lead to early life failures.
Gold ball bonding on gold bond pads, however, may be employed in her-
metic packages.

Unlike Al-Al ultrasonic wedge bonding, Au—Al thermosonic ball
bonding requires heat to facilitate the bonding process. The Al bond
pad is harder than the Au ball bond, and it is impossible to make good
bonding between them through purely ultrasonic without causing wire,
bond pad, or silicon substrate damage. The application of thermal en-
ergy to the Al bond pads “softens” them, promoting the inter-diffusion
of Au and Al atoms that ultimately form the Au—Al bond. Heat appli-
cation also improves bonding by removing organic contaminants on the
bond pad surface.

The tape automated bonding (TAB) technology is a usual micro-
electronic industrial process. TAB involves bonding a gold-bumped die to
a leadframe circuit built on a flexible tape material, such as polyimide or
polyester (Fig. 1.3). The TAB is used primarily in the flat panel display in-
dustry to mount driver chips between the glass of the display and the input
circuitry behind the display, because of its low dimension interconnection.
The flexible circuit using in TAB allows the package to be bent upward of
180°, allowing the circuit to be routed within the small confines of a flat
panel display. It is also used in optical applications such as the sensors of
stepper motors.

TAB is also utilized as a package format for Multi Chip Modules
(MCM). In this format, the die and some of the leads are punched from the
tape, the leads are formed, and then the package is mounted in a method
similar to a J-Lead package. In some cases, the leads are not formed, but
are soldered directly to the board.

TAB is typically a single-sided polyimide-based circuit, although a
more expensive two-metal or four-metal tape is available. A copper metal-
lization layer is bonded to the polyimide in one of two ways, either the
copper is electrodeposited to the tape or an adhesive is used to bond rolled
copper to the tape. Once the copper has been bonded to the polyimide the
circuitry is imaged using a photolithography process, which allows for a
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tight line pitch of up to 45 um with a 22.5 pm lines and space widths. The
tight pitch of TAB is very advantageous and allows for high-density cir-
cuits for high pin count devices.

There are two methods to achieve the connection between the die and
the circuit. The first one is a single-point thermosonic bond. Single-point
bonding requires each bond pad position to be individually bonded using
heat, time, pressure, and ultrasonic applied to the TAB lead which is di-
rectly over its unique gold-bumped bond pad. This process does not re-
quire specific tools but on the other hand, it takes several times. The sec-
ond one, the “Gang bonding,” uses thermo-compression bonding to create
a diffusion bond between all leads and bumps at the same time, all inter-
connections are performed in a one-step process-gang bonding. A specially
designed tool bonds all the leads to the die using force, temperature, and
time. It has the highest throughput. Then, the devices can be encapsulated,
delivered in a reel-to-reel or singular format. Another advantage of this
process is the minimized size of the circuits: the resulting height is the sum
thickness of the die, the bumps, and the copper track.

Copper track

Polyimide circuit N
i N
DIE \

Gold
Bump

Fig. 1.3. A schematic of TAB interconnect

In contrast to wire bonding, in which the active silicon is “face-up,” flip
chip microelectronics assembly utilizes a different assembly method in
which active silicon is flipped “face-down.” With the active silicon face-
down, electrical connections between the silicon and the substrate, circuit
board, or carrier are made using conducive bumps on chip bond pads (Fig. 1.4)
[12]. In contrast, wire bonding uses face-up chips with a wire connection
to each pad. A comparison of wire bonding and flip chip is shown in
Table 1.1. Flip chip components are predominantly semiconductor de-
vices; however, components such as passive filters, detector arrays, and
microelectromechanical system (MEMs) devices are also beginning to use
flip chip bonding technologies.
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(a) Flip chip assembly

Pad barrier layer metallization

Integrated circuit passivation Aluminum alloy bonding pads
on integrated circuit

Integrated circuit

Underfill joint
encapsulation

Substrate solder mask
or glass reflow dams

Subaltate \ Reflowed solder bump

Substrate bonding pad
(solder weldable metallization)

(b) Solder ball detail

Integrated circuit
| Aluminum alloy bonding pad

v / Integrated circuit passivation
PEEREAnEE

2 Three-layer, barrier layer

: metallization Cr/Cu/Au
Solder ball prior to reflow

Fig. 1.4. Schematic representation of the flip chip bonding process. (a) Cross-
section of a flip chip assembly and (b) detail of the solder ball and barrier
layer metallization prior to reflow

Flip chip packaging has been widely adopted by the industry due to the

technology’s advantages in size, performance, flexibility, reliability, and
cost over other packaging methods:

Smallest size Eliminating packages and bond wires reduces the required
board area by up to 95% and requires far less weight. Weight can be
less than 5% of packaged device weight. Flip chip is the simplest
minimal package, smaller than chip-scale packages (CSP) because of
its chip size.

Highest performance Flip chip offers the highest speed electrical per-
formance of any assembly method. Eliminating bond wires reduces the
delaying inductance and capacitance of the connection by a factor of 10
and shortens the path by a factor of 25-100. The result is high-speed
off-chip interconnection.

Greatest I/O flexibility Flip chip has the highest input/output connection
flexibility of any interconnect technology. Wire bond connections are lim-
ited to the perimeter of the die, driving die sizes up as the number of con-
nections increases, while flip chip connections can use the whole area of
the die, accommodating many more connections on a smaller die. Area
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connections also allow 3-D stacking of dies (via through silicon via [TSV],
wire bonding, anisotropic conductive adhesive film (ACF) as well as flip
chip interconnections) and other components.

e Lowest cost Flip chip can be the lowest cost interconnection for high-
volume automated production as it can provide thousands of intercon-
nection at once via a solder reflow process as such, costs below $0.01
per I/O connection. This explains flip chip’s longevity in the cost-
conscious automotive world, pervasiveness in low-cost consumer
watches, and growing popularity in smart cards, RF-ID cards, cellular
telephones, and other cost-dominated applications.

Early flip chip technologies used solder balls, or “bumps,” to elec-
trically connect the chip to the substrate. Even though materials other
than solder balls have been developed, the term bump is still widely
used by the industry; however, the primary functions of bumps remain
the same. First, the bump provides the conductive path from chip to
substrate. The bump also provides a thermally conductive path to carry
heat from the chip to the substrate. In addition, the bump provides part
of the mechanical mounting of the die to the substrate. Finally, the
bump provides a spacer, preventing electrical contact between the chip
and the substrate conductors, and acting as a short lead to relieve me-
chanical strain between board and substrate.

Flip chip packages can be classified into the following categories based
on the processes for forming the bump and the interconnection between the
die and the chip carrier:

e Solder bump flip chip The solder bumping process requires that an under-
bump metallization (UBM) be placed on the chip bond pads by sputter-
ing, plating, or other means. This UBM layer replaces the insulating
aluminum oxide layer and also defines and limits the solder-wetted
area. Solder is deposited over the UBM by evaporation, electroplating,
screen printing solder paste, or needle depositing. After solder bump-
ing, the wafer is sawn into individual chips called “bumped die.” The
bumped die is placed on the substrate pads, and the assembly is heated
to make a solder connection.

e Plated bump flip chip Plated bump flip chip uses wet chemical processes to
remove the aluminum oxide and plate conductive metal bumps onto the
wafer bond pads. Plated nickel-gold bumps are formed on the semiconduc-
tor wafer by electroless nickel plating of the aluminum bond pads of the
chips. After plating with the desired thickness of nickel, an immersion gold
layer is added for protection, and the wafer is diced into bumped die.
Plating copper bumps (posts) on wafers have also been demonstrated [13].
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Attachment generally is by solder or adhesive, which may be applied to the
bumps or the substrate bond pads by various techniques.

o Stud bump flip chip The gold stud bump flip chip process bumps die by a
modified standard wire bonding technique. This technique makes a gold ball
for wire bonding by melting the end of a gold wire to form a sphere. The
gold ball is attached to the chip bond pad as the first part of a wire bond. To
form gold bumps instead of wire bonds, wire bonders are modified to break
off the wire after attaching the ball to the chip bond pad. The gold ball, or
“stud bump” remaining on the bond pad, provides a permanent connection
through the aluminum oxide to the underlying metal. The gold stud bump
process is unique in being readily applied to individual single die or to wa-
fers. Gold stud bump flip chips may be attached to the substrate bond pads
with adhesive [14] or by thermosonic gold-to-gold connection. Die bumping
and assembly services are available from several suppliers such as PacTech
in Germany, Flip Chip International in USA.

e Polymer bump flip chip This adhesive bump flip chip process stencils a con-
ductive adhesive to form bumps onto an under-bump metal [15-18]. Once
cured, the adhesive acts as bumps and an additional attachment of conduc-
tive adhesive bonds the bumps to the mating chip or substrate. There are
three stages in making flip chip assemblies: bumping the die or wafer, at-
taching the bumped die to the board or substrate, and, in most cases, filling
the remaining space under the die with an electrically non-conductive “un-
derfill” material.

Table 1.1. Comparison of wire bonding and flip chip interconnection factors [12]

Factor Wire bond Flip chip
Area Requires space outside of chip ~ Within chip perimeter
perimeter for second bond
Number I/0 Limited: 1-4 perimeter rows Full area array. Outperforms
(100s—1,000s possible) wire bonding even with a lar-
ger pitch (1,000s—10,000s pos-
sible)
Flexibility Very flexible. Ability to shift =~ None. Substrate pattern must

1/0. Accommodate different die match I/O pattern on chip.
orientations, die sizes, package (Some self-aligning force.)
layout, etc. (within reason, of
course)

Electrical performance Long round wires limits low loss Short , fat solder joint pillars al-
frequency response to between 5 low low loss frequency response

and10 GHz above 100 GHz
Cost Typically $0.0005-$0.001 per in- Ranges from $0.01 to $0.05 per
terconnect with full automation interconnect *
Bonding time Sequential (10-20 bonds/second) Gang (all bonding at one reflow)
Bond type Weld: Au-Al, Au-Au, Al-Al, Solder: Sn63, Sn5, Snl10, Lead

Au—-Cu,Cu—Cu free (SnAg, SnAgCu,...)
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Reliability Monometallic systems, extremely Solder fatigue a concern due to
reliable, flexible lead, eliminates CTE mismatches. Typically re-
or reduces any CTE issues. Bi- quires underfill. Intermetallic
metallic system could be suscep- growth and voiding problems
tible to intermetallic growth and with Sn and Cu

voiding
Environmental Au, Al, environmentally friendly Pb an environmental concern,
hence lead-free alloys are
used

* Includes extra cost for custom under-bump metallurgy and a penalty for substrate re-
patterning if the die shrink or pin out changes could be accommodated by the wire bond
technology without changing the substrate pattern

Second-level packaging provides the interconnection between the interposer
and substrate to either a printed wiring board (PWB) or a card. This intercon-
nection can be realized by through-hole (TH) technology, surface mount tech-
nology (SMT) including dual-in-line, quad-in-line, ball grid array (BGA), and
chip-scale package (CSP). Traditional through-hole dual in-line package (DIP)
assemblies reached their limits in terms of improvements in cost, weight, vol-
ume, and reliability at approximately 68 leads. SMT allows production of more
reliable assemblies with higher 1/O, increased board density, and reduced
weight, volume, and cost.

Third-level packaging mainly is the process to put second-level packages
(i.e., FR 4 motherboard) onto a backplane. With the requirements toward low
cost, miniaturization, and high performance for the current semiconductor de-
vices, the bare IC chips can also be connected to the integrated board using flip
chip technology directly [19], which is called flip chip on board (FCOB) or di-
rect chip attach (DCA). The advantage is to eliminate the first-level package
(chip to package), reduce assembly cost, and enhance performance.

The packaging concepts and technologies at all packaging levels are under
quick evolution because of the dramatic changes in the computer, telecommu-
nications, automotive, and consumer electronics industries to low cost, port-
ability, high performance, diverse functions, and environment- and user-
friendliness. Figure 1.5 illustrates the historical evolution of packaging [20].
Packages have evolved from traditional DIP (dual-in-line packages), quad flat
packages (QFP) to area array flip chip, and BGA (ball grid array) packages.
The silicon efficiency in the package has increased to almost 100% with the
following CSP (chip-scale packages) and now in excess of 100% silicon effi-
ciency by stacking those thin dies in three-dimensional stacked packages. In
order to increase the efficiency of packaging, there is a paradigm shift to wafer
level packaging (WLP) and through silicon vias (TSVs). WLP is a packaging
technology where most or all of the IC packaging process steps are carried out
at the wafer level. TSV technology enables the chips (or wafers) to be stacked
vertically, thus reducing the wiring length to the thickness of the die. Memory
dies can be stacked right on top of the processor die to provide high-speed and
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low-loss memory—processor interfaces due to the lower parasitics of the TSV
vertical interconnections. TSVs can be developed in an area array format
thereby increasing the vertical interconnection density. They can also be used
for heterogeneous integration of different IC technologies.

A
3D Integration by TSV
(through-silicon-via)
Conventional
CSp
e
= .
5 997" Wafer Level
=] Packages (Stacked

Thin 3D Pkg)

Year

Fig. 1.5. Electronics packaging evolution

1.2 Interconnection Materials

Different levels of packaging are connected through interconnect materials.
The primary purpose of interconnect materials is to electrically connect
components for power, ground, and signal transmissions, with lead-
containing solder alloys, especially eutectic tin/lead (Sn/Pb), has been the de
facto interconnect material in most areas of electronic packaging. Such in-
terconnection technologies include pin through hole (PTH), surface mount
technology (SMT), ball grid array (BGA) package, chip-scale package
(CSP), and flip chip technology [21]. Figure 1.6 shows an example of a
functional surface mount component attached to a substrate via interconnect
materials.
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Functional
component

Interconnect
material

Electrical line R

Fig. 1.6. (Top) Photo of a functional component that is assembled on the board
substrate via interconnects. (Bottom) side view of the bonding between the com-
ponent and the substrate via the interconnect material

1.2.1 Lead-Free Interconnect Materials

There are increasing concerns with the use of tin-lead alloy solders be-
cause the lead contained in these solders is a material hazardous to both
humans and environment. Each year, thousands of tons of lead are incor-
porated into thousands of products with consumer products consuming
the bulk of the lead. Many of these products such as cell phones, pagers,
electronic toys, personal digital assistants tend to have a short life cycle
on the order of 2—3 years and millions of lead-containing products simply
end up in landfills. According to 2001 US Geological Survey, the total
lead consumption by the US industries in 2000 was 52,400 metric tons.
More than 10% of the lead, 5,430 metric tons, was used to produce alloy
solders. Recycling of lead-containing consumer electronic products has
proven to be very difficult, although in Japan, legislation prohibiting lead
disposal in landfills and other waste disposal sites is already in place.
The electronic industry is moving toward green manufacturing as a
global trend. In the area of soldering, mainly driven by European RoHS
(Reduction of Hazardous Substances), lead was banned effective July 1,
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2006, except in some exempt items. This European legislation is fol-
lowed by China RoHS which has similar list of banned materials, and its
phase 1 implementation was effective March 1, 2007. In Japan, the legis-
lative activities deal with the reclamation and recycling of electronics.
The Home Electronics recycling law came into force on April 1, 2001,
and applied only to TVs, refrigerators, and similar items. Although not
specifically aiming at lead, this legislation effectively drove Japanese in-
dustry toward lead-free soldering process. Those legislation activities
lead the trend which effectively drives the rest of the world toward lead-
free soldering (see Fig. 1.7).
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Fig. 1.7. Lead-free soldering implementation status reported by IPC [22]

The main requirements for an alternative solder alloy are the following:

1. Low melting point: The melting point should be low enough to avoid
thermal damage to the assembly and high enough for the solder joint to
bear the operating temperatures. The solder should retain adequate
mechanical properties at these temperatures.

2. Wettability: The bond between the solder and the base metal is formed
only when the solder wets the base metal properly. A high Sn content
ensures this and thus forms a strong bond.

3. Availability: There should be adequate supplies or reserves available
of candidate metals. Tin (Sn), zinc (Zn), copper (Cu), and antimony
(Sb) are available whereas there is limited supply of indium (In).

4. Cost: Manufacturers of electronic systems are unlikely to change to an
alternative solder with an increased cost unless it has demonstrated
better properties or there is legislative pressure to do so.
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There are strict performance requirements for solder alloys used in mi-
croelectronics. In general, the solder alloy must meet the expected levels of
reliability, as well as electrical and mechanical performance [23-27].

Ever since the commencement of the research and development of Pb-
free solder alloys, a large number of Pb-free solder alloys have been pro-
posed and studied. Among the numerous lead-free solder options available,
Fig. 1.8 shows the families which are of particular interest and the prevail-
ing choices of industry: eutectic SnAg, eutectic SnCu, eutectic SnAgCu,
eutectic SnZn, eutectic BiSn, along with their modifications. Also shown
in Fig. 1.8 are the related applications including reflow soldering, wave
soldering, and hand soldering. SnAgCu alloys are the prevailing choices,
with SnCu(+Y), SnAg(+Y), and BiSn(+Y) families, where Y represents
minor additive elements, also being adopted. The soldering processing
window is narrower than that of eutectic tin—lead, also called Sn63 mainly
due to the elevated melting temperature of SnAgCu solder and the limited
high-temperature tolerance of components and board. The high surface
tension of Sn aggravates the difficulty in wetting, while the high reactivity
of Sn adds additional constraints to control the contact time between mol-
ten solder and base metal or solder container. Compared to Sn63, the creep
rate of SnAgCu is slower at low stress, but faster at high stress. This re-
sults in a longer temperature cycling life at low joint strain applications,
but a shorter cycling life at high joint strain applications. Higher Cu con-
tent stabilizes intermetallic compound (IMC) structure at interface between
SnAgCu solder and NiAu bond pads. The high rigidity of SnAgCu solders
enhances the fragility of joints, although significant improvement has been
accomplished via low Ag or high Cu content or doping approaches [10].

Reflow  Wave Hand
t sncu (+dopants, e.g. Ni, Co, Ce) ~ N
SnAg (+Cu, +Sb, +dopants, e.qg. \ N N
Mn, Ti, Al, Ni, Zn, Co, Pt, P, Ce)
SnAg (+Bi, +Cu, +In, +dopants) N N N
Qo
5
= SnZn (+Bi) N

Most Prevailing alloys: SnAgCu, with Ag
3-4%. Trend toward further reduced Ag

BiSn(+Ag) (mp 140C) on the rise

Fig. 1.8. Prevailing lead-free solder alloys and their applications [10]
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Electronic devices such as notebook computers and cellular phones are
required to be thin and small with complicated functions. The electronic
industry has been coping with these changes, providing the necessary
miniaturization of these electronic devices, and has been able to meet the
required reliability. To support these changes, the interconnections pro-
vided by solder joints have become finer and finer in pitch size, and yet the
reliability is maintained.

To meet the present and future strength requirements, higher strength sol-
der alloys may be required. It is believed that composite solders would pro-
vide reinforcements to the otherwise weak solder, and researchers have been
working on their development, beginning with the SnPb alloys [28-34].
These composite solders have been found to have good reliability because
the reinforcing particles can suppress grain-boundary sliding, intermetallic
compound (IMC) formation, grain growth, and furthermore, redistribute
stress uniformly. In Pb-free composite solders, the reinforcements can be in-
termetallic powders of CuSn,, Ag.Sn or NiTi, carbon fibers, or fine oxide
particles of metals such as Ni, Cu, and Ag [35-40]. Composite solder alloy
development activities so far have mainly been aiming to achieve suitable
physical properties and better service performance.

1.2.2 Electrically Conductive Adhesives

Other than lead-free solders, another lead-free interconnect material is elec-
trically conductive adhesives (ECAs). ECAs mainly consist of an or-
ganic/polymeric binder matrices and conductive metal fillers. The conduc-
tive fillers provide the electrical properties and the polymeric matrices
provide the physical and mechanical properties. Compared to the solder
technology, ECAs offer numerous advantages such as environmental friend-
liness from the elimination of lead usage and flux cleaning, mild processing
conditions, fewer processing steps which reduce processing cost, and finally,
an increase in fine-pitch capability due to the availability of small-sized con-
ductive fillers. There are two types of ECAs: isotropically conductive adhe-
sives (ICAs) which are conductive equally in all directions and anisotropi-
cally conductive adhesives (ACAs) which are only conductive in one
direction, typically along the z-axis. Figure 1.9 compares chip-to-substrate
interconnects with solder joints and different ECA joints. However, like all
lead-free materials, currently commercialized ECAs still have some material
property limitations and challenges, including lower electrical and thermal
conductivity compared to solder interconnects materials, contact resistance
fatigue in reliability tests, limited current-carrying capability, metal migra-
tion fatigue in reliability and high voltage tests, and poor impact strength
[40-42].
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Fig. 1.9. Comparison of various types of interconnect approaches. (a) Solder in-
terconnect, (b) isotropically conductive adhesive (ICA) interconnect, and (¢) ani-
sotropically conductive adhesive (ACA) interconnect
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1.2.2.1 Electrically Conductive Adhesives (ECA) categories

ICAs and ACAs generally contain different types of conductive fillers and
filler loadings are different too. ICAs typically are filled with 1-10 pum-
sized Ag flakes and ACAs typically contain 3—5 pum-sized conductive fill-
ers which usually are spherical in shape. Non-conductive adhesives
(NCAs, typically without conductive fillers) have also become quite popu-
lar for some applications. The difference between ICA and ACA/NCA is
based on the percolation theory as shown in Fig. 1.10. The percolation
threshold (Pc) depends on the shape and size of the fillers, but typically in
the order of 15-25% volume fraction. For ICA, the loading level of con-
ductive fillers exceeds the percolation threshold, providing electrical con-
ductivity in all x, y, and z directions. For ACAs or NCAs, the electrical
conductivity is provided only in z-direction between the electrodes of the
assembly. Figure 1.11 shows the schematics of the interconnect structures
and typical cross-sectional images of flip chip joints by ICA, ACA, and
NCA materials illustrating the bonding mechanism for all three adhesives.

Pc

>

ICA
>
2 ACA
S or
§ ACF
(3]

filler concentration-Vol %

Fig. 1.10. Typical percolation curve of conductive adhesives (Pc is the percola-
tion threshold)
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Fig. 1.11. Schematic illustrations and cross-sectional views of (a), (b) ICA, (c¢),
(d) ACA, and (e), (f) NCA flip chip bonding

Isotropic conductive adhesives are composites of polymer resin and
conductive fillers. The adhesive matrix is used to form an electrical and
mechanical bond at the interconnects. With increasing filler concentra-
tions, the electrical properties of an ICA transform it from an insulator to a
conductor. ICAs have been used in the electronic packaging industry pri-
marily as die attach adhesives [43-45]. Recently, ICAs have been pro-
posed as an alternative to tin/lead solders in surface mount technology
(SMT) [46], flip chip, and other applications.

Anisotropic conductive adhesives (ACAs) or anisotropic conductive films
(ACFs) provide unidirectional electrical conductivity in the vertical or Z-axis.
This directional conductivity is achieved by using a relatively low volume
loading of conductive filler (5—20 volume percent). The low volume loading is
insufficient for inter-particle contact and prevents conductivity in the X-Y
plane of the adhesive. The Z-axis adhesive, in film or paste form, is interposed
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between the surfaces to be connected. Heat and pressure are applied simulta-
neously to this stack-up until the particles bridge the two conductor surfaces.
Recently, anisotropic conductive adhesives/films (ACAs/ACFs) are becoming
popular as one of promising candidates for lead-free interconnection solutions
in microelectronic packaging application due to their technical advantages
such as fine-pitch capability below 40 pum, low-temperature processing ability,
low cost, and environmentally friendly materials and processing. ACAs/ACFs
consist of conducting particles (typically 5 ~ 10 wm in diameter) and polymer
matrix that provides both attachment and electrical interconnection between
electrodes [47-49]. In particular, ACFs are widely used for high-density inter-
connection between liquid- crystal display (LCD) panels and tape carrier
packages (TCPs) to replace the traditional soldering or rubber connectors. In
LCD applications, traditional soldering may not be as effective as ACFs in in-
terconnecting materials between indium tin oxide (ITO) electrodes and TCP.
ACFs have also been used as an alternative to soldering for interconnecting
TCP input lead bonding to printed- circuit boards (PCBs).

1.2.2.2 Nanoelectrically Conductive Adhesives

To meet the requirements for future fine pitch and high-performance in-
terconnects in advanced packaging, ECAs with nanomaterials or other
nano-technologies are attracting more and more interest due to the spe-
cial electrical, mechanical, optical, magnetic, and chemical properties
that nano-sized materials can possess. There has been extensive research
on nanoconductive adhesives that contain nano-filles, such as nanoparti-
cles, nanowires, or carbon nanotubes, and nano monolayer graphenes.

A detailed review of ICAs, ACAs/ACFs, and nano-ECA will be covered
in other chapters in this book.
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Chapter 2
Nanotechnology

2.1 Introduction to Nanotechnologies
and Nanopackaging

Nanotechnology is the creation of functional materials, devices, and sys-
tems through control of matter on the nanometer length scale (<100 nm)
and exploitation of novel phenomena and properties (physical, chemical,
biological, mechanical, electrical, etc.) at that length scale.

Nanoelectronics refer to the use of nanotechnology on electronic com-
ponents. Nanoelectronics hold the promise of making computer processors
more powerful than is possible with conventional semiconductor fabrica-
tion techniques. A number of approaches are currently being researched,
including new forms of nanolithography, as well as the use of nano-
materials such as nanowires or small molecules in place of traditional
CMOS components. Field-effect transistors have been made using both
semiconducting carbon nanotubes [1] and heterostructured semiconductor
nanowires [2].

Single-molecule devices are another possibility. These schemes would
make heavy use of molecular self-assembly, designing the device compo-
nents to construct a larger structure or even a complete system on their
own. This can be very useful for reconfigurable computing.

Molecular electronics [3] is a new technology which is still in its in-
fancy, but also brings hope for truly atomic scale electronic systems in the
future. One of the more promising applications of molecular electronics
was proposed by the IBM researcher Ari Aviram and the theoretical chem-
ist Mark Ratner of North Western University in their 1974 and 1988 pa-
pers Molecules for Memory, Logic and Amplification, respectively [4, 5].
This is one of many possible ways in which a molecular-level di-
ode/transistor might be synthesized by organic chemistry. A model system
was proposed with a spiro carbon structure giving a molecular diode
about half a nanometer across which could be connected by polythiophene

Y. Li et al., Electrical Conductive Adhesives with Nanotechnologies, 25
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molecular wires. Theoretical calculations showed the design to be sound in
principle and there is still hope that such a system can be made to work.

Nanopackaging, i.e., the application of nanotechnologies to electronics
packaging, is being explored to enhance performance and reliability elec-
tronics packages. Nanotechnology drivers are the varied ways in which
materials properties change at small dimensions, and these properties can
be put to work to solve past packaging problems and to develop new ap-
proaches to future nanoelectronics packaging issues. Electron transport
mechanisms at small dimensions include ballistic transport where the
transport of electronic signal without generating any measurable heat, se-
vere mean mean-free path restrictions in very small nanoparticles, various
forms of electron tunneling, electron hopping mechanisms, and more.

In addition, candidate next-generation nanoelectronics technologies
(e.g., single-electron transistors, quantum automata, molecular electronics)
are generally hyper-sensitive to dimensional change, if based on quantum
mechanical electron tunneling, and appropriate packaging will be essential
to the success or failure of these technologies. Packaging strategies must
therefore be developed in parallel with the basic nanoelectronics device
technologies in order to make informed decisions as to their commercial
viabilities [6].

2.2 Nanoparticles

2.2.1 Introduction

The transition from micro-particles to nanoparticles can lead to a number
of changes in physical properties. Two of the major factors are the increase
in surface area to volume ratio and the size of particles moving into the
realm where quantum effects predominate.

The increase of surface-area-to-volume ratio, which is a gradual pro-
gression with particles getting smaller, leads to an increasing dominance of
the behavior of the atoms on the surface of the particles over that of those
in the interior of the particle. This affects both the properties of a particle
in isolation and its interaction with other materials. The large surface area
results in lots of interactions between intermixed materials in nanocompo-
sites, leading to special properties.

Once particles become small enough they start to exhibit quantum me-
chanical behavior. The property of quantum dots is a case in point,
whereas these are sometimes called artificial atoms because free electrons



2.2 Nanoparticles 27

in them start to behave in a way similar to electrons bound by atoms in that
they can only occupy certain permitted energy states.

Additionally, the fact that nanoparticles have dimensions below the
critical wavelength of light make them transparent, a property that makes
them very attractive for applications in packaging, cosmetics, and coatings.

2.2.2 Nanoparticle Fabrication

The nanoparticle fabrication technique to be selected depends primarily on
the intended functions. Usually, chemical reduction [7-12] and physical
method [13] have been developed to synthesize bimetallic nanoparticles.
The chemical reduction method for the preparation of bimetallic nanopar-
ticles can be divided into two groups: one is the co-reduction of two differ-
ent kinds of metal salts. For instance, Ag/Au alloy, El-Sayed and Murphy
used simultaneous reduction of silver and gold salts to form Ag/Au alloy
nanoparticles with size of 18 nm and less than 10 nm, respectively. Chen et
al. [14] and Zhang et al. [15] used laser irradiation of silver—gold colloidal
mixture to synthesize Ag/Au alloy nanoparticles. The other method is the
successive reduction of two-metal salts, which is usually carried out to
prepare a core—shell structure of bimetallic nanoparticles. Mandal et al.
[16] used seed-mediated techniques to synthesize core-shell type Ag/Au
bimetallic nanoparticles. For the physical method, nanoparticles can be
made directly from the bulk materials. Compared to the chemical reduction
method, the physical method renders higher yield. Particles produced by
this method are usually quite large and have a wide distribution of particle
size.

Noble metal nanoparticles, for example, have been fabricated by an eco-
friendly ultrasonic processing technique. Beveridge and co-workers [17,
18] have demonstrated that gold particles of nanoscale dimensions may be
readily precipitated within bacterial cells by incubation of the cells with
Au™ ions. Klaus et al. [19-21] have shown that the bacteria Pseudomonas
stutzeri AG259 isolated from a silver mine, when placed in a concentrated
aqueous solution of AgNO,, resulted in the reduction of the Ag" ions and
formation of silver nanoparticles of well-defined size and distinct mor-
phology within the periplasmic space of the bacteria. Taking this approach
a step further, they showed that biocomposites of nanocrystalline silver
and the bacteria may be thermally treated to yield a carbonaceous (cermet)
nano-material with interesting optical properties for potential application
in functional thin-film coatings [21]. The exact reaction mechanism lead-
ing to the formation of silver nanoparticles by this species of silver-
resistant bacteria was not clear. In an interesting recent study, Nair and
Pradeep [22] have demonstrated that bacteria not normally exposed to
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large concentrations of metal ions may also be used to grow nanoparticles.

Nair and Pradeep have shown that Lactobacillus strains present in butter-

milk, when challenged with silver and gold ions, resulted in the large-scale

production of metal nanoparticles within the bacterial cells. They
also showed that exposure of lactic acid bacteria present in the whey of
buttermilk to mixtures of gold and silver ions could be used to grow
nanoparticles of alloys of gold and silver [22]. Recently, Jose-Yacaman and
co-workers [23, 24] have shown that gold and silver nanoparticles may be
synthesized in live alfalfa plants by gold and silver uptake from solid media.

A precursor may be used, e.g., AgNO, for Ag nanoparticles, and there
are techniques to control the particle shapes, e.g., spherical, cubic, or wires
[6, 25]. Nanoparticles tend to agglomerate, and so the crucial step is often
the use of a dispersant to counter this tendency [26, 27]. The thermal or
sputter evaporation of metals and condensation on an insulating substrate
will also yield a surface distribution of nanoparticles [28-31].

The enhanced chemical activities of nanoparticles, which make them ef-
fective as catalysts, are due to the high surface area-to-volume ratio, and
hence to the high proportion of unsatisfied chemical bonds. In addition,
other physical property changes include the following:

e Melting point depression: The melting points of small metal nanoparti-
cles drop significantly with decreasing size at dimensions under 5 nm
[26].

e Sintering: The thermally activated surface self-diffusion process drives
net diffusion away from convex surfaces of high curvature, and into
concave surfaces, yielding low-temperature bonding between nanoparti-
cles in contact.

e Coulomb block, or blockade: An external field or thermal source of
electrostatic energy is required to charge an individual nanoparticle; this
effect is the basis of single-electron transistor operation [32].

e Single grain structures, such as nanoparticles, may achieve theoretical
maximum mechanical strengths [33].

e Nanoparticles one to two orders smaller than the wavelength of visible
light provide unique optical scattering properties [34] and absorption
peaks which “color” thin films or suspensions of such nanoparticles.

2.2.3 Nanoparticle Applications

Embedded passive components are seen to be the solution to the problem
of high proportions of PWB (printed wiring board) surface space being oc-
cupied by discrete passives. The “cermet” (ceramic—metal) resistors used
in specialized on-chip applications are adaptable to the embedded
PWB role. The structure consists of metallic nanoparticles embedded in a



2.2 Nanoparticles 29

dielectric (or polymer) with electron tunneling as the transport mechanism
between particles. At low fields, the coulomb block array is randomly
charged by thermal energy, giving a high negative temperature coefficient
of resistance (TCR), offset by the inclusion of positive TCR metallic paths.
Examples of structure-related properties are provided for the Cr (SiO)
and (CrSi, ), N systems.

High dielectric constant, k, and minimal thickness are required for em-
bedded capacitors. The former requirement is met by the inclusion of high
dielectric constant particulates, and the latter requirement suggests
nanoparticles, e.g., barium titanate, or metals. Nanoparticle surface ener-
gies must be reduced to avoid aggregation [27]. The target k is 50-200; k ~
150 has been achieved with metal nanoparticles at the expense of high
leakage (dielectric loss), since this is a similar structure to the cermet resis-
tor, albeit at lower metallic load. An ultra-high k& epoxy/carbon black
polymeric composite with k in excess of 13,000 has been reported by Xu
and Wong [38], but the loss is quite high in 0.1. However, when the epoxy
matrix resin with a loss of 0.02 was replaced with a BCB (benzocyclobu-
tene) with a loss of 0.008, a much lower loss composite was achieved at
~0.06. An alternative approach to leakage is to use aluminum particles, to
take advantage of the native oxide coating [35], with &k ~ 160 achieved
[36]. Ag/Al mixtures have also been studied [37].

Note that thermally conductive materials have very similar structural re-
quirements to the passive components, with metallic or SiC nanoparticles
as fillers [38].

Inductive components are also required, especially for RF applications.
Classical magnetism theory turns out to be inapplicable for nanograin di-
mensions less than the ferromagnetic exchange length (tens of nanometers)
which can sustain high permeability and low coercivity.

The simple addition of nanoparticles to traditional isotropic electrically
conductive adhesives (ICAs) filled with micron-sized Ag fillers in an ep-
oxy matrix might be expected to lower resistivity by providing bridges be-
tween particles, but does not in fact improve conductance, due to mean
free path restrictions and added interface resistances. The same principles
limit the performance of alumina-loaded thermal composites [39]. The ad-
dition of silver nanoparticles does achieve dramatic reductions, however,
by sintering wide-area contacts between flakes [40], a principle also appli-
cable to micro-via fill in PWBs [41], which can also profitably use ICA
materials. Nanoparticle filler sintering is the key step in any effective use
of nanoparticles in these technologies and can also improve anisotropic
conductive adhesive performance [42], aided by contact conductance en-
hancement by the addition of self-assembly molecular surface treatments
[43, 44].

I-x
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PWB surface electrical interconnect is achievable by screen or “ink-jet”
printing of nanoscale metal colloids in suspension [45-48]. As above, elec-
trical continuity is established by sintering Ag nanoparticles [49-52],
which can also be used for die attach.

Fused silica fillers are added to flip chip underfills to reduce the coeffi-
cient of thermal expansion, and nanoparticles resist settling better [53] and
scatter light less than larger fillers, permitting UV optical curing [54] and
other advantages of optical transparency [55]. The higher viscosity of the
nano-filled material can be reduced by silane surface treatments. Physical
properties have been successfully modeled in terms of structural parame-
ters. Nanoparticles with functionalized surfaces may be employed to in-
crease the modulus, glass transition temperature (T,), and dielectric prop-
erty such as voltage endurance of polymer composites due to the strong
interaction between the nanoparticles and the polymeric matrix and larger
interaction zone [56, 57].

The addition of Pt, Ni, or Co nanoparticles to lead-free SnAg-based sol-
der [58, 59] eliminates Kirkendall voids, reduces intermetallic compound
(IMC) growth, and reduces IMC (intermetallic compound) grain sizes, sig-
nificantly improving drop-test performance [60], promoting finer grain
growth, increased creep resistance, and better contact wetting [61].
Nanoparticles in solder grain boundaries also inhibit grain-boundary slid-
ing and thermo-mechanical fatigue.

2.3 Nano Solder Particles

Compared to micron-sized solder alloy particles, the nano solder particles
potentially have the following advantages:
¢ Depression in melting temperature
e Reduce processing temperature
e Reduce thermal stresses on components and substrate during proc-
essing
¢ Increased strength of solder alloys
¢ Finer microstructure
e [ess prone to grain coarsening
e Restriction of dislocation movement and grain-boundary sliding
¢ Interconnection miniaturization
e Very fine pitch applications
¢ Increase fine pitch interconnection reliability
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Environmental regulations require that solder alloys for electronic
components and printed wiring board interconnections be lead free. Lead-
free solder alloys such as Sn/Ag/Cu have become common. However, they
generally have liquidus points of 220°C or higher, compared to the 183°C
melting point of eutectic tin lead solder. The high melting point alloys re-
quire higher processing temperatures, with reflow process temperatures
typically above 240-260°C.

These higher reflow temperatures may create greater residual stresses
in board assemblies, which potentially reduce reliability. Components may
be limited to those passing high-temperature qualifications. Higher tem-
peratures sometimes require major changes in both manufacturing equip-
ment and processes.

Many materials, including pure metals, exhibit a change in properties
as their particle sizes approach nanoscale dimensions. The increase in the
surface area-to-volume ratio, which occurs naturally as particle sizes
shrink, necessarily increases the relative proportion of higher energy sur-
face atoms. The effect may include a change in reactivity, such as in sin-
terability, the agglomeration of metal particles by heating. It may also ap-
pear as a change in electromagnetic properties, altering electronic or
optical properties.

The particle size where these changes occur — the “tipping point” —
depends on both the individual element or compound and its environment.
Property changes normally require particle diameters to be somewhere be-
low 100 nm. The tipping point shows as an abrupt shift in the slope of the
measured curve. Figure 2.1 illustrates a tipping point in sinterability tem-
perature as a function of the particle size.

Discontinuous
change in properties
due to size effects

Sintering Temperature

Particle Size

Fig. 2.1. Tipping point example
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Solder materials containing nano-sized metals exploit the high surface
area and high surface energy of nano-sized particles to lower the apparent
melting point below the conventional melting point. Pure metals, such as
Sn, Pb, and Cu, are known to show significant melting temperature depres-
sion, with the amount of temperature depression increasing as the particle
size decreases. Thus the melting points of tin, silver and copper, the ingre-
dients of lead-free solder, can all be depressed below 200°C, well below
the eutectic melting point of 217°C.

Major challenges remain in developing lower temperature lead-free
solders. The sub-20 nm particles must be uniform in size, well dispersed,
and oxide free. However, researchers continue to show progress toward
low melting point nanoparticle solder paste.

Tin (Sn) and its alloys are easily oxidized due to their low chemical po-
tential. For nano-sized tin and its alloys, oxidation happens more easily
due to the higher surface area-to-volume ratio of nanoparticles. The pres-
ence of oxides of the nanoparticles causes poor wetting and interconnec-
tion formation. Therefore, capping each nanoparticle to prevent oxidation
is critical. The capping agents can cover the particle surfaces to serve as an
effective barrier against the penetration of oxygen.

Jiang et al. [62] from Georgia Tech synthesized different sized
96.5Sn3.0Ag0.5Cu alloy nanoparticles by chemically reducing the precur-
sors such as Tin (II) 2-ethylhexanoate, silver nitrate, copper nitrate. Effec-
tive capping capability can reduce or eliminate agglomeration of nanopar-
ticles as well as protecting them from oxidation. It was found that some
strong coordination agent could be an effective capping agent in forming
crystalline SnAg alloy nanoparticles as shown in Fig. 2.2a, b, and c. When
the SnAg alloy nanoparticles were formed, they were instantly coordinated
through the pair of chelating nitrogen donor sites adjoining the two hetero-
cyclic aromatic rings. The HRTEM characterizations (Fig. 2.2 ¢) showed
that the particles were covered by capping agents which could provide an
effective barrier against the penetration of atmospheric oxygen to the
nanoparticles. At the same time, when using NaBH, as a reducing agent,
hydrogen generated during a reduction reaction was found to be helpful in
the creation of inert environments.
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Fig. 2.2. TEM (a), XRD (b), and HRTEM (c) images of synthesized SnAg alloy
nanoparticles
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Then the author studied the melting hehavior of the synthesized SnAg
alloy nanoparticles by differential scanning calorimeter (DSC). Both the
particle size-dependent melting point depression and the latent heat of fu-
sion have been observed (Fig. 2.3). As can be seen from Fig. 2.3, as much
as 25°C decreasing of melting point as the SnAg particle size was reduced
to about 5 nm. It has already been found that surface melting of small par-
ticles occurs in a continuous manner over a broad temperature range,
whereas the homogeneous melting of the solid core occurs abruptly at the
critical temperature 7' [63, 64]. For smaller size metal nanoparticles, the
surface melting is strongly enhanced by curvature effects. Therefore, both
the melting point and the latent heat of fusion will decrease with the parti-
cle size.
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Fig. 2.3. Size-dependent melting of SnAg alloy nanoparticles by DSC

Although the nano alloys melt at a lower temperature, their wettability
would be poorer than that of eutectic SnPb solders due to their intrinsically
higher surface tension. Besides the intrinsic behavior of the nano alloys,
the melting or sintering behavior of the nano alloy particles surrounded by
liquids such as flux vehicles has not been investigated. Since all the theo-
retical approaches for the melting behavior of fine particles assume that the
particles are placed in a free space, its behavior surrounded by the flux ve-
hicle will be very interesting from a practical point of view.

To improve the wetting properties on the cleaned copper surface, the
authors [62] formulated a nano solder paste by dispersing the SnAg alloy
nanoparticles into a low viscosity acidic type flux. The synthesized parti-
cles were surface coated by capping agents to prevent oxidation. During
the reflow process, the capping agents need to be debonded from the parti-
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cle surfaces. Otherwise, they will hinder the wetting of particles on sub-
strates. The desorption of these capping agents depends upon their affinity
to the nanoparticle surfaces and their intrinsic thermal stability. Then the
nano solder pastes were placed on top of the cleaned copper foil surface
and then reflowed at 230°C in an oven with an air atmosphere for 5 min. A
cross-sectional image of the sample after the reflow process was shown in
Fig. 2.4. It was observed that the SnAg alloy nanoparticles with an average
particle size of 64 nm completely melted and wetted on the cleaned copper
foil surface. The energy dispersive spectroscopy (EDS) results revealed the
formation of the intermetallic compounds (IMC) (CusSns), which showed
scallop-like morphologies in Fig. 2.4. The thickness of the IMC was ap-
proximately 4.0 pm.

Solder

S,
N T—

Fig. 2.4. A cross-sectional SEM image of a solder interface formed using the
SnAg alloy nanoparticles (with an average particle size of 64 nm) on a cleaned
copper foil surface after the reflow process

Guan et al. [65] successfully synthesized nanoparticles of Sn—4.0Ag—
0.5Cu and Sn—-0.4Co-0.7Cu (wt% composition) lead-free solder alloys us-
ing a top-down approach — spark erosion, also known as Consumable elec-
trode Direct Current Arc (CDCA) or arc-discharge which has some advan-
tages such as room temperature process, suitable for high volume
production, and versatile. The manufacturing set-up, schematically shown
in Fig. 2.5, shows the cathode (1), the anode (2) which are connected to a
high current and low voltage power source, the bulk alloy electrodes (3
and 4), the arc discharge taking place between the electrodes (5), and
the dielectric coolant (6). The nanoparticles are fabricated when the
two electrodes come close enough to each other, so that a stable arc is
formed. Different dielectric coolants such as liquid paraffin, glycerine, and
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triethanolamine were used. Both glycerine and triethanolamine offered bet-
ter oxidation protection compared to the liquid paraffin. However, due to
the high viscosity of these two coolants, it became very difficult to extract
the synthesized nanoparticles from the coolant. The synthesized nanoparti-
cles were spherical in shape and with a size between 20 and 80 nm. High-
resolution transmission electron microscopy (HRTEM) showed that the
oxide layer thickness on the nanoparticles was about 2.5 nm. The melting
point difference obtained by DSC (differential scanning calorimetry)
for Sn—4.0Ag—0.5Cu and Sn-0.4Co-0.7Cu lead-free solders is between
1.1-7.8°C and 0.24-2.4°C, respectively, depending on the definition of the
melting point determination by DSC.

Zhang et al. have showed that it is possible to control the particle size
by changing the ultrasonic power. They have fabricated nanoparticles of
Sn, Bi, and Sn-Bi by using ultrasonic vibration with a power of 900
W/em’ [66-68].

Fig. 2.5. A schematic drawing of an arc-discharge set-up for manufacturing nano
solder particles

Recently there has been great research efforts to understand the effects
of incorporating nanoparticles and nanotubes into the solders to the various
properties of the bulk solder and also the intermetallic formation between
the solder and the substrate pad finish.

Kumar et al. [69] studied the influence of nanopowders such as Ni, Cu,
and Mo on the phase formation, microstructural characteristics, and me-
chanical behavior of conventional solder alloys (63Sn/37Pb and
Sn/3.8Ag/0.7Cu). The composite solders were prepared by mechanical
mixing of nickel (Ni), copper (Cu), and molybdenum (Mo) nano powders
with solder alloys followed by cold compaction and sintering. It was ob-
served that the intermetallics are uniformly distributed for the composite
solders. The grain refinement of the composite solder occurs with addition
of the nano sized metallic powders. The hardness of SnPb and SnAgCu
composite solder increases with the increase in weight percentage of
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nanopowders (Cu, Ni, and Mo). The addition of Mo to the SnPb and
SnAgCu resulted in higher hardness values compared to that of adding Ni
and Cu to the solders. The grain refinement and grain-boundary strength-
ening due to the nanopowders reinforcements are responsible for the im-
proved deformation behavior of the composite solders.

Kumar et al. [70] investigated Sn/Ag/Cu (SAC) solders reinforced with
SWCNTs, nano-nickel, and nano-Mo of varying weight percentages using
a powder metallurgy method. The nanotubes were found to be homogene-
ously distributed at the edges of the grain boundaries of the Ag Sn inter-
metallic that are distributed evenly in the B-Sn solder matrix. Microstruc-
ture analysis revealed that the nano Ni and nano Mo particles were
transformed to Ni,Sn, and Mo—Sn intermetallic compounds during proc-
essing and distributed uniformly throughout the 3-Sn solder matrix. When
compared to the SAC solder without any reinforcement, composite solders
exhibit enhanced hardness, enhanced yield strength, and enhanced ultimate
tensile strength. However, the elongation to failure of the composite
specimens considerably decreased. The increase in the strength of the
nanocomposite solder specimens with respect to the wt% of SWCNT addi-
tion can be attributed to the critical reduction in the grain size. The en-
hanced mechanical properties also can be attributed to the effective load-
transfer between the solder matrix and the nanotubes. The effect of brittle
reinforcement content on the overall strength and ductility of the compos-
ite solder can be explained by the strengthening mechanisms such as stress
gathering capability of the reinforcing particles, thermally induced matrix
work hardening, a increase in dislocation density, and reduction of sub-
grain size.

Qi et al. [71] investigated the effects of Ni nanoparticles addition on
shear property and microstructure of Sn—3.5Ag lead-free solder joint. The
nickel nanocomposite Sn—3.5Ag solder was prepared by adding dispersant
to the dry nanoparticles and mechanically stirred Ni nanoparticles into the
Sn-3.5Ag lead-free solder paste. The shear force of the Sn—3.5Ag solder,
0.5 and 1.0wt% nickel nanocomposite solder, was tested, respectively, at
reflow 120 and 240s. The result showed that adding nickel nanoparticles
could improve the shear performance of the soldered joint; the shear force
of the soldered joint was highest when adding 0.5wt% Ni nanoparticles at
reflow 240s. The SEM observations showed that the hexagonal Cu,Sn,
IMC (intermetallic compound) in the inside solder is disappears gradually
and the morphsa of the IMC that on the interface of the solder joint be-
comes planar after adding Ni nanoparticles into solder.

To study the effect of nanoparticles on the growth of intermetallic com-
pounds during reflow processes and thermal aging and on the drop-test
performance, Amagai Masazumi [72] evaluated Co, Ni, Pt, Al, P, Cu, Zn,
Ge, Ag, In, Sb, or Au inclusions in Sn—Ag-based lead-free solders. Also,
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these nanoparticles were studied if they can reduce the frequency of occur-
rence of intermetallic compound fractures in high-impact pull tests. It was
found that Co, Ni, and Pt were much more effective for depressing the
growth of intermetallic compounds and enhancing drop-test performance
than Cu, Ag, Au, Zn, Al, In, P, Ge, and Sb.

2.4 Carbon Nanotubes (CNTs)

Since the discovery in 1991, carbon nanotubes (CNTs) have developed
into a distinct branch of nano-technology, nano-material, and nano-
mechanical engineering with numerous unique applications. Carbon nano-
tubes (CNTs) are well-ordered, all-carbon hollow graphitic nano-materials
with a high aspect ratio, lengths from several hundred nanometers to sev-
eral micrometers with a diameter of 0.4-2 nm for single-walled (SWNT)
and 2-100 nm for coaxial multiple-walled (MWNT) carbon nanotubes.

There are mainly two types of CNT, including single-walled CNTs
(SWCNT) which consist of just one layer of graphite, and multi-wall
CNTs (MWCNTs) which consist of two or more concentric shells of car-
bon and a hollow inner capillary. The separation between the adjacent
shells in MWCNTs is about 0.34 nm.

In general, CNTs can be grown by arc-discharge, laser ablation, and
chemical vapor deposition (CVD) methods (Table 2.1). However, for de-
vice applications, growth of CNTs by CVD methods is particularly attrac-
tive, due to features such as selective spatial growth, large area deposition
capabilities, and aligned CNT growth.

Extensive experimental and theoretical studies have shown that CNT
possess extraordinary electrical, mechanical, thermal, and chemical prop-
erties with a wide range of potential applications.

Table 2.1. Summary of CNT laboratory synthesis technique

Arc discharge Laser ablation CVD
Carbon source Graphite Graphite Hydrocarbon, CO
Energy source Electricity Laser Plasma, furnace
Growth temp 2,500-3000°C 1,200°C 600-1100°C
Yield 30wt% Up to 70wt% 20-100wt%
Scalability Non-scalable Non-scalable Scalable
Advantages -Few or no struc- -Diameter control -Relatively low temp

tural defects -Few defects -Long length

Diameter control

Limitations -High temp -Costly -High defects

-Short tubes -High power -Low crystallinity

-Expensive laser
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As originally proposed, Moore’s law states that the number of transis-
tors in semiconductor devices or integrated circuits (ICs) doubles ap-
proximately every 18 months [73]. One of the historical consequences of
increasing the number of devices on a chip and thus microprocessor per-
formance is an associated increase in power consumption. Heat dissipation
challenges create opportunities for fundamental research in materials and
thermal management strategies. Specifically, it has been suggested that fu-
ture cooling approaches may be based on micro- and nanotechnologies.
For thermal management applications, the distinctive properties of one-
dimensional structures and materials have gained much attention. Among
such materials, carbon nanotubes (CNTs), due to their unique thermal
properties, give rise to new opportunities in thermal management of mi-
croelectronic devices and ICs. Also, the extraordinary electrical and me-
chanical properties of CNTs make them a promising candidate for electri-
cal interconnects [74, 75].

2.4.1 Carbon Nanotubes for Electrical Interconnect
Applications

2.4.1.1 Electrical Properties of Carbon Nanotubes

Previous studies have demonstrated that a carbon nanotube behaves like a
quantum wire due to geometrical confinement of the tube circumference
[76]. The conductance of a multi-walled nanotube (MWNT) or a single-
walled nanotube (SWNT) is determined by two factors: the conducting
channels per shell and the number of shells. A SWNT consists of one shell.
A SWNT rope or MWNT can be viewed as a parallel assembly of single
SWNTs. Due to the structural imperfection of grown CNTs, the conduc-
tance for a SWNT, a SWNT rope, or MWNT can be written as

G=G,M =(2¢ | YMT 2.1)
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where M is an apparent number of conducting channels and 7 is the trans-
mission probability for an electron through the contacts and the tube. Ide-
ally, T is unity and M = 2 for a perfect ballistic SWNT less than 1 um long.
In actual operation, T may be significantly lower than 1 due to electron—
electron coupling, intertube coupling effects, scattering from defects and
impurities, structural distortions, and coupling with substrates or contact
pads. Therefore, the experimentally measured conductance is much lower
than the quantized value. Therefore, the high electrical resistance of a sin-
gle nanotube necessitates the use of nanotube bundles aligned in parallel.

2.4.1.2 Carbon Nanotubes as Interconnects

There are two types of interconnects employed in microelectronic devices:
horizontal and vertical. Horizontal interconnects link transistors in differ-
ent locations on an integrated circuit; many layers of these horizontal in-
terconnects (up to 12) can exist on a state-of-the-art circuit [77]. Each layer
is then separated by an interlayer dielectric, generally porous SiO, or SiO,
doped with C or F to lower its dielectric constant [78]. These materials are
rather weak mechanically and are thermally unstable above ~450°C. As
dimensions decrease for on-chip interconnects, the current density carried
by each interconnect increases. The International Technology Roadmap for
Semiconductors (ITRS) predicts that in 2010 the current density will reach
5 x 10° A/em’, a value which can only be supported by CNTs, since they
are capable of a current density of ~10” A/cm’ [79].

Vertical interconnects pass through holes (vias) in the dielectrics to con-
nect horizontal interconnects to the source, drain, or gate metallization of
transistors. In existing microelectronic technology, the vias are fabricated
from copper. Via regions are the most common source of failures in inter-
connect structures due to the high current densities and heterogeneous cur-
rent distributions that cause electron-induced material transport (elec-
tromigration) [80]. Carbon nanotubes are expected to offer a substantially
higher resistance to electromigration than do copper lines. Thus, CNT con-
nections between metallization layers may solve the problems of elec-
tromigration and heat removal. Researchers from Fujitsu and Infineon
have investigated this area extensively [81-83]. In one approach, a hole is
etched in the interlayer dielectric, and catalyst is deposited into the bottom
of the hole; excess catalyst is removed from the top of the hole. Alterna-
tively, a catalyst layer is deposited under the interlayer dielectric and is ex-
posed by etching a hole in the dielectric. In both approaches, CNTs are
then grown within the hole by CVD or by plasma-enhanced CVD
(PECVD).
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When interconnects and vias are further reduced in size to meet re-
quirements for future ICs, CNT vias will offer still more advantages. Vias
consisting of only one MWNT are conceivable, since multi-walled nano-
tubes can be produced with diameters from 5 to 100 nm; indeed, Infineon
has demonstrated such a process [81].

To take full advantage of CNT ballistic conductivity, one must open the
CNT ends after growth [84] to permit better wetting and contact by Sn/Pb,
etc. CNT flip chip electrical interconnection is also under study [85-88],
with micrometer m-scale CNT clusters successfully developed as flip chip
“nano-bumps” [89]. Au and Ag incorporation into CNTs has also been
studied for electrical contacts with minimal galvanic corrosion [90]. Metal
and carbon loaded polymers have long been used for high-frequency con-
ductors in electromagnetic shielding, and both carbon fibers and multi-
walled CNTs have been studied in polymer matrices for the purpose [91,
92]. CNT replacement of ICA metal filler, however, does not even match
the electrical conductivity of standard materials.

2.4.1.3 Carbon Nanotubes for Thermal Management

Several investigations have indicated that CNTs have unusually high ther-
mal conductivity in the axial direction. For example, molecular dynamics
simulations of a SWNT by Berber et al. indicated that the thermal conduc-
tivity of a SWCNT can be as high as 6,600 W/mK at room temperature
[93]. Dai et al. presented a method for extracting the thermal conductivity
of an individual SWNT from high bias electrical measurements in the tem-
perature range from 300 to 800K by reverse fitting the data to an existing
electrothermal transport model [94]. The thermal conductivity measured
was nearly 3,500 W/mK at room temperature for a SWNT of length 2.6
pm and diameter 1.7 nm. Kim et al. developed a microfabricated sus-
pended device hybridized with MWNTs (~1 pm) to allow the study of
thermal transport where no substrate contact was involved [95]. The ther-
mal conductivity and thermoelectric power of a single carbon nanotube
were measured, and the observed thermal conductivity is >3,000 W/mK at
room temperature.

Hone et al. measured the thermal conductivity of aligned and unaligned
SWNTs from 10 to 400K [96]. Thermal conductivity increased smoothly
with increasing temperatures for both aligned and unaligned SWNTs. At
room temperature, the thermal conductivity of aligned SWNTs was greater
than 200 W/mK, compared to ~30 W/mK of unaligned ones; above 300K,
the thermal conductivity increased and then leveled off near 400K. Yi et
al. measured the thermal conductivity of millimeter-long aligned MWNTs
[97]. The thermal conductivity was low, only ~25 W/mK, at room tem-
perature, due to a large number of CNT defects. However, thermal conduc-
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tivity could reach ~2,000 W/mK if the aligned MWNTSs were annealed at
3,000°C to remove the defects. Yang et al. investigated the thermal con-
ductivity of MWNT films prepared by microwave CVD using a pulsed
photothermal reflectance technique [98]. The average thermal conductivity
of carbon nanotube films, with the film thickness from 10 to 50 um, was
~15 W/mK at room temperature and independent of tube length. However,
by taking into account a small volume filling fraction of CNTs, the effec-
tive nanotube thermal conductivity can reach 200 W/mK.

Aligned CNTs have been grown directly on silicon surfaces for thermal
management. Xu et al. grew aligned CNTs on silicon wafers using plasma-
enhanced CVD [99]. The thermal testing performed was based on a one-
dimensional reference bar method in high vacuum with radiation shielding,
and temperature measurements were carried out with an infrared camera.
Dry CNT arrays have a minimum thermal interface resistance of 19.8
mm’K/W, while CNT arrays with a phase change material (PCM) pro-
duced a minimum resistance of 5.2 mm’K/W. Xu et al. used a photother-
mal metrology to evaluate the thermal conductivity of aligned CNT arrays
grown on silicon substrates by plasma-enhanced CVD [100]. The effective
thermal resistance was 12 — 16 mm’K/W, which is comparable to the resis-
tance of commercially available thermal grease. K. Zhang et al. [101] fab-
ricated aligned carbon nanotube (CNT) arrays from a multilayer catalyst
configuration by microwave plasma-enhanced chemical vapor deposition
(PECVD). One of the potential applications of CNT is thermal interface
materials (TIMs). TIM is used to fill the gaps between thermal transfer sur-
faces, such as between microprocessors and heatsinks, in order to increase
thermal transfer efficiency. These gaps are normally filled with air which
is a very poor conductor. Figure 2.6 shows two typical packaging architec-
tures used in electronics cooling [102]. For example, TIM1 between the
chip and the heat spreader and TIM2 between the heat spreader and the
heat sink have been introduced to fill the gap between the asperities to
minimize the contact thermal resistance. The effects of the thickness and
annealing of the aluminum layer on the CNT synthesis and thermal per-
formance were investigated. It was demonstrated that the CNT—thermal in-
terface material (CNT-TIM) reduced the thermal interfacial resistance sig-
nificantly compared with state-of-the-art commercial TIM. The total
thermal resistance of the CNT-TIM was only 7 mm’ KW' and was about
10% of that of commercial silver epoxy TIM. The light performance of
high-brightness light-emitting diode (HB-LED) packages using the aligned
CNT-TIM was tested. The results indicated that the light output power
was greatly improved with the use of the CNT-TIM. The usage of the
CNT-TIM can be also extended to other microelectronics thermal man-
agement applications.
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Fig. 2.6. Schematic illustration of the two thermal architectures. (a) Architecture I,
typically used in laptop applications. (b) Architecture II, typically used in desktop
and server applications. I, — heat sink; II, — TIM2; III, — IHS; IV, — TIM1; V, —
die; VI, — underfill; VII, — package substrate [102]

The high CNT thermal conductivity is used directly for conductive cool-
ing of chips and indirectly in convective cooling [103]. For conductive
systems, CNT alignment is the problem, since the thermal conductivities
of random arrays show no advantages over conventional materials. Com-
posites filled with CNTs have also been studied for thermal interface mate-
rials, e.g., CN'T/carbon black mixtures in epoxy resin. The use of a liquid
crystal resin matrix can impose structural order on the CNT alignment to
yield a seven-fold improvement in thermal conductivity [104]. Recently,
electrospun polymer fibers filled with CNTs, or with SiC or metallic
nanoparticles, have shown advances in both mechanical and thermal prop-
erties [105].

Micron-scale clusters of vertically grown nanotubes [106, 107] define
microchannels for convective cooling coolant flow, similarly to the metal
or silicon structures they aim to replace, with similar thermal perform-
ances. The problem is that the flowing coolant is only in contact with the
outermost CNTs of the clusters, and the internal CNTs are not even in
good contact with each other. The system has been modeled, and the solu-
tion is clearly to spread the CNTs apart by an optimal separation to permit
coolant contact with each one. The problem then is whether individual
CNTs can withstand the coolant flow pressure without detaching from the
substrate.
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2.4.1.4 Integration of Carbon Nanotubes into Microsystems

For electronic device applications, chemical vapor deposition (CVD)
methods are particularly attractive. However, the CVD technique suffers
from several drawbacks. One of the main challenges for applying CNTs to
circuitry is the high growth temperature (>600°C). Such temperatures are
incompatible with microelectronic processes, which are typically per-
formed below 400-500°C in backend-of-line sequences. Another issue is
the poor adhesion between CNTs and the substrates, which will result in
long-term reliability issues and high contact resistance. At the device level,
CNTs must be integrated and interconnected with metal electrodes to al-
low signal input and output. Typical approaches for CNT growth on such
substrates involve the deposition of catalysts such as Fe or Ni on metal
layers such Ti or Ti/Au. Unfortunately, results indicate that electrical con-
tact is not necessarily improved, suggesting that attachment of CNTs onto
the electrodes produces poor mechanical and electrical properties yielding
high contact resistance. On the other hand, to meet manufacturing re-
quirements and throughput for IC applications, a large number of CNTs
must be positioned simultaneously rather than aligning CNTs one by one.

To overcome the above disadvantages, Zhu et al. at Georgia Tech pro-
posed a methodology termed “CNT transfer technology,” which is enabled
by open-ended CNT structures [84]. This technique is similar to flip chip
technology as illustrated schematically in Fig. 2.7.

Si

Substrate
Substrate %
Substrate

Reflow & Remove Si chip

Substrate

Fig. 2.7. Schematic diagram of “CNT transfer technology” [84]
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The eutectic tin—lead paste is stencil printed on a copper substrate. After
reflow, the tin—lead solder is polished to 30 um thick. The silicon sub-
strates with CNTs are then flipped and aligned to the corresponding copper
substrates and reflowed in a reflow oven to simultaneously form electrical
and mechanical connections. This process is straightforward to implement
and offers a strategy for both assembling CNT devices and scaling up a va-
riety of devices fabricated using nanotubes (e.g., flat panel displays). This
process offers an approach to overcome the serious obstacles of integration
of CNTs into integrated circuits and microelectronic device packages by
offering low processing temperatures and improved adhesion of CNTs to
substrates. Figure 2.8 shows the demarcation between the broken CNTs
and the intact and connected ones. When pulled from the substrate, the
CNTs break along the axis rather than at the CNT—solder interface. The
excellent mechanical bonding strength of CNTs on the substrate anchors
the CNTs and thereby improves the CN'T/substrate interfacial properties.

Fig. 2.8. SEM of the copper substrates on which the CNTs were assembled after
some CNTs were pulled from the surface by tweezers; this figure demonstrates the
excellent mechanical bond strength of CNTs transferred to the copper substrate by
the solder reflow process [84]

Recently, Lin et al. from Georgia Tech proposed another new transfer
technology for aligned CNT, named “chemical transfer” (Fig. 2.9). Chemi-
cal transfer is a two-step assembly process, (1) well-aligned CNTs are in
situ functionalized (f-ACNTs) during the CVD growth; (2) f-ACNTs are
then anchored onto the gold-coated substrate by forming covalent bonding
between the f~ACNTs and the self-assembled monolayer of conjugated
thiol molecules on the gold surface. The in situ functionalization process
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allows for precise length control of ACNT assembly without randomly
damaging the CNT structures and, equally importantly, renders the ACNT
surface, especially the opened ends, chemically reactive to certain func-
tional groups [108]. In their publication, a chemically transferred ACNT
film on the gold surface with self-assembled monolayer of conjugated thiol
molecules was successfully demonstrated (Fig. 2.10).

f-CNT film

SAM-substrate

Fig. 2.10. Chemically transferred f-ACNT film on the gold surface: (a) photo-
graph; (b) the side view SEM image (by 0.5 N/cm’ of compressive force during
transfer); (c¢) further enlargement of the CNT alignment after chemical transfer;
and (d) the anchored f~-ACNT/gold interface after part of the transferred ACNTSs
was removed [108]
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The chemically transferred f-ACNT showed a liner current—voltage (I-
V) curve which suggested an Ohmic contact (Fig. 2.11). The resistivity of
the individual ACNT was demonstrated to be in the order of 10 Q-cm.
The authors attributed the Ohmic contact and low resistance to two factors,
conjugated SAM-assisted bonding and relatively low defect density. This
process offers the opportunity of using ACNT in broader applications such
as electrical interconnect, thermal transport, electrodes for sensors.
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Fig. 2.11. The room temperature /-V curve of the f~ACNT/gold interconnect via
the chemical transfer [108]

2.4.1.5 Summary and Future Needs

Scaling of microelectronic devices has led to an interest in utilizing carbon
nanotubes for electrical interconnects and thermal management ap-
proaches. Carbon nanotubes are also promising for vertical interconnects
(for on-chip or packaging levels) and heat removal for microelectronics
packaging. CNTs may be able to meet some of the ITRS projections for
device interconnects and thermal requirements. However, a number of ma-
terials and CNT process integration issues need to be addressed before a
CNT technology platform can be developed, including growth of structur-
ally perfect carbon nanotubes, chirality control of carbon nanotubes, and
positioning of carbon nanotubes in predefined locations simultaneously.
The barriers to CNT implementation in the packaging of microelectronic
devices and ICs offer numerous opportunities for new developments and
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approaches. Clearly, more effort is required in order to take CNT tech-
nologies from the research laboratory to high-volume production.

2.5 Nanocomposites

2.5.1 Recent Advances in Nanocomposites

Nanocomposites are materials that are created by introducing nanoparticu-
lates (often referred to as filler) into a macroscopic sample material (often
referred to as the matrix). This is part of the growing field of nanotechnol-
ogy. After adding nanoparticulates to the matrix material, the resulting
nanocomposite may exhibit drastically enhanced properties. For example,
adding carbon nanotubes tends to drastically improve the electrical and
thermal conductivity. Other kinds of nanoparticulates may result in en-
hanced optical properties, dielectric properties, or mechanical properties
such as stiffness and strength. In general, the nanosubstance is dispersed
into the matrix during processing. The percentage by weight (called mass
fraction) of the nanoparticulates introduced can remain very low (on the
order of 0.5-5%) due to the incredibly low filler percolation threshold, es-
pecially for the most commonly used non-spherical, high aspect ratio fill-
ers (e.g., nanometer thin platelets, such as clays, or nanometer diameter
cylinders, such as carbon nanotubes).

The internal surfaces are critical in determining the properties of nano-
filled materials. Nanoparticles have high surface area-to-volume ratio; par-
ticularly when the size decreases below 100 nm. This high surface area-to-
volume ratio means that for the same particle loading, nanocomposites will
have a much greater interfacial area than microcomposites. This interfacial
area leads to a significant volume fraction of polymer surrounding the par-
ticle that is affected by the particle surface and has properties different
from the bulk polymer (interaction zone) [109]. Since this interaction zone
is much more extensive for nanocomposites than for microcomposites, it
can have significant impact on properties (shown in Fig. 2.12) [110, 111].
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Fig. 2.12. A schematic comparison of particle and matrix interaction in nanocom-
posites and microcomposites

For example, depending upon the strength of the interaction between
polymer and particle, this region can have a higher or lower mobility than
the bulk material and result in an increase or decrease in glass transition
temperature [112]. It has also been suggested that free volume in such in-
teraction zones is altered by the introduction of nano-fillers. Since these in-
teraction zones are likely to overlap at relatively low-volume fractions in
nanocomposites, a small amount of nano-filler has been found to impact
the electrical behavior [113, 114]. Some authors have emphasized that the
interaction zone around the particles is a “quasi-conductive” region which
partially overlaps in the nanocomposites [114]. These overlapped interface
regions thus may allow charge dissipation, which, in turn, could improve
the dielectric breakdown strength and voltage endurance characteristics.
Introduction of a second phase can also influence the breakdown strength
of the dielectrics via a scattering mechanism (i.e., an increase in path
length of the carriers responsible for the breakdown processes) or, by
changing the space-charge distribution [115]. It has been shown by some
authors that when the size of the filler approaches the chain conformation
length, they act “cooperatively” with the host structure either eliminating
or suppressing Maxwell-Wagner polarization, which is well known in the
case of conventionally filled materials [116]. Some recent results also sug-
gest that it is the size of the filler that plays the most crucial role in terms
of global properties (electrical, mechanical, and thermal), rather than the
chemistry of the particles [117]. Finally, changes in morphology due to in-
corporating nanoparticles can influence the dielectric behavior of nano-
composites [118]. The large surface area can also lead to changes in the
morphology of semicrystalline polymers as observed by several groups
[118]. The breakdown strength of the intraspherulitic regions is higher than
that of the interspherulitic regions and a change in the disorder within the
spherulites or of the interspherulitic region can affect the breakdown
strength. In addition, it is important to recognize that nanoparticu-
late/fibrous loading confers significant property improvements with very
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low loading levels, traditional microparticle additives requiring much
higher loading levels to achieve similar performance. This in turn can re-
sult in significant weight reductions, which is important for various mili-
tary and aerospace applications, for similar performance, greater strength
for similar structural dimensions and, for barrier applications, increased
barrier performance for similar material thickness.

Roy et al. [56] studied the effect of interactions between the nanoparti-
cle surface and the matrix to the electrical properties of the nanocomposite.
It was found that covalent bonding between the nanoparticles and the ma-
trix (vinylsilane treated nanoparticles) increases the temperature at which
the breakdown strength decreases. The increase in interfacial region in
nanocomposites creates a zone of altered polymer properties which re-
duces the dielectric permittivity of nanocomposites. The highest voltage
endurance occurs for composites with strong covalent bonding between the
matrix and the filler.

Ramanathan et al. [119] described the use of SWNTSs to create low-
volume fraction polymer composites with dramatically improved mechani-
cal, thermal, and electrical properties when compared with those of the
neat polymer. Composites were created with unmodified and amide-
functionalized the SWNTs (a-SWNT). The formation of amide groups on
the surface of SWNTs provides free amine groups to interact with PMMA,
and IR spectra indicated covalent bonding between a-SWNT and PMMA.
For both SWNT/PMMA and a-SWNT/PMMA composites, thermal, me-
chanical, and electrical data showed significantly improved properties
when compared with those of the neat polymer. The experimental results
also demonstrated that the a-SWNT/PMMA composite properties are con-
sistently improved when compared with those of the SWNT/PMMA com-
posite. The increase in thermal degradation temperature, glass transition
temperature (Tg), storage modulus, and electrical conductivity confirms
better interaction between the functionalized SWNTs and the polymer.
Functionalized SWNT resulted in a composite where relaxation mecha-
nisms (tan o) are shifted by 30°C from that of the matrix material, indicat-
ing extensive interphase regions and absence of PMMA with bulk proper-
ties. In contrast, the composite with unmodified nanotubes retained the
dominant relaxation characteristics of the bulk PMMA with a broadening
of the loss peak, indicating existence of discrete interphase regions near
the nanotubes. The mechanical property data were compared with model-
ing predictions based on ideal dispersions of randomly oriented straight
SWNTs in PMMA. The modulus properties for both composites signifi-
cantly exceed the predicted upper bound. These results reinforce the exis-
tence of an extensive polymer interphase in both composites with altered
properties. These results further demonstrate that the altered polymer near
the nanotubes has increased modulus, consistent with the loss modulus
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data indicating decreased mobility of the polymer in the interphase region.
The consistent improvement in the properties of the a-SWNT composite
when compared with those of the SWINT composite can be attributed to
the increased extent of the interphase with altered properties and finer dis-
persion of nanotubes due to the functionalization.

The results here indicate promising potential for polymer nanocompo-
sites with enhanced thermal, mechanical, and electrical properties. The
demonstrated importance of the interphase region underscores the need for
more detailed modeling and characterization to understand the changes in
local polymer dynamics near nanoparticles and the percolation of these ef-
fects in distributed systems. The success of the functionalization to provide
consistently improved properties in this work indicates the possibility to
create designer nanocomposites with controlled interface chemistry and in-
terphase zones and thus controlled load transfer and properties.

2.5.2 Areas of Application of Nanocomposites

The mechanical property improvements of nanocomposites have resulted
in major interest in nanocomposite materials in numerous automotive and
general/industrial applications. These include potential for utilization as
mirror housings on various vehicle types, door handles, engine covers, and
intake manifolds and timing belt covers. More general applications cur-
rently being considered include usage as impellers and blades for vacuum
cleaners, power tool housings, mower hoods, and covers for portable elec-
tronic equipment such as mobile phones, pagers, etc.

The substantial gaseous barrier property improvement that can result
from incorporation of relatively small quantities of nano-filler has resulted
in considerable interest in nanoclay composites in food packaging applica-
tions, both flexible and rigid. The use of nanocomposite formulations
would be expected to enhance considerably the shelf life of many types of
food.

The ability of nanoclay incorporation to reduce solvent transmission
through polymers such as polyamides has resulted in considerable interest
in using these materials as both fuel tank and fuel line components
for cars. Of further interest for this type of application, the reduced fuel
transmission characteristics are accompanied by significant material cost
reductions.
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The presence of nano-filler incorporation has also been shown to have
significant effects on the transparency and haze characteristics of films. In
comparison to conventionally filled polymers, nanocomposite has shown
to significantly enhance transparency and reduce haze. When employed to
coat polymeric transparency materials, the nanocomposites can enhance
both toughness and hardness of these materials without interfering with
light transmission characteristics.

Kim et al. [120] investigated the moisture diffusion and barrier charac-
teristics of epoxy-based nanocomposites containing organoclay. It was
found that moisture diffusivity of nanocomposites decreased with increas-
ing clay content. The moisture permeability showed a systematic decrease
with increasing clay content. It was also observed that high aspect ratio
nanoparticle showed the lowest moisture permeability because of the in-
creased effective penetration path caused by the aspect ratio nanoparticles.
Similar effects have been observed by van Es of DSM with polyamide
based nanocomposites. In addition, van Es noted a significant effect of
nanoclay aspect ratio on water diffusion characteristics in a polyimide
nanocomposite. Specifically, increasing aspect ratio was found to diminish
substantially the amount of water absorbed, thus indicating the beneficial
effects likely from nanoparticle incorporation in comparison to conven-
tional microparticle loading. Hydrophobic enhancement would clearly
both improve nanocomposite properties and diminish the extent to which
water would be transmitted through an underlying substrate. Thus applica-
tions in which contact with water or moist environments is likely could
clearly benefit from materials incorporating nanoclay particles.

The ability of nanoclay incorporation to reduce the flammability of
polymeric materials was a major theme of the paper presented by Gilman
[121]. In his work Gilman demonstrated the extent to which flammability
behavior could be restricted in polymers such as polypropylene with as lit-
tle as 2% nanoclay loading. Although conventional microparticle filler in-
corporation, together with the use of flame retardant and intumescent
agents would also minimize flammability behavior, this is usually accom-
panied by reductions in various other important properties. With the nano-
clay approach, this is usually achieved while maintaining or enhancing
other properties and characteristics.



2.6 Nano Interconnect 53

2.6 Nano Interconnect

2.6.1 Carbon Nanotube Transistors

Semiconducting CNTs have been used to fabricate field-effect transistors
(CNTFETs), which show promise due to their superior electrical character-
istics over silicon-based MOSFETs. Since the electron mean-free path in
SWCNTs can exceed 1 um, long channel CNTFETSs exhibit near-ballistic
transport characteristics, resulting in high-speed devices. In fact, CNT de-
vices are projected to be operational in the frequency range of hundreds of
GHz. Recent works detailing the advantages and disadvantages of various
forms of CNTFETs have also shown that the tunneling-based CNTFET of-
fers better characteristics compared to other CNTFET structures. This de-
vice has been found to be superior in terms of subthreshold slope — a very
important property for low-power applications.

Carbon nanotube field-effect transistors (CNTFETSs) were fabricated
with metal material (gold) and semiconductor material (bismuth telluride,
Bi,Te,) as the source and drain materials [122]. Highly purified single-
walled carbon nanotubes (CNTs) were used for the fabrication of
CNTFETs. The single-walled carbon nanotubes were ultrasonically dis-
persed in toluene and dimethylformamide (DMF) with trifluoroacetic acid
(TFA), as co-solvent. Dielectrophoresis (DEP) method was used to de-
posit, align, and assemble carbon nanotubes (CNTs) to bridge the gap be-
tween the source and the drain of CNTFETs to form the channel. The
structure of CNTFET is similar to a conventional field-effect transistor
with substrate acting as a back-side gate. Electron-beam evaporation was
used to deposit gold and bismuth telluride thin films. Microfabrication
techniques such as photolithography, e-beam lithography, and lift-off
process were used to define and fabricate the source, drain, and gate of
CNTFETs. The gap between the source and the drain varied from 800 nm
to 3 um. It was found that in the case of gold (Au) electrodes, the I-V
curves of CNTFETs clearly show behavior of the CNT (metallic or semi-
conducting) aligned across the source and drain of CNTFETs, while in the
case of bismuth telluride electrodes, the I-V curves are less dependent on
the type of CNTs (metallic or semiconducting). The developed carbon
nanotube field-effect transistors (CNTFETs) can be a good candidate for
the application of nanoelectronics and integrated circuits with a high mo-
bility and fast switching.

Srivastava et al. [123] evaluated CNT bundle interconnects against Cu
interconnects from performance, power dissipation, and thermal manage-
ment/reliability perspectives. The equivalent circuit parameters for a CNT
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bundle interconnect were explicitly calculated and it was found that CNT
bundles can significantly improve the performance of long global inter-
connects by as much as 80% with minimal additional power dissipation
(for maximum metallic CNT density). Moreover, power-optimal repeater
insertion methodology can be applied to CNT bundle interconnects (just as
with Cu) to save power with a small delay penalty. Most importantly, it
was shown that CNT bundle vias can greatly reduce interconnect tempera-
ture rise and thus, when integrated with Cu interconnects, tremendously
improve Cu interconnect performance (about 30%) and lifetime (by at
least two orders of magnitude) due to lower temperatures. The advantage
of CNT bundle vias in controlling the back-end temperature, as shown in
this work, will also have significant implications for emerging technolo-
gies such as three-dimensional ICs where thermal management is a big
concern. Similarly, researchers at Rensselaer Polytechnic Institute, based
on their latest results from advanced quantum mechanical computer mod-
eling to run vast simulations on a high-powered supercomputer, concluded
that the carbon nanotube bundles boasted a much smaller electrical resis-
tance than the copper nanowires (http://www.sciencedaily.com). This
lower resistance suggests carbon nanotube bundles would therefore be bet-
ter suited for interconnect applications.

2.6.2 CNT Via

Some very interesting results have been achieved by Kawabata et al. [124]
recently on integrating CNT in the via at a CNT growth temperature as low
as 400°C. The fabrication processes are compatible with conventional LSI
processes. Briefly, a substrate with a Cu interconnect covered by a dielec-
tric layer was first prepared. The dielectric layer was SiOC with k£ = 3.0 or
k = 2.6 (ultra-low K dielectric). Via holes with a diameter of 160 nm
were made using conventional photolithography followed by dry etching.
A TaN/Ta barrier layer and a TiN contact layer were deposited by physical
vapor deposition (PVD). Size-controlled Co particles with a mean diame-
ter of about 4 nm were then deposited using a nanoparticles deposition sys-
tem. MWNTs were grown by thermal CVD with C H, diluted by argon as
the source gas. The substrate temperature ranged from 365°C to 450°C.
The substrate with MWNTs was then coated with spin-on glass (SOG) and
planarized by chemical mechanical polishing (CMP). The CMP condition
was similar to the one used for polishing a silicon dioxide layer. Finally, a
Ti top contact layer, a Ta barrier layer and a Cu wire were connected to the
CNT vias by PVD. Figure 2.13a shows a schematic of via stack structure
and Fig. 2.13b shows a SEM image of a via with grown CNTs. The fabri-
cated CNT via interconnect with a diameter of 160 nm was evaluated for
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its robustness over a high density current. CNTs used for fabricating vias
were grown at temperatures at 400°C. At such low temperatures, the ultra-
low k dielectric layer (k = 2.6) used in the via structure was not damaged.
Electrical measurement showed that the CNT via was able to sustain a cur-
rent density as high as 5.0 x 10°A/cm” at 105°C for 100 h without proper-
ties degradation. And we plan to measure the robustness more than higher
current density. The authors are working on fabricating CNT vias at tem-
perature lower than 400°C which will be helpful in realizing reliable CNT
vias for future LSIs.

siC
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Fig. 2.13. (a) A schematic of via stack structure with CNTs and (b) SEM image of
a via with CNTs which were grown at 450°C (left) and 400°C (right) [142]

2.6.3 CNT as Flip Chip Interconnect

Soga et al. [125] reported on CNT bumps for the flip chip interconnect in-
stead of solder bumps. The CNT bumps were formed on the electrodes on
a chip by the CNT pattern transfer process. To measure the resistance of
CNT bumps, CNT bump contact chains were fabricated. It was found that
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coating the CNT bumps with gold greatly improved the contact resistance
of the bumps with the chip and the host substrate, resulting in a lower
bump resistance of 2.3 Q which is still too high for any practical applica-
tions. It was also demonstrated that the CNT bumps were able to absorb a
displacement between the chip and the substrate up to 10 — 20% of the
CNT bump height. The resilience and flexibility of CNT bumps makes
them very attractive for realizing thermal stress-free flip chip structure.

Iwai et al. [126] from Fujitsu also demonstrated the use of CNT bumps
to provide both electrical and thermal conductions between a high power
amplifier flip chip die and a AIN substrate. The CNT bundles were grown
directly on the pre-defined areas on the AIN substrate. By using the CNT
bumps, heat was more effectively removed from the die and the grounding
impedance was reduced significantly and, as a result, high gain was
achieved.

2.6.4 Nanoparticle Interlayer for Copper to Copper Bonding

Metallic nanoparticles of copper and gold are explored and evaluated for
the nanostructured bonding layers between the copper surfaces [127]. High
surface energy of the nanoparticle lowers the melting temperature of the
material, and hence, enhances inter-diffusion kinetics that helps in faster
bonding rate. In addition, high surface energy and high grain boundary-to-
volume ratio endow the particles with elaborate mobility making the diffu-
sion kinetic even faster. It was demonstrated that the nanoparticles formed
on the copper surface could reduce the bonding temperatures.

2.6.5 Interconnection Using Inkjet Printing of Nano-ink

The use of nanoparticles of metals with high electric conductivity provides
new prospects for direct printing of conductive patterns. The microfabrica-
tion of conductive tracks by photolithographic and electroless techniques
are time consuming, expensive processes, and there is an industrial need
for direct digital printing to simplify the processes and to reduce manufac-
turing costs [128, 129]. Furthermore, it is desirable to fabricate onto poly-
meric or similar temperature sensitive substrates by solution-based printing
process. Metallic conducting tracks of low resistance must be achieved at
temperatures sufficiently lower so as to be compatible with organic elec-
tronics on plastic substrates.

Direct metal printing needs to be processed with ink materials that can
convert to a low-resistance conductor after solvent removal and heat
treatment. Two approaches have been pursued to attain these goals. The
first is to use solutions of metallorganic precursors where the molecular
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nature of the compound allows low-temperature reduction to the metal
[130-132]. A second route is the use of suspensions of metal particles of
nano-size diameters whose small size endows a reduction in melting tem-
perature that is significantly lower than that of the bulk material [128, 133, 134].
As an example, Fuller et al. [133] reported a method to additively build
three-dimensional (3-D) microelectromechanical systems (MEMS) and
electrical circuitry by ink-jet printing nanoparticle gold and silver colloids.
Fabricating metallic structures from nanoparticles avoids the extreme
processing conditions required for standard lithographic fabrication and
molten metal droplet deposition. Nanoparticles typically measure 1-100
nm in diameter and can be sintered at plastic-compatible temperatures as
low as 300°C to form material nearly indistinguishable from the bulk mate-
rial. Multiple drops were deposited to leave a conductive line or surface
(see Fig. 2.14). Multiple ink-jet print heads mounted to a computer-
controlled 3-axis gantry deposit the 10% by weight metal colloid ink layer
by layer onto a heated substrate to make two-dimensional (2-D) and three-
dimensional structures. The author reported a high-Q resonant inductive
coil, linear and rotary electrostatic-drive motors, and in-plane and vertical
electrothermal actuators. The results suggested a route to fabricate a large-
area MEMS system characterized by many layers, low cost, and data-
driven fabrication for rapid turn-around time.

Fig. 2.14. Optical micrograph of an arrangement of sintered ink-jet printed-
nanoparticle gold droplets on plastic polyimide film. Electrically conductive lines
and three-dimensional structure are fabricated by printing multiple layers of drop-
lets
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Various types of printing wiring circuits are expected to become one of
the key technologies for the advanced electronics packaging. The combi-
nation with metallic nanoparticles pastes can provide new tools for fine
pitch and three-dimensional electronics circuits. Especially, with the com-
bination of Ag nanoparticles pastes and ink-jet printing, one can obtain a
lot of benefits as

e on-demand fabrication;
environmental consciousness/economy;
three-dimensional stacking;
fine pitch lines and spaces;
easy scale up of products;
wide material selections and;
small quantity but variety of products.

Kim et al. [135] demonstrated a direct metal printing of the Ag nanopar-
ticles on plastic substrates. The granular Ag films become highly conduc-
tive, roughly 3.2 u€ cm, when heat treated even at 200°C. The Ag parti-
cles of smaller size (21 nm) are more reactive than the larger sized
particles (47 nm).

The relatively high curing temperature limits the application of nanopar-
ticle inks only to the applications of heat-resistant substrates. K. Suganuma
et al. [136] have recently developed a new type of ink for wiring metallic
Ag lines. The inks are Ag carboxylate compounds designed to be decom-
posed at temperatures between 110 and 170°C. Figure 2.15 shows the ap-
pearance change of a Ag carboxylate droplet during heating. Ag carboxy-
lates are expected to be one of the metallic inks or of the sintering aids for
other metallic particles. The percentages of Ag in the compounds are in the
range of 30-50wt%. Excellent electric resistance (e.g., 10° Qcm), lower
than that of commercial Ag nanopaste, was achieved at a curing tempera-
ture of 160°C.
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Initial

Fig. 2.15. Appearance change of an Ag carboxylate droplet during heating

Room temperature wiring is one of the last goals for printed electronics.
room temperature fabrication enables to use the wide variety of functional
materials into one circuit board without thermal stress or damage as well
as environmental consciousness. Metallic nanoparticles can be sintered to
form dense microstructure if both the surface of nanoparticles and the en-
vironment are clean without any oxidation or contamination. Ag nanopar-
ticles are, however, usually protected by an organic layer. It is desirable to
remove this organic layer by certain chemical processes with or without
light heating or other kinds of energy processes, which do not have any se-
rious damage on organic devices and substrates weak against heating.

Recently, the authors developed a new process, by which the paste of
Ag nanoparticles protected with them can be successfully sintered at room
temperature in air atmosphere. One of the typical organic layer is dode-
cylamine. In order to remove the dodecylamine layer, it was found that al-
cohol treatment is quite effective. For instance, Ag nanoparticles ink was
printed into lines on a glass substrate and it was dipped into methanol for
10-7,200 s. As a result, sintering was immediately started and resultant Ag
wires exhibited excellent low resistivity, 7.3 x 10”° Qcm after 7,200 s dip-
ping. Microstructural observation on this room temperature sintering re-
vealed that, as dipping time gets longer, Ag nanoparticles agglomerate
coarsened and connection among particles becomes clearer even in a few
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minutes. Thus, a novel room temperature wiring method for Ag nanoparti-
cles has been successfully developed in air atmosphere.

2.7 Nanowires and Nanobelts

2.7.1 Introduction

A nanowire is a wire of diameter of the order of a nanometer (10" m). Al-
ternatively, nanowires can be defined as structures that have a lateral size
constrained to tens of nanometers or less and an unconstrained longitudinal
size. At these scales, quantum mechanical effects are important, and hence
such wires are also known as “quantum wires.” Many different types of
nanowires exist, including metallic (e.g., Ni, Pt, Au) [137], semiconduct-
ing (e.g., Si, InP, GaN, ZnO) [138], and insulating (e.g., SiO,, TiO,) [139].
Molecular nanowires are composed of repeating molecular units either or-
ganic (e.g., DNA) or inorganic (e.g., Mo, S, 1) [140].

A common technique for creating a nanowire is the vapor—liquid—solid
(VLS) synthesis method [141-143]. This technique uses as source material
either laser ablated particles or a feed gas. The source is then exposed to a
catalyst. For nanowires, the best catalysts are liquid metal (such as gold)
nanoclusters, which can either be purchased in colloidal form or by elec-
tron-beam deposition and deposited on a substrate or self-assembled from
a thin film by dewetting. This process can often produce crystalline
nanowires in the case of semiconductor materials. The source enters these
nanoclusters and begins to saturate it. Once supersaturation is reached, the
source solidifies and grows outward from the nanocluster. The final length
of the nanowires can be adjusted by simply turning off the source. Com-
pound nanowires with super-lattices of alternating materials can be created
by switching sources while still in the growth phase.

Nanowires (NWs) and nanobelts (NBs) have been demonstrated as
building blocks for fabricating nanodevices, such as FET [144], gas sensor
[145], diodes [146], LED [147], biosensors [148—150].

2.7.2 Applications of Nanowires

Perhaps the most obvious use for nanowires is in electronics. Some
nanowires are very good conductors or semiconductors, and their minis-
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cule size means that manufacturers could fit millions more transistors on a
single microprocessor. As a result, computer speed would increase dra-
matically.

Nanowires may play an important role in the field of quantum com-
puters. Doh et al. in the Netherlands created nanowires out of indium ar-
senide and attached them to aluminum electrodes [151]. At temperatures
near absolute zero, aluminum becomes a superconductor, meaning it can
conduct electricity without any resistance. The nanowires also became su-
perconductors due to the proximity effect. The researchers could control
the superconductivity of the nanowires by running various voltages
through the substrate under the wires.

Nanowires may also play an important role in nano-size devices like
nanorobots. Doctors could use the nanorobots to treat diseases like cancer.
Some nanorobot designs have onboard power systems, which would re-
quire structures like nanowires to generate and conduct power.

Using piezoelectric material, nanoscientists could create nanowires that
generate electricity from kinetic energy. The piezoelectric effect is a phe-
nomenon certain materials exhibit — when you apply physical force to a
piezoelectric material, it emits an electric charge. If you apply an electric
charge to this same material, it vibrates. Piezoelectric nanowires might
provide power to nano-size systems in the future, though at present there
are no practical applications.

There are hundreds of other potential nanowire applications in electron-
ics. Researchers in Japan are working on atomic switches that might some
day replace semiconductor switches in electronic devices [152]. Scientists
with the National Renewable Energy Laboratory hope that coaxial
nanowires will improve the energy efficiency of solar cells [153].

2.7.2.1 Application of Nanowire in Sensor Technology

Pd as the active sensing material has unique property of interaction with
hydrogen gas. Partial pressure change of hydrogen gas determines Pd’s
physical properties (mass, volume, electrical resistance) by forming Pd-H
hydride. The difference of electrical resistance by the partial pressure
change of hydrogen gas is used as the signal of hydrogen sensor. However,
pure palladium has issues in sensor application such as slow response time
and high detecting limit [154]. Nano-sized material has large surface-to-
volume ratio for hydrogen sensing and advantages for improvement of
sensor performance. Palladium nanowire has been the subject of intense
interest as sensor materials and structures [155].

Yun et al. [156] demonstrated the fabrication technique involves elec-
trodeposition to directly grow nanowires between patterned thin-film con-
tact electrodes (Fig. 2.16). To demonstrate nanowire sensors, the author
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electrochemically grown metal (Pd, Au, Pt), metal oxide (Sb,0,), and con-
ducting polymer (polyaniline)-bundled nanowires. Using Pt-bundled
nanowires surface modified with glucose oxidase, the author demonstrated
glucose detection as a demonstration of a biomolecular sensor.

Fig. 2.16. An optical image of electrodeposited Pd wires grown between elec-
trodes for biomedical sensor application [156]

Lee et al. [157] investigated the application of Pd—Ag nanowires as hy-
drogen sensor. The wire or dendrite-shaped Ag nanowire was grown by
electrochemical migration method in a few minutes. The diameter of this
nanowire is 50 ~ 200 nm. Pd—Ag nanowire was fabricated using Pd thin
film evaporated on the Ag nanowire with 20 — 500 nm thickness. This
structure can provide large surface area for sensor. The large surface area
gives the reaction sites between Pd—Ag nanowire and hydrogen gas to re-
duce response time and increase sensitivity. The response time of Pd—Ag
nanowire (with 20 nm thickness of the Pd film) is about 5 s at room tem-
perature. The response time and sensitivity are increased according to the
thickness of the Pd film on Ag nanowire. Pd—Ag nanowire is saturated and
responds easily at lower concentration of hydrogen gas. The Pd film on Ag
nanowire did not show the peel-off phenomenon, while pure Pd film is
separated from substrate after sensing test. The mechanical stress brings
this phenomenon is released by evaporating Pd film on the Ag nanowire
mesh.

2.7.2.2 Nanogenerator from ZnO Nanowires

Developing novel technologies for wireless nanodevices and nanosystems
is of critical importance for in situ, real-time, and implantable biosensing,
remote and wireless sensing, defense technology, and commercial applica-
tions. The power sources required by such devices are highly desired to be



2.7 Nanowires and Nanobelts 63

lifetime self-charging and in comparable small sizes. Harvesting energy
from environment, including solar, thermal, and mechanical energies, pro-
vides a perfect solution for these applications. There are huge emergent
needs for nanoscale sensing devices for biological sensing and defense ap-
plications. Among those possible energy sources, mechanical wave and vi-
bration energies more ubiquitously exist under various circumstances
around us [158]. Relying on the piezoelectric effect of a ceramic beam
when driven to vibrate by a small mass via gravitation, mechanical energy
can be converted into electricity. Many types of MEMS microgenerator
have been developed using piezoelectric thin-film cantilevers [159]. How-
ever, their relatively large size, bio-incompatible nature, and low sensitiv-
ity to small vibrations seriously restrict the application in nanotechnologies
and the advantages provided by nano-materials.

Nanowires (NWs) and nanobelts (NBs) of inorganic materials are the
forefront in today’s nanotechnology research [160]. Among the known
one-dimensional nano-materials, zinc oxide (ZnO) has three key advan-
tages [161]. First, it exhibits both semiconducting and piezoelectric proper-
ties, providing a unique material for building electro-mechanical coupled
sensors and transducers [162, 163]. Second, ZnO is relatively biosafe and
biocompatible, and it can be used for biomedical applications with little
toxicity. Finally, ZnO exhibits the most diverse and abundant configura-
tions of nanostructures, such as nanowires, nanobelts, nanosprings, nanor-
ings, nanobows, and nanohelices [164]. Recently, Wang et al. at Georgia
Tech developed a novel approach of converting mechanical energy into
electric power using aligned ZnO nanowires. This discovery sets the foun-
dation for nanoscale power conversion, which will potentially lead to a
new adaptable, mobile, and cost-effective energy harvesting technology
[165-168].

The piezoelectric nanogenerators are built on vertically aligned ZnO
NWs. The operation principle relies on the piezoelectric potential gener-
ated on a bent ZnO NW. The rectifying effect of the Schottky junction be-
tween the metal electrode and the ZnO crystal can selectively accumulate
and release charging, resulting in a continuous mechanical-to-electric en-
ergy conversion. The nanogenerator can convert small mechanical vibra-
tion energy and hydraulic energy into electricity under various circum-
stances, such as under ground, in water, or even inside human body. Wang
et al. have developed an innovative approach by using ultrasonic waves to
drive the motion of the NWs, leading to the production of a continuous
current (Fig. 2.17) [169]. The nanogenerator worked continuously for an
extended period of time of beyond 1 h. The authors were able to increase
the output current to 800 nA and voltage to 10 mV.
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Fig. 2.17. Nanogenerators driven by an ultrasonic wave. (a) Schematic diagram
showing the design and structure of the nanogenerator. (b) Low-density aligned
ZnO NWs grown on a GaN substrate. (c) Zigzag trenched electrode coated with
Pt. (d) Cross-sectional SEM image of the nanogenerator. Inset: A typical NW that
is forced by the electrode to bend [169]

The application and the energy conversion efficiency largely depend on
the fabrication and packaging techniques. In general, majority of the NWs
(ideally 100%) need to be involved in power generation and all the NWs
have to be well isolated from the corrosive surroundings but still have free
movement. This requires a high dimensional uniformity of the NWs as
well as a perfect positioning and alignment of the top electrode on the NW
arrays. Upon addressing these crucial challenges, the nanogenerators can
potentially become a new self-powered technology for lifetime unattended
sensor systems, battery-free electronics, and even in situ, real-time, and
implantable biological devices.
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Chapter 3
Characterizations of Electrically Conductive
Adhesives

3.1 Recent Advances in Polymeric Materials
for Electronic Packaging

Organic polymers are widely used as structural materials and as processing
aids in the electronics industry. The widespread use of polymeric materials
in electronics is due to the ease in which desired engineering properties
can be designed into materials by the manipulation of polymer structures
and formulary compositions. In addition, the wide range of fabrication
processes by which polymers can be formed into finished articles and the
lower fabrication costs of polymers compared to metals or ceramics have
contributed to ubiquitous use of polymers in electronic assemblies. Elec-
tronic packaging makes use of a wide variety of polymer material classes
to fulfill a diverse range of engineering uses such as adhesives, substrates
(printed circuit boards), encapsulants, stress buffer coatings, and interlayer
dielectrics.

3.1.1 Silicones (Polyorganosiloxanes)

Silicone, with a repeating unit of alternating silicon—oxygen (Si—O) silox-
ane backbone, has some unique chemistry.

3.1.1.1 Room-Temperature Vulcanized (RTV) Silicones

RTV silicone is a typical condensation cure system material. The moisture-
initiated catalyst-assisted (e.g., organotitanate and tin dibutyldilaurate)
process generates water or alcohol as by-products, which could cause out-
gassing and voids. However, by careful control of the curing process, one
can achieve a very reliable encapsulant. Since the silicone has a low sur-
face tension, it tends to creep and run-over the encapsulated IC circuits. To
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better control the rheological properties of the material, thixotropic agents
(such as fumed silica) are usually added to the formulation. The
thixotropic agent provides improved yield stress, increases the G’ (storage
modulus), G" (loss modulus), and #’ (dynamic viscosity) of the silicone.
Filler—resin and filler—filler interactions are important in obtaining a well-
balanced and well-controlled encapsulant. This rheologically controlled
material tends to flow evenly in all circuit edges, covers all the underchip
area, and prevents wicking or run-over of the circuits, which is a critical
parameter in coating production. Organic solvents such as xylenes are in-
corporated into the formulation to reduce the viscosity.

3.1.1.2 Heat-Curable Hydrosilation Silicones (Elastomers and Gels)

Heat-curable hydrosilation silicone (either elastomer or gel) has become an
attractive polymeric material in microelectronics, such as thermal interface
materials (TIM), sealants, and encapsulants. Its curing time is much shorter
than the RTV-type silicone. Heat-curable silicones also tend to have
slightly better stability at elevated temperatures than the conventional RTV
silicone. With its jelly-like (very low modulus) intrinsic softness, silicone
gel is a very attractive encapsulant in wire-bonded large-chip-size IC de-
vices. The two-part heat-curable system, which consists of the vinyl and
hydride reactive functional groups, and the platinum catalyst hydrosilation
addition cure system provide a fast cure system without any by-product.
To formulate a low-modulus silicone gel, a vinyl-terminated polydimethyl-
siloxane with a moderate low viscosity range between 200 and a few thou-
sand centipoise (cps) and low viscosity (range from a few cps to ~100 cps)
di- or multi-functional hydride-terminated polydimethylsiloxane are used
in the formulation. The low viscosity hydride resin usually blends in with
the higher-viscosity vinyl resin to achieve an easier mixing ratio of part A
(vinyl-only portion) and part B (hydride plus some vinyl portion for cross-
linking of the silicone system). This catalyst is usually incorporated in the
part A vinyl portion of the polymer. However, a highly deactivated plati-
num catalyst system (by pre-mixing with a chelating compound for coor-
dination) is used to formulate a one-component system. This one-
component silicone gel system requires less mixing and is a problem-free
production material. This solvent-less type of heat-curable silicone gel will
be extensively used in electronic applications [1-12].

Electrically conductive adhesives based on silicones generally have low
moisture absorption and low modulus and can be used as die attach adhe-
sives, thermal interface materials, and interconnection materials in stress-
sensitive packages.
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3.1.2 Epoxies

Epoxies are one of the most utilized polymeric materials in electronics.
This class of materials was first prepared in the early 1930s. Their unique
chemical and physical properties (i.e., excellent chemical and corrosion re-
sistance, superior electrical and physical properties, excellent adhesion,
thermal insulation, low shrinkage, and reasonable material cost) have made
epoxy resins very attractive in electronic applications. The commercial
preparation of epoxies is based on bisphenol A, which, upon reaction with
epichlorohydrin, produces bisphenol A epoxy:

0 CHs, OH CH; 0
N\ | | [ /N
Cll,-Cli-CH; 0©C©—0~CH2—CH—C111 o@ﬁ:@—o—mfcwmz
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The repletion number, n, varies from zero (liquid) to approximately 30
(hard solid). The reactants’s ratio (bisphenol A versus epichlorohydrin) de-
termines the final viscosity of the epoxies. In addition to the bisphenol A
resins, the novolac resins, with multifunctional groups that lead to higher
cross-link density and better thermal and chemical resistance, have gained
increasing acceptance in electronic applications.

Typical epoxy curing agents are amines, anhydrides, dicyanodiamides,
melamine formaldehydes, urea formaldehydes, phenol-formaldehydes, and
catalytic curing agents. Anhydrides and amines are two of the most fre-
quently used curing agents.

Selection of the proper curing agents depends on the application tech-
niques, curing conditions, pot-life requirement, and the desired physical
properties. Besides affecting viscosity and reactivity of the epoxy formula-
tions, curing agents determine the degree of cross-linking and the formula-
tion of chemical bonds in the cured epoxy system. The reactivity of some
anhydrides with epoxies is slow; therefore, an accelerator, usually a terti-
ary amine, is used to assist the cure. “Novolacs” and “Resole” are two ma-
jor, commonly used phenolformaldehyde epoxies. A Novolac is a phenol-
formaldehyde, acid-catalyzed epoxy polymer. The phenolic groups in the
polymer are linked by a methylene bridge, which provides highly cross-
linked systems for a high-temperature and excellent chemically resistant
polymer. “Resole” is a base-catalyzed phenol-formaldehyde epoxy poly-
mer. In most phenolic resins, the phenolic group is converted into an ether
to give improved base resistance. Phenolic resins are cured through the
secondary hydroxyl group on the epoxy backbone. High-temperature cur-
ing is required in this system, and it provides excellent chemical resistance.
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High-purity epoxies have become very attractive materials in electron-
ics. These types of resins contain greatly reduced amounts of chloride and
other mobile ions, such as sodium and potassium, and have become widely
used in device encapsulation and molding compounds. The incorporation
of small, well-controlled spherical silica particles with narrow size distri-
bution as fillers in the epoxy systems has drastically reduced the thermal
coefficient of expansion (CTE) of these materials and makes them more
compatible with the IC die-attached substrate materials. The incorporation
of a small amount of an elastomeric material (such as silicone elastomeric
domain particles) to the rigid epoxy has drastically reduced the elastic
modulus, and the thermal stress, while increasing the toughness of the ep-
oxy material. The low-stress epoxy has great potential applications in
molding compounds, underfills, and conductive adhesives [13-22].

3.1.3 Polyurethanes

Polyurethane, commonly abbreviated as PU, is any polymer consisting of a
chain of organic units joined by urethane links. Polyurethane polymers are
formed by reacting a monomer containing at least two isocyanate func-
tional groups with another monomer containing at least two alcohol groups
in the presence of a catalyst. Polyurethane was first made available by Otto
Bayer in the late 1920s. The early study of polyurethane was simply based
on diisocyanates and diols or polyols. However, recent work is focused on
the use of intermediates that are low-molecular-weight polyethers with re-
active functional groups such as hydroxyl or isocyanate groups that are
able to further cross-link, chain extend, or branch with other chains ex-
tended with the prepolymer (either polyester or polyether) to form polyure-
thanes with urea or urethane linkages, respectively. The morphology of
polyurethane is well characterized. Hard and soft segments from diisocy-
anates and polyols, respectively, are the key to excellent physical proper-
ties of this material.

Urethane link

f_)%

I} 1]
HO—R—OH + O—C—N—R'—N=C=0 —» —EO—R—O—C—NH—R'—NH—C+
n

Polyol Diisocyanate Polyurethane

Bases are more widely used than acids as catalysts for polyurethane po-
Iymerization. The catalytic activity is increased with the basicity. Amines,
such as tertiary alkylamines, and organic metal salts, such as tin or lead oc-
toates, promote the reaction of isocyanate and hydroxyl functional groups
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in the polyurethane system and accelerate the cross-linking. However, the
hydrolytic stability of the polyurethane can be affected by the catalyst
used. UV stabilizers are usually added to reduce the radiation sensitivity of
the material. In addition, polyurethane has unique high strength, modulus,
hardness, and elongation. It is one of the toughest elastomers used today.
High-performance polyurethane elastomers are used in conformal coating,
potting, and reactive injection molding of IC devices and adhesives.

3.1.4 Polyimides

Polyimide is one of the first low-k interlayer dielectric (k = 3.5) for IC
electronic applications. It was first developed at Du Pont in the 1950s.
During the past few decades, there has been tremendous interest in this
material for electronic applications. The superior thermal stability (up to
600°C), mechanical, and electrical properties of polyimide have led it to-
ward many high-performance applications, from aerospace to microelec-
tronics. In addition, polyimides show very low electrical leakage in surface
or bulk. They form excellent interlayer dielectric insulators and also pro-
vide excellent step coverage, which is very important in fabrication of the
multilayer IC structures. They have excellent solvent resistance and ease of
application. They can be easily either sprayed or spun on and imaged by a
conventional photolithography and etch process.

Most polyimides are prepared by reacting aromatic diamine with aro-
matic dianhydride to form a copolymer — polyamic acid. However, by
changing the diamine and dianhydride substitutes, one will derive a variety
of high-performance polyimides. Polyamic acids are precursors of polyim-
ides. Thermal cyclization (imidization) of polyamic acid is a simple curing
mechanism for this material. Siemens of Germany developed the first
photodefinable polyimide material. However, Ciba Geigy has a new type
of photodefinable polyimide that does not require a photoinitiator. Both of
these photodefinable materials are negative resist-type polyimides. A posi-
tive-resist-type polyimide that reduces the processing steps in IC fabrica-
tion has been reported by Sumitomo. An interpenetration network (IPN) of
two types of polyimides is used to achieve the positive-tone material. Hi-
tachi Chemical has developed an ultra-low thermal coefficient of expan-
sion (CTE) polyimide that has some potential in reducing the thermal
stress of the silicone chip and the polyimide encapsulant. The rigid, rod-
like structure of the polyimide backbone is the key in preparing the low-
CTE polyimide. By sample-blending a high- and a low-CTE polyimide,
one will be able to achieve a desirable CTE material that could match the
CTE on the substrate and reduce the thermal stress problem in encapsu-
lated device temperature cycling testing. However, the susceptibility to
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moisture absorption due to the carbonyl polar groups of the polyimide, a
high-temperature cure, and high cost are the only drawbacks that prevent
the use of polyimide in low-cost consumer electronic applications. Pre-
imidized polyimides that cure by evaporation of solvent may avoid the
drawback in high-temperature curing material. Advances in polyimide syn-
theses have reduced the material’s moisture absorption and dielectric con-
stant by the incorporation of siloxane segments into the polyimide back-
bone, which have made improvements in the polyimide, as silicone-
polyimide material. This material was reported by GE Silicones in the
1960s (see next section). However, the affinity of moisture to the polyim-
ide chemical structure is still a concern in its use in electronics. Neverthe-
less, polyimides are widely used as IC encapsulant, interlayer dielectrics,
ion implant masks, and alpha particle getters.
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3.1.5 Silicone-Polyimide (SPI)

Combining the low modulus of siloxane and the high thermal stability of
polyimide, the siloxane-polyimide (SPI) copolymers were first developed
at General Electric. SPI copolymers have become very attractive IC device
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encapsulants. Silicone-polyimides are fully imidized copolymers and are
soluble in low-boiling point solvents such as diglyme. The system reduces
the high processing temperature and eliminates the outgassing of water
during normal polyimide imidization (cure) process, which are main draw-
backs of the polyimides. Besides, the SPI has good adhesion to many ma-
terials and eliminates the need for an adhesion promoter like PI [23]. Poly-
condensation and polyaddition processes are used to synthesize either
thermoplastic or thermosetting SPI materials. Figure 3.1 shows a process
for synthesizing a poly(imide siloxane) [24, 25]. In addition, photocurable
and thermocurable SPIs are also obtainable in these processes by incorpo-
rating photoreactive functional groups in these types of materials. One can
control the imide and siloxane blocks within the copolymer matrix to tailor
the SPI properties. As the level of the siloxane in the copolymer is in-
creased, the polyimide blocks are shortened, 7, of the copolymer decreases
and solubility increases. Since most of these are preimidized thermoplastic
materials, their shelf life is very stable. These materials will have potential
as IC device encapsulant, interlayer dielectrics, and passivation in micro-
electronic applications.
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Fig. 3.1. A process for synthesizing a poly(imide siloxane)
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3.1.6 Bismaleimide (BMI) Resins

Polyimide resins are a class of high-performance resins that have gained
wide acceptance in a variety of applications. Bismaleimides are thermoset-
ting polyimides that cure by addition reactions which avoid formation of
volatiles. Unlike condensation polyimides which evolve volatiles during
curing and are typically used as thin films, bismaleimide resins contain un-
saturated double bonds which can be cured via several chemical pathways
(free radical, Michael addition, or cycloaddition, such as Diels—Alder reac-
tion). Thermal polymerization without the evolution of volatile byproducts
enables bismaleimide resins to be widely applicable, ranging from elec-
tronic materials (such as die attach adhesives), coatings, films, structural
adhesives, encapsulants, and high-performance fiber-reinforced compos-
ites.
Bismaleimide resins have the following generic structure:

o} 0,
<NRN>
o o

Depending on the desired properties, the R group can be either aliphatic or
aromatic. For high 7, networks, aromatic bismaleimides are used. The
most common component in bismaleimide resins is 4,4’ bismaleimidodi-
phenylmethane (BMI):

$0-03

The BMI resin is a high melting point crystalline solid. When thermally
cured, the resulting networks are very brittle. Bismaleimides are rarely
used alone in the solid form. In most applications, reactive comonomers
(e.g., vinyl and allyl compounds, allyl phenols, aromatic amines) are used
to achieve the desired final properties and processing characteristics.
Liquid BMIs with long-chain aliphatic structures between the maleim-
ide groups are used for low-modulus, low-T',, high-flexibility applications
[26]. For electronic applications, BMIs have made a significant impact in
die attach adhesives. Liquid BMIs can be used to formulate high-
performance die attach adhesives, owing to their very fast curing rates via
free-radical polymerization with no void formation. Typical formulations
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are cured with peroxides at speeds of less than 1 min (snap cure) at curing
temperatures between 175 and 220°C. For these systems, a significant
amount of the network formation is completed within seconds, where
semiconductor chips are rapidly attached to leadframes or substrates while
maintain a very high production rate at the die bonder. Additionally, the
die attach formulations can be tailored to achieve low T, low modulus (to
control stress and warpage during processing), low moisture absorption,
and high adhesion at elevated temperatures. The potential drawbacks of the
peroxide curing are the short work life and the need for low-temperature
storage of formulated adhesive to prevent slow reaction. Typical work life
(working time after thawing) is between 12 and 36 h, while premixed ad-
hesives are typically stored at —40°C.

BMI has been used in printed circuit board manufacturing [27] and in
applications where temperature requirements are somewhere between
those provided by epoxy systems and those provided by polyimide sys-
tems. BMI adhesives are suitable for long-term exposure to temperatures
up to 200°C and short-term exposure up to 230°C. Systems currently
available are quite rigid and therefore have low peel strength.

3.1.7 Cyanate Ester Resins

Cyanate ester (CE) resins are a family of high-temperature thermosetting
resins, more accurately named polycyanurate, that bridges the gap in ther-
mal performance between engineering epoxy and high-temperature poly-
imides. In addition to their outstanding thermal performance, CE resins
have several desirable characteristics which justify their higher cost in
many applications. They possess a unique balance in properties and are
particularly notable for their low dielectric constant and dielectric loss, low
moisture absorption, low shrinkage, and low outgassing characteristics.

Cyanate ester resins are available as low-melt crystalline powder, lig-
uid, semi-solid difunctional monomers and prepolymers of various mo-
lecular weights. Commercial CE resins are available in monomer and pre-
polymer forms with several different backbone structures. The general
structure of CE resins is bisphenol, aromatic, or cycloaliphatic backbone
usually with two or more ring-forming cyanate functional groups (—O—
C=N-). The cyanate group undergoes trimerization to form the s-triazine
ring and generates a high cross-linking density, which, in combination
with rigid aromatic rings, provides excellent high-temperature properties,
solvent resistance, electrical properties, and mechanical strength. The fol-
lowing shows the cyclotrimerization reaction of bisphenol A dicyanate to
form the triazine network structure:
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The trimerization of cyanate ester groups is normally a slow process
without the presence of a catalyst. The cyclization rate can be accelerated
by the presence of acids or bases [28]. A cyanate ester group contains un-
paired electrons and electron-donating 7t bonds, which provide an excellent
environment for coordination. Three types of metal coordination catalysts
are used: metal naphthenates, metal acetylacetonates (AcAc), and metal
octoates. Of these, Cu AcAc and Mn octoate are the most popular. Nonyl-
phenol is also required as a co-catalyst. Cyanate ester resins show some
very attractive features:

1. Stepwise addition polymerization: no void formation from conden-
sates

Hot-melt processibility to liquid pourability

Thermally curable

Low cure shrinkage

High T : 260-290°C

Low moisture absorption: 1-3% in boiling water

Excellent dielectric properties

Excellent adhesion

AN

For very high T applications, dicyanates are cured without addition of
epoxy modifiers, leading to a very tight network via cyclotrimerization.
The advantage of the cyanate ester family of monomers is the ability to
formulate with epoxy resins. Typical resins in electronic applications are
combinations of tailored epoxy monomers and oligomers along with cy-
anate esters.

Liquid cyanate ester monomers (bisphenol-F dicyanates) have low vis-
cosity at 25°C and exhibit good compatibility with other cyanate ester resins,
epoxy resins, and bismaleimide resins. Blending liquid cyanate ester resins
with other cyanate ester and epoxy resins provided a pathway to control
the rheological properties without sacrificing the final cured performance.
Liquid cyanate esters enabled the development of underfill resins for
chip packaging applications, where low viscosity is required during proc-
essing. After curing, cyanate ester resins provide high T, low coefficient
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of thermal expansion, high toughness, and low moisture absorption re-
quired for underfill applications.

Materials based on cyanate esters have been used in electronic packag-
ing such as underfill, die attach adhesives, and conductive adhesives [29].

3.2 Analytical Approaches for ECA

3.2.1 Differential Scanning Calorimeter (DSC)

Differential scanning calorimetry (DSC) is a technique for measuring the
energy necessary to establish a nearly zero temperature difference between
a substance and an inert reference material, as the two specimens are sub-
jected to identical temperature regimes in an environment heated or cooled
at a controlled rate.

There are two types of DSC systems in common use.

In heat-flux DSC (Fig. 3.2a), the sample and reference are connected
by a low-resistance heat flow path (a metal disc). The assembly is enclosed
in a single furnace. Enthalpy or heat capacity changes in the sample cause
a difference in its temperature relative to the reference; the resulting heat
flow is small compared with that in differential thermal analysis (DTA)
because the sample and the reference are in good thermal contact. The
temperature difference is recorded and related to enthalpy change in the
sample using calibration experiments.

In power-compensation DSC (Fig. 3.2b), the temperatures of the sam-
ple and reference are controlled independently using separate, identical
furnaces. The temperatures of the sample and the reference are made iden-
tical by varying the power input to the two furnaces; the energy required to
do this is a measure of the enthalpy or heat capacity changes in the sample
relative to the reference.
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Fig. 3.2. (a) Heat-flux DSC; (b) Power-compensation DSC

The main application of DSC is studying the phase transitions, which
involve energy changes or heat capacity changes that can be detected by
DSC with great sensitivity. Generally, DSC is used to measure glass transi-
tions, melting and boiling points, crystallization time and temperature, per-
cent crystallinity, curing temperature and time, heats of fusion and reac-
tions, specific heat capacity, oxidative/thermal stability, rate and degree of
cure, reaction kinetics, etc. Figure 3.3 shows an example of a DSC curve
demonstrating the appearance of several common features.
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Fig. 3.3. A schematic DSC curve demonstrating the appearance of several com-
mon features

Modulated DSC provides the same qualitative and quantitative informa-
tion about physical and chemical changes as conventional DSC, and it also
provides unique thermochemical data that are unavailable from conven-
tional DSC. The effects of baseline slope and curvature are reduced, in-
creasing the sensitivity of the system. Overlapping events such as molecu-
lar relaxation and glass transitions can be separated. Heat capacity can be
measured directly with modulated DSC in a minimum number of experi-
ments.

For ECA, DSC is used to characterize the curing kinetics, heat gener-
ated during curing, and glass transition temperature (7,) of cured sample.
As examples, Figs. 3.4 and 3.5 illustrate dynamic and isothermal DSC
curves which show the peak reaction temperature, glass transition tempera-
ture, and curing kinetics of three ECA samples.
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Fig. 3.4. An example of dynamic DSC curves (a) and glass transition temperature
of three cured ECA (b)
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Fig. 3.5. An example of isothermal DSC curves at various temperatures

3.2.2 Thermogravimetry Analyzer (TGA)

Thermogravimetric analyzer (TGA) is performed on samples to determine
changes in weight in response to changes in temperature. Such analysis re-
lies on a high degree of precision in three measurements: weight, tempera-
ture, and temperature change. As many weight loss curves look similar, the
weight loss curve may require transformation before results may be inter-
preted. A derivative weight loss curve can be used to tell the point at which
weight loss is most apparent. Again, interpretation is limited without fur-
ther modifications and deconvolution of the overlapping peaks may be re-
quired.

For ECA materials, TGA is usually employed to determine the conduc-
tive filler loadings, thermal stability and degradation of polymer matrix,
and moisture absorption. TGA is also commonly used to evaluate the or-
ganic coating and debonding/decomposition temperature on fillers, as well
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as the oxidation stability of conductive fillers. Figure 3.6 is a typical ex-
ample of TGA curve indicating the thermal stability of a cured epoxy resin
as ECA matrix.
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Fig. 3.6. Example of TGA curve for the thermal stability of cured epoxy

3.2.3 Dynamic Mechanical Analyzer (DMA)

DMA is a technique used to study and characterize materials, in particular,
to observe the viscoelastic nature of polymers. The DMA determines
changes in sample properties resulting from changes in five experimental
variables: temperature, time, frequency, force, and strain. The deformation
can be applied sinusoidally, in a constant (or step fashion), or under a fixed
rate. The DMA uses samples that can be in bulk solid, film, fiber, gel, or
viscous liquid form. Interchangeable clamps are employed to measure
many properties, including modulus, damping, creep, stress relaxation,
glass transitions, and softening points.

DMA measures the stiffness and damping properties of a material. The
storage modulus G' (elastic response) and loss modulus G" (viscous re-
sponse) of polymers are measured as a function of temperature or time as
the polymer is deformed under an oscillatory load (stress) at a controlled
(isothermal or programmed) temperature in a specified atmosphere. The



3.2 Analytical Approaches for ECA 97

stiffness depends on the mechanical properties of the material and its di-
mensions. It is frequently converted to a modulus to enable sample inter-
comparisons. The storage modulus is related to stiffness and the loss
modulus to damping and energy dissipation. Damping is also expressed in
terms of tand and is related to the amount of energy a material can store.
DMA is the most sensitive technique for monitoring relaxation events,
such as glass transitions, where the mechanical properties change dramati-
cally when relaxation behavior is observed. Glassy, viscoelastic, elastic,
and liquid polymers can be differentiated by DMA, and some details of
polymer structure can be inferred from the results. DMA is particularly
useful for evaluating viscoelastic polymers that have mechanical proper-
ties, which exhibit time, frequency, and/or temperature effect.

For ECA materials, a typical response from a DMA shows both
modulus and tand, as shown in Fig.3.7a and b. As the material goes
through its glass transition, the modulus reduces (the material becomes less
stiff) and the tano (G"/G’) goes through a peak (the molecular reorganiza-
tion of the relaxation induces less elastic behavior). The data give informa-
tion on the position of the glass transition temperature, its frequency de-
pendence, sample stiffness, and other viscoelastic properties.
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Fig. 3.7. DMA curves of three ECAs: (a) storage modulus and (b) tand

DMA can also be used to calculate the crosslinking density of an ECA
sample. Cross-linking density, p,, can be determined by using the kinetic
theory of rubber elasticity as follows [30]:

Py = EV3GRT

where E'is the storage elastic modulus of cured resin at a peak temperature
of tano+ 10°C, ¢ is a front factor (assumed as ¢ = 1), R is the gas con-
stant, and 7 is the absolute temperature.

3.2.4 Thermo-mechanical Analysis (TMA)

TMA is the measurement of a change of a dimension (displacement) or a
mechanical property of the sample while it is subjected to a temperature
regime. The temperature regime may be heating, cooling at a rate of tem-
perature change that can include stepwise temperature changes, linear rate
of change, temperature modulation with a set frequency and amplitude,
free (uncontrolled) heating or cooling, or holding the temperature constant.
The sequence of temperatures with respect to time may be predetermined
(temperature programmed) or sample controlled (controlled by a feedback
signal from the sample response).
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The major application areas of TMA are in the polymer field. A list of
the main types of experiment and the information obtainable is given in

Table 3.1.

Table 3.1. A list of major information obtainable from TMA

Method Mode Measured As a function | Information
Quantity of Obtained
Bulk sample Flat Expansion Temperature | Coefficient of thermal expan-
probe/light sion (CTE) and T,
load i
Divided Dilatometer Volumetric | Temperature CTE and 7,
sample changes
Thin film Penetration Depth of e Force ® Modulus, cross-linking den-
probe/ penetration  |e Time sity
sgnificant e Temperature | ® Creep, cure behavior
load ® Softening, melting
Film or fiber | Tension Uniaxial o Force ® Modulus, cross-linking den-
accessory extension o Time sity
or shrink- e Temperature | ® Creep, cure behavior
age o Softening, melting
Fluid Parallel Distance e Time  Viscosity, glation
plates e Temperature | e Melting, vscosity, glation
Bulk or Flexure Bending o Time o Creep behavior
supported accessory e Temperature | e Softening, melting

While many other techniques exist for studying the important and in-
formative region of the glass transition (7,), TMA offers advantages for
certain types of study. The indentation and penetration probes, for in-
stance, can follow transitions in very thin films, such as lacquer coatings
on metals. Although quantitative mechanical properties (modulus) can in
principle be derived from TMA measurements, this may be difficult in
practice, and Dynamic Mechanical Analysis may be preferred. TMA is
better suited to comparative measurements on a range of materials and for
measurements of transition temperatures and expansion coefficients on
relatively small samples, in a conveniently short time.

For ECA, TMA is important to characterize the coefficient of thermal
expansion (CTE) and glass transition temperature (7). Figure 3.8 is an ex-
ample of TMA analysis of an ECA sample. The CTE before and after T,
o, and o, respectively, can be easily calculated from the slope of the
curve. The T is the intercept point of the slopes of o and o.,.
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Fig. 3.8. An example of TMA curves for an ECA

3.2.5 Viscometer and Rheometer

Viscometer is an instrument used for measuring the viscosity and flow
properties of fluids. Typically, it measures the force required to rotate a
disc or hollow cup immersed in the specimen fluid at a predetermined
speed. Of the many types, some employ rising bubbles, falling or rolling
balls, and cups with orifices through which the fluid flows by gravity. Vis-
cometers only measure under one flow condition. For liquids with viscosi-
ties which vary with flow conditions, an instrument called a rheometer is
used.

A rheometer is a kind of viscometer that measures viscoelastic proper-
ties of materials beyond just viscosity. Rheology is the flow of fluids and
deformation of solids under various kinds of stress and strain. A rheome-
ter, therefore, measures material behavior such as yield stress, kinetic
properties, complex viscosity, modulus, creep, and recovery.

Rheology tests are measurements of material flow and as such can re-
flect part of the printing process. During printing, the media is rolled under
pressure from a squeegee blade traveling at approximately 10-200 mm/s.
Apertures on the stencils are filled when squeegee is in close proximity,
and the media is forced into the aperture and then stops moving. The final
process step is when the stencil and a substrate separate as the substrate
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drops away, the stencil aperture empty, and the substrate now has the
printed deposits. During stencil separation the adhesive force between the
deposit and the stencil walls has to be smaller than the adhesion force be-
tween printed deposit and the substrate and the cohesive force within the
deposit. During printing process, the media is exposed to variable stress
levels and responds in a time-dependent manner. The complex flow prop-
erties of the printing media can often be characterized by rheological test
protocol illustrated in Fig. 3.9. Rheometer is widely used to evaluate the

visco-elastic properties of ECAs.
Viscosity ()

Oscillation (G’, G, 8) |

Creep (JC7 J[)

Fig. 3.9. Flow properties that can be measured by a rheometer

Static properties
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3.2.6 Fourier Transform Infrared (FT-IR)

Infrared (IR) absorption spectroscopy is a common technique that is used
to identify the major functional groups in a compound. The identification
of these groups depends on the amount of infrared radiation absorbed and
the particular frequency (measured in cmfl, wave numbers) at which these
groups absorb. Thus, infrared absorption spectroscopy is the measurement
of the wavelength and intensity of the absorption of mid-infrared light by a
sample. Mid-infrared light (2.5-50 mm, 4,000-200 cm ') is energetic
enough to excite molecular vibrations to higher energy levels. The wave-
length of many infrared absorption bands is characteristic of specific types
of chemical bonds, and infrared spectroscopy finds its greatest utility for
qualitative analysis of organic and organometallic molecules. Infrared
spectroscopy is used to confirm the identity of a particular compound and
as a tool to help determine the structure of a molecule. Significant informa-
tion for the identification of the source of an absorption band is intensity
(weak, medium, or strong), shape (broad or sharp), and position (cm ') in
the spectrum.

Some of the major advantages of FT-IR include the following: (1)
Speed: Because all of the frequencies are measured simultaneously, most
measurements by FT-IR are made in a matter of seconds rather than sev-
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eral minutes. (2) Sensitivity: Sensitivity is dramatically improved with FT-
IR for many reasons. The detectors employed are much more sensitive, the
optical throughput is much higher (referred to as the Jacquinot advantage),
which results in much lower noise levels, and the fast scans enable the co-
addition of several scans in order to reduce the random measurement noise
to any desired level (referred to as signal averaging). (3) Mechanical sim-
plicity: The moving mirror in the interferometer is the only continuously
moving part in the instrument. Thus, there is very little possibility of me-
chanical breakdown. (4) Internally calibrated: These instruments employ a
HeNe laser as an internal wavelength calibration standard (referred to as
the Connes advantage). These instruments are self-calibrating and never
need to be calibrated by the user. These advantages make FT-IR measure-
ment extremely accurate and reproducible. Thus, it is a very reliable tech-
nique for positive identification of virtually any sample. The sensitivity
benefits enable identification of even the smallest of contaminants. This
makes FT-IR an invaluable tool for quality control or quality assurance
applications whether it is batch-to-batch comparisons to quality standards
or analysis of an unknown contaminant. In addition, the sensitivity and ac-
curacy of FT-IR detectors, along with a wide variety of software algo-
rithms, have dramatically increased the practical use of infrared for quanti-
tative analysis. Quantitative methods can be easily developed and
calibrated and can be incorporated into simple procedures for routine
analysis.

For conductive adhesives, FT-IR can be used to study the curing reac-
tion of epoxy resin and optimize the ratio between new epoxy and cross-
linker in reactions. In addition, FT-IR, especially diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS), is widely used to evaluate
the surface properties of conductive fillers of ECAs, such as the interaction
between lubricant and silver flakes and the bonding between self-assembly
monolayers (SAMs) and nanoconductive fillers. A schematic of the princi-
ple of the DRIFTS is shown in Fig. 3.10.
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Fig. 3.10. A schematic of diffuse reflectance infrared

3.2.7 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic
technique that measures the elemental composition, empirical formula,
chemical state, and electronic state of the elements that exist within a ma-
terial. XPS is a surface chemical analysis technique that can be used to
analyze the surface chemistry of a material in its “s-received’’state or after
some treatment such as fracturing, cutting, or scraping in air or ultra-high
vacuum (UHV) to expose the bulk chemistry, ion beam etching to clean
off some of the surface contamination, exposure to heat to study the
changes due to heating, exposure to reactive gases or solutions, exposure
to ion beam implant, exposure to ultraviolet light, etc. Typically, XPS is
used to measure elemental composition of the surface (1-10 nm deep),
empirical formula of pure materials, elements that contaminate a surface,
chemical or electronic state of each element in the surface uniformity of
elemental composition across the top surface (aka, line profiling or map-
ping), uniformity of elemental composition as a function of ion beam etch-
ing (aka, depth profiling).

Because the energy of a particular X-ray wavelength equals a known
quantity, we can determine the electron binding energy (BE) of each of the
emitted electrons by using an equation that is based on the work of Ernest
Rutherford:

binding - Eph(»ton - Ekinelic -



104 3 Characterizations of Electrically Conductive Adhesives

where E, . is the energy of the electron emitted from one-electron con-
figuration within the atom, E _is the energy of the X-ray photons being
used, E,, . 1is the kinetic energy of the emitted electron as measured by the
instrument, and @ is the work function of the spectrometer.

Compared to other analytical methods, XPS has the strength of identify-
ing chemical state on surfaces, capable of all elements identification except
for H and He, quantitative analysis, including chemical state differences
between samples, applicable for a wide variety of materials, including in-
sulating samples (paper, plastics, and glass), depth profiling with matrix-
level concentrations and oxide thickness measurements.

In ECAs, XPS is typically used to analyze the surface chemistry of con-
ductive fillers and also the fracture surface of conductive adhesive joints
[31, 32].

3.2.8 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a versatile, non-destructive technique that re-
veals detailed information about the chemical composition and crystallo-
graphic structure of natural and manufactured materials. XRD character-
izes the geometry or shape of a molecule using X-rays. X-ray diffraction
techniques are based on the elastic scattering of X-rays from structures that
have long range order.

When an X-ray beam hits a sample and is diffracted, the distances be-
tween the planes of the atoms that constitute the sample can be measured
by applying Bragg’s law:

nA=2d - sin@

where the integer n is the order of the diffracted beam, A is the wavelength
of the incident X-ray beam, d is the distance between adjacent planes of
atoms (the d-spacing), and @is the angle of incidence of the X-ray beam.
XRD can be used to characterize the conductive filler including nano-size
fillers such as nanowires [33] and Ag-coated carbon nanotube (CNT) [34].
Figure 3.11 shows an example of the XRD spectra of a silver nanowire. It
can be seen that there are four peaks which, respectively, correspond to the
(111), (200), (220), and (331) planes.
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Fig. 3.11. XRD spectra of a silver nanowire

3.2.9 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique
whereby a beam of electrons is transmitted through an ultra-thin specimen,
interacting with the specimen as they pass through. An image is formed
from the interaction of the electrons transmitted through the specimen,
which is magnified and focused by an objective lens and onto an imaging
device, such as a fluorescent screen, as is common in most TEMs, on a
layer of photographic film, or to be detected by a sensor such as a CCD
camera.

Transmission electron microscopy is similar to optical microscopy, ex-
cept that the photons are replaced by electrons. Since electrons have a
much smaller wavelength than photons, the diffraction barrier is less of an
issue and much higher resolution can be achieved. By propelling electrons
at a thin sample and detecting those transmitted through it, one is able to
obtain a map of the local densities of the sample, as well as diffraction in-
formation when there are ordered structures such as crystals involved.

The pros and cons of TEM are summarized as follows:

Pros
e Provides information on crystalline structures, as well as density
maps.
e The resolution continues to drop as the instrument is improved.
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e Theoretically, subatomic resolution should be ultimately possible.
Cons
e Requires that the sample be cut into thin slices and placed in a vac-
uum, possibly resulting in artifacts.
e High-resolution TEM is expensive, requiring high electron volt-
ages.
TEM has been used to characterize conductive fillers, particle-to-particle
contact, interface between conductive particle and polymer matrix, and in-
terface between conductive adhesive and metal pads. As an example,
Fig. 3.12 shows a TEM image of isotropically conductive adhesive which
is filled with silver flakes.

Epoxy resin Silver

Fig. 3.12. A TEM image of a conductive adhesive (physical contact among silver
flakes can be observed)

3.2.10 Scanning Electron Microscopy (SEM)

SEM operates by scanning an electron beam over the sample and measur-
ing the electrical interactions with the surface. When the electrons hit the
surface, weakly bound electrons will be ejected to produce secondary elec-
trons. These secondary electrons can then be measured by a detector and
used to calculate the color for each pixel of a SEM image. Since these sec-
ondary electrons are of low energy their trajectories can be easily influ-
enced by electromagnetic fields. In order to avoid a charge build-up on the
surface of the sample which would alter the path of the secondary elec-
trons, the surface must be conducting. However, shadowing methods have
been developed for coating non-conductive samples with a thin layer of
metal so that SEM measurements become possible.
Advantages and disadvantages of SEM are summarized as follows:
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Advantages
e Provides images of surface features.
e Much higher resolution than optical microscopy, due to the very
small wavelength of the electron.
e Faster than scanning probe microscopy as the beam can be scanned
with electromagnetic fields rather than mechanical actuators.
Disadvantages
e Requires a conductive sample (or that the surface of a non-
conductive sample be metallized).
e Must be carried out in a vacuum, which is not only inconvenient but
may also result in artifacts.
e Unlike SPM or interferometry, the height and chemical properties of
the surface cannot be quantitatively determined by SEM.

3.2.11 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used in condensed matter phys-
ics and chemistry to study vibrational, rotational, and other low-frequency modes
in a system [35]. It relies on inelastic scattering, or Raman scattering, of mono-
chromatic light, usually from a laser in the visible, near infrared, or near ultravio-
let range. The laser light interacts with phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down. The shift in
energy gives information about the phonon modes in the system. Infrared spec-
troscopy yields similar, but complementary information. Figure 3.13 is a sche-
matic energy level diagram showing the states involved in Raman signal.
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Fig. 3.13. Energy level diagram showing the states involved in Raman signal. The line
thickness is roughly proportional to the signal strength from the different transitions.
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Typically, a sample is illuminated with a laser beam. Light from the il-
luminated spot is collected with a lens and sent through a monochromator.
Wavelengths close to the laser line, due to elastic Rayleigh scattering, are
filtered out while the rest of the collected light is dispersed onto a detector.

The Raman effect occurs when light impinges on a molecule and inter-
acts with the electron cloud of the bonds of that molecule. The incident
photon excites one of the electrons into a virtual state. For the spontaneous
Raman effect, the molecule will be excited from the ground state to a vir-
tual energy state and relaxed into a vibrational excited state, which gener-
ates Stokes Raman scattering. If the molecule was already in an elevated
vibrational energy state, the Raman scattering is then called anti-Stokes
Raman scattering.

A molecular polarizability change, or amount of deformation of the
electron cloud, with respect to the vibrational coordinate is required for the
molecule to exhibit the Raman effect. The amount of the polarizability
change will determine the Raman scattering intensity, whereas the Raman
shift is equal to the vibrational level that is involved.

Raman spectroscopy is commonly used in chemistry, since vibrational
information is very specific for the chemical bonds in molecules. It there-
fore provides a fingerprint by which the molecule can be identified. The
fingerprint region of organic molecules is in the (wave number) range
500-2,000 cm'. This technique can be used to study changes in chemical
bonding. For the SAM-treated ECAs, Raman spectroscopy can be used to
study the orientation and alignment of the SAM molecule configuration on
the conductive filler surface.

Surface-enhanced Raman spectroscopy, or Surface-enhanced Raman
scattering, often abbreviated SERS, has been developed to enhance the
probing of nanoparticle surface sensitivity. SERS is a surface-sensitive
technique that results in the enhancement of Raman scattering by mole-
cules adsorbed on rough metal surfaces. The enhancement factor can be as
much as 10“-10", which allows the technique to be sensitive enough to
detect single molecules [35].

The name surface-enhanced Raman spectroscopy implies that it pro-
vides the same information that traditional Raman spectroscopy does, sim-
ply with a greatly enhanced signal. While the spectra of most SERS ex-
periments are very similar to the non-surface enhanced spectra, there are
often differences in the number of modes present. Additional modes not
found in the traditional Raman spectrum can be present in the SERS spec-
trum, while other modes can disappear.

The modes observed in any spectroscopic experiment are dictated by the
symmetry of the molecules and are usually summarized by selection rules.
When molecules are adsorbed to a surface, the symmetry of the system can
change, slightly modifying the symmetry of the molecule, which can lead
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to differences in mode selection [36]. The symmetry of a molecule can be
changed in different ways depending on the orientation in which the mole-
cule is attached to the surface. In some experiments, it is possible to de-
termine the orientation of adsorption to the surface from the SERS spec-
trum, as different modes will be present depending on the way in which
the symmetry is modified [37, 38].

Raman spectroscopy has been used to characterize the organic lubricant
layer on silver flake surfaces [31], and SERS was employed to study the
interaction between self-assembled monolayer (SAM) and metal spheres in
ACAs, and also the molecular chain orientation of the SAM molecules on
the metal sphere surfaces [39].

3.2.12 Gas Chromatography/Mass Spectrometry

The GC/MS is composed of two major building blocks: the gas chromato-
graph (GC) and the mass spectrometer (MS) (Fig. 3.14). The gas chro-
matograph utilizes a capillary column which depends on the column's di-
mensions (length, diameter, film thickness) as well as the phase properties
(e.g., 5% phenyl polysiloxane). The difference in the chemical properties
between different molecules in a mixture will separate the molecules when
the sample travels along the length of the column. The molecules take dif-
ferent amounts of time (called the retention time) to come out of (elute
from) the gas chromatograph, and this allows the mass spectrometer down-
stream to capture, ionize, accelerate, deflect, and detect the ionized mole-
cules separately. The mass spectrometer does this by breaking each mole-
cule into ionized fragments and detecting these fragments using their mass
to charge ratio.

For the analysis of volatile compounds, a Purge and Trap (P&T) con-
centrator system may be used to introduce samples. The target analytes are
extracted and mixed with water and introduced into an airtight chamber.
An inert gas such as nitrogen (N,) is bubbled through the water; this is
known as purging. The volatile compounds move into the headspace above
the water and are drawn along a pressure gradient (caused by the introduc-
tion of the purge gas) out of the chamber. The volatile compounds are
drawn along a heated line onto a “trap”, where trap is a column of adsorb-
ent material at ambient temperature that holds the compounds by returning
them to the liquid phase. The trap is then heated and the sample com-
pounds are introduced to the GC/MS column via a volatile interface, which
is a split inlet system. P& T GC/MS is particularly suited to volatile organic
compounds (VOCs) and BTEX compounds (aromatic compounds associ-
ated with petroleum).
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GC/MS is widely utilized to study conductive adhesives to determine
the volatile species that evolve during curing and after post-cure process-
ing, such as preseal bakeout and burn-in [40].

Sample
injector
Temp. regulated oven

Mass
spectrometer
&g Column: detector
. packed or
F1e, Nz bt open tubular
(capillary)

Fig. 3.14. A schematic of a GC/MS

3.2.13 Electrical Characterization of ECAs

3.2.13.1 Volume Resistivity/Bulk Resistivity

Volume resistance of a specimen is the ratio of the direct voltage to the
part of the current that is distributed through the volume of the specimen.
It is directly proportional to the thickness (%) and inversely proportional to
the area A (cm®) of the sample according to the equation

szpvlfl/A

where p is the proportionality constant called the volume resistivity, in
ohm cm (€2 cm), which is numerically equal to the volume resistance in
ohm between the opposite surfaces of a 1-cm cube of the material.

The reciprocal of volume resistivity is the volume conductivity, ex-
pressed in Siemens per centimeter (Scm ™) or Q'em™. From the equation
the volume conductivity y is given by

=G h/A

where G, is the measured conductance.
Figure 3.15 shows the method used to determine the volume resistivity
of conductive adhesive strip of thickness #, width w, and length /, using a
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point probe approach. The four-point probe avoids this problem by using a
row of four equally spaced needles. A known current is passed between the
outer needles, while an open-circuit voltage reading is made between the
inner needles. Because no (or very little) current flows through the voltage
sensing needles, there are no errors introduced due to the contacts. The
very reason for “four-point” probe measurements is to divorce the probes
supplying the current from the probes measuring the voltage, so it is only
necessary to consider the “voltage probes.” The device used to measure the
voltage is provided with a very high input impedance (ASTM F84 recom-
mends at least 10° x the resistivity of the specimen), thus the contact re-
sistance is a small proportion of the resistance in the voltage measuring
circuit.

Current flow (1)

Measure voltage (V)

ICA

¥

Fig. 3.15. Schematic set-up for bulk resistivity measurement

3.2.13.2 Contact Resistance

Contact resistance of an ECA joint consists of the bulk resistance of the
ECA and the interfacial resistance between the ECA and the contact pads.
One of the requirements for ECAs is that they must have stable contact re-
sistance under various aging conditions including 85°C/85%RH (relative
humidity) [41]. There are no standard test methods or test vehicles for con-
tact resistance. The test vehicle you choose should represent the intended
applications of the ECA. There are many test vehicles used by various re-
searchers in the literature. Only two examples are shown here.

The test vehicle in Fig. 3.16 consists of a zero ohm resistor with metal
terminations which is attached to two-metal pads using an ECA. The metal
terminations of the resistor and metal pads on the substrate should be
the metal surface finish which you intend to use in the real applications.
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A four-wire method can be used to measure the total resistance through
those two-metal pads on the substrate.

Conductive
adhesive

()

Nt
ey
L

termination

0Q resistor

h Metal pad

FR4 substrate

Fig. 3.16. Contact resistance test vehicle with a zero ohm resistor

Figure 3.17 shows another type of test vehicle which consists of two
cross metal bars [42]. The surface of the metal bars should represent the
surface finish which you are interested. A thin layer of ECA is sandwiched
between these two-metal bars. A four-wire approach is used to measure the
total resistance of the ECA joint. Figure 3.18 is a schematic of a test vehi-
cle for studying the contact resistance of ACAs (anisotropically conductive
adhesives).

Voltage measure

Conductive adhesive

Current flow

Fig. 3.17. A contact resistance test vehicle consisting of cross metal bars
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Gold plated
metal pattern

Polyimide
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Measurement
point

ACA joint

Test coupon

Fig. 3.18. A schematic of test set-up for measuring contact resistance of ACA
joints

3.2.13.3 High-Frequency Characteristics of ECA

For wireless/RF (radiofrequency) electronic applications, a number of
high-frequency (in excess of 2.45 to >10 GHz) applications and utiliza-
tions are increasing rapidly, thus it is important to characterize the cross-
talk between particles, coupling with semiconductor devices and other
fundamental behavior of ECAs under high-frequency conditions.

The vector network analyzer (VNA) is a form of RF network analyzer
widely used for RF design applications. It can enable the RF performance
of radiofrequency (RF) and microwave devices to be characterized in
terms of network scattering parameters, or S parameters. The information
provided by the VMA can then be used to ensure that the RF design of
the circuit is optimized to provide the best performance. VNA has shown
to be a useful tool to evaluate the high-frequency characteristics ACA
and NCA [43].

3.2.14 Mechanical Property Characterization

3.2.14.1 Adhesion Strength

Die shear strength method (MIL-STD 883, method 2019) consists in the
measurement of the force required to shear a die off a chip carrier. Al-
though any die size can be used, a standard technique is to bond 1.27 x12.7
mm’ silicon die to silver-plated lead frames. The dies and lead frames are
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cleaned first. A drop of a conductive adhesive paste is dispensed on the
lead frames, and then dices are placed onto the conductive adhesive drops
using a pick and place machine, and then the assemblies are cured. The die
shear strength of each individual die is measured with a die shear tester.
The die shear strength is generally calculated by averaging the results ob-
tained on 20 individual dies tested and expressed either as a force (N) or as
a stress (MPa) if the bond area is introduced in the calculation.

Lap Shear Strength Lap shear or tensile test measures the strength of the
adhesive under shear. The common lap shear test method is described in
ASTM D1002, and the standard test specimen is shown in Fig. 3.19. This
is the most commonly used shear test for adhesives on metal substrates.
Testing is carried out by pulling the ends of the overlap in tension, causing
the adhesive to be stressed in shear. ASTM D3163 specifies a similar test
method for rigid plastic substrates. The width of the lap shear specimen is
generally 1 in. The recommended length of overlap, for metal substrates
with a thickness of 0.064 in., is 0.5 + 0.05 in. However, it is recommended
that the length be chosen so that the yield point of the substrate is not ex-
ceeded.

Adhesive bondline
/
/ Shear area

’—‘r/,/—‘ Areas in

// test grips

— 1.0in. =—

2.5in. S 2.5in,

Fig. 3.19. Dimensions of a standard test sample for lap shear strength

3.2.14.2 Impact Performance

The drop test is designed to simulate the shocks experienced by PCB com-
posites during assembly, handling, and product life. Drop-test vehicles
were prepared and tested as recommended by NCMS [44]. The test vehicle
is depicted in Fig. 3.20. The drop test, which was established by the Na-
tional Center for Manufacturing Sciences (NCMS), has been widely used
to evaluate the impact performance of conductive adhesives in the conduc-
tive adhesive industry. The drop test involves dropping mounted chip car-
rier and circuit board assemblies onto hard surfaces from a height of 1.5 m
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(60 in.) and passing six drops as a prerequisite for the application of con-
ductive adhesives. The drop test is easy to conduct. However, as the drop
test can only qualitatively distinguish the impact performance of conduc-
tive adhesives, not much optimal information could be obtained from the
drop results. To improve the impact performance of conductive adhesives,
adhesive manufacturers must first accurately characterize the impact be-
havior of a conductive adhesive and investigate factors that may affect the
impact performance of the adhesive. Therefore, it is desirable to develop a
test technique that can quantitatively characterize the impact resistance of
conductive adhesives at a material level and yield useful information in
screening adhesives and helping formulate new conductive adhesives with
more favorable impact performance.

Xu et al. [45] utilized a novel falling wedge test to quantitatively charac-
terize the impact resistance of electrically conductive adhesives. The re-
sults obtained in this study show that the falling wedge test was able to
discriminate between the impact performance of adhesives and this tech-
nique is capable of screening conductive adhesives for bonding purposes.
This test technique could enable the microelectronics industry to use an
adhesive specification rather than the current drop-test specification to
evaluate and determine acceptance of candidate adhesive systems. The
viscoelastic energy, which is a result of the internal friction created by
chain motions within the adhesive material, has played an important role in
the fracture behavior of the conductive adhesives. As a measure of the in-
ternal friction, the loss factor is found to be an indicator of an adhesive’s
ability to dissipate the mechanical energy through heat. By quantitatively
relating the impact fracture energy of the adhesive joints to the loss factors
of the ECAs, we have demonstrated that the impact fracture energy tends
to exhibit a logarithmic relationship with the corresponding loss factor, as
the increased loss factor at the test conditions consistently results in im-
proved impact performance. This finding suggests conductive adhesive
manufacturers that the impact performance of a conductive adhesive may
be improved by formulating the adhesive with good damping ability under
impact conditions that may be encountered in the service.
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Conductive adhesive

PLCC44

Printed circuit board

Fig. 3.20. A schematic of drop-test vehicle recommended by NCMS

3.2.14.3 Bulk Fracture Toughness

The ASTM D5045 guideline is generally followed to measure the plane
strain fracture toughness of a conductive attach adhesive [46]. Fracture
toughness value is determined using pre-cracked single-edge-notched
(SEN) specimens in a three-point-bend fixture (3PB) (see Fig. 3.21). Pre-
cracks can be introduced by scoring a razor blade at the notch tip of the
specimens while at an elevated temperature such as 180°C. Upon cooling
the sharp notch becomes even sharper due to thermal contraction. After
precracking and conditioning, the samples are loaded in a servohydraulic
materials testing machine with a 100 1b load cell and at a crosshead speed
of 0.5 mm/min. K . values reported are the averages of a minimum of five
tests. K. values are determined by measuring the specimen dimensions
and the critical load at fracture.
lP

“’1 E EI

t 1

1 1
P2 S P2

Fig. 3.21. Schematic of the loading configuration for the SENB test (a is the crack
length, B is the specimen width, W is the specimen height, S is the span)
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Chapter 4
Isotropically Conductive Adhesives (ICAs)

4.1 Introduction

4.1.1 Percolation Theory of Conduction

Isotropic conductive adhesives, also known as “polymer solder,” are com-
posites of polymer resin and conductive fillers. The conductive fillers pro-
vide the composite with electrical conductivity through contact between
the conductive particles. With increasing filler concentrations, the electri-
cal properties of an ICA transform it from an insulator to a conductor. Per-
colation theory has been used to explain the electrical properties of ICA
composites. At low filler concentrations, the resistivity of ICAs decreases
gradually with increasing filler concentration. However, the resistivity
drops dramatically above a critical filler concentration, V,, called the per-
colation threshold. It is believed that at this concentration, all the conduc-
tive particles contact each other and form a three-dimensional network.
The resistivity decreases only slightly with further increases in the filler
concentrations [1-3]. A schematic explanation of resistivity change of
ICAs based on percolation theory is shown in Fig. 4.1. In order to achieve
conductivity, the volume fraction of conductive filler 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
bond in an interconnection joint. In an ICA joint (Fig. 4.2), the polymer
resin provides mechanical stability and the conductive filler provides elec-
trical conductivity. Filler loading levels that are too high cause the me-
chanical integrity of adhesive joints to deteriorate. Therefore, the challenge
in formulating an ICA is to maximize conductive filler content to achieve a
high electrical conductivity without adversely affecting the mechanical
properties. In a typical ICA formulation, the volume fraction of the con-
ductive filler is about 25-30% [4, 5].
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Fig. 4.1. Effect of filler volume fraction on the resistivity of ICA systems
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Fig. 4.2. Schematic illustration of how electrical conduction paths are established
by uninterrupted particle-to-particle contact between the component and the chip
carrier terminal pads in an ICA joint
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4.1.2 Adhesive Matrix

An ideal polymeric matrix for ICAs should exhibit a long shelf life (good
room temperature latency), fast cure, relatively high glass transition tem-
perature (7,), low moisture pickup, and good adhesion [6].

Both thermoplastic and thermoset resins can be used for ICA formula-
tions. The main thermoplastic resin used for ICA formulations is polyim-
ide resin. An attractive advantage of thermoplastic ICAs is that they are
reworkable, e.g., can easily be repaired. A major drawback of thermoplas-
tic ICAs, however, is the degradation of adhesion at high temperature. An-
other drawback of polyimide-based ICAs is that they generally contain
solvents. During heating, voids are formed when the solvent evaporates.
Most commercial ICAs are based on thermosetting resins. Epoxy resins are
most commonly used in thermoset ICA formulations because they possess
superior balanced properties. Silicones, cyanate esters, and cyanoacrylates
are also employed in ICA formulations [7-11].

Most commercial ICAs must be kept and shipped at a very low tempera-
ture, usually —40°C, to prevent the ICAs from curing. Pot life is a very im-
portant factor for users of the ICAs. In order to achieve desirable latency at
room temperature, epoxy hardeners must be carefully selected. In some
commercial ICAs, solid curing agents are used, which do not dissolve in
the epoxy resin at room temperature. However, these curing agents can
dissolve in the epoxy at a higher temperature (curing temperature) and re-
act with the epoxy resin. Another approach to achieve latency is to employ
an encapsulated imidazole as a curing agent or catalyst. An imidazole is
encapsulated inside a very fine polymer sphere. At room temperature, the
polymer sphere does not dissolve or react with the epoxy resin. But at a
higher temperature, after the polymer shell is broken, the imidazole is re-
leased from the sphere to cure the epoxy or catalyze the cure reaction. Fast
cure is another attractive property of a desirable ICA. Shorter cure times
increase throughput resulting in lower processing cost. In epoxy-based
ICA formulations, proper hardeners and catalysts such as imidazoles and
tertiary amines can be used to achieve rapid cure.

Conductive adhesives with low Ts can lose electrical conductivity dur-
ing thermal cycling aging [12, 13]. Electrical conductivity in metal pow-
der- filled conductive adhesives is achieved through the contact of adjacent
metal particles with each other, thus producing a continuous electrical path
between a component lead and the metal pad of a chip carrier. When a
joint is subjected to thermal cycling conditions, it experiences repeated cy-
clic shear motion of the lead relative to the chip carrier pad. The amount of
shear strain is primarily dependent on the thermal cycling conditions and
thermal expansion mismatch between the component and the chip carrier.
Besides lead deformation and substrate compliance, the majority of the
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shear strain produced is accommodated by viscoelastic or viscoplastic de-
formation of the conductive adhesive. When a conductive adhesive de-
forms to accommodate the shear strain produced, the metal particles move,
thus changing the position of contact point(s) between adjacent metal par-
ticles. If the organic matrix is too compliant, it will flow to fill the area left
behind the moving metal particles. When the direction of the shear strain is
reversed during thermal cycling, adjacent metal particles move back to
their original contact locations, which now are partially covered with the
compliant, dielectric organic matrix material. As the number of thermal
cycles increases, the contact resistance between adjacent particles in-
creases, thus increasing the interconnection joint resistance [12].

Moisture absorption can influence the reliability of conductive adhesive
interconnection joints. Moisture in polymer composites is known to have
an adverse effect on both mechanical and electrical properties of epoxy
laminates [13, 14]. Studies relating to the reliability and moisture sensitiv-
ity of electronic packages indicate similar degrading effects. It was deter-
mined that moisture absorption can cause an increase in contact resistance,
especially if the metallization on the bond pads and components are not
noble metals [15]. Effects of moisture absorption on conductive adhesive
joints are summarized in Table 4.1. In order to achieve high reliability,
conductive adhesives with low moisture absorption are required. High ad-
hesion strength to pad and component metallization is a necessary property
for conductive adhesives used for interconnections in electronic assem-
blies. Epoxy-based ICAs tend to have better adhesion strength than poly-
imide and silicone-based ICAs. However, a silicone matrix tends to have
lower moisture absorption than epoxy resins [8].

Table 4.1. Effects of moisture on ICA joints

Major effects

Degrade bulk mechanical strength

Decrease interfacial adhesion strength and cause delamination
Promote the growth of voids present in joints

Give rise to swelling stress in joints

Induce the formation of metal oxide layers resulting from corrosion

4.1.3 Conductive Fillers

While polymer matrices are dielectric materials, conductive fillers in ICA
formulations provide the material with electrical conductivity. In order to
achieve high conductivity, the filler concentration must be at least equal to
or higher than the critical concentration predicted by percolation theory.
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4.1.3.1 Pure Silver versus Ag-Coated Fillers

Silver (Ag) is by far the most popular conductive filler, although gold
(Au), nickel (Ni), copper (Cu), and carbon are also used in ICA formula-
tions. Silver has the highest room temperature electrical and thermal con-
ductivity among all the metals. Silver is unique among all of the cost-
effective metals by nature of its conductive oxide (Ag,0). Oxides of most
common metals are good electrical insulators and copper powder, for ex-
ample, becomes a poor conductor after aging. Nickel and copper-based
conductive adhesives generally do not have good conductivity stability be-
cause they are easily oxidized. Even with antioxidants, copper-based con-
ductive adhesives show an increase in volume resistivity on aging, espe-
cially under high-temperature and humidity conditions. Silver-plated
copper has been utilized commercially in conductive inks and should also
be appreciable as a filler in adhesives. While composites filled with pure
silver particles often show improved electrical conductivity when exposed
to elevated temperature and humidity or thermal cycling, this is not always
the case with silver-plated metals, such as copper flake. Presumably, the
application of heat and mechanical energy allows the particles to make
more intimate contact in the case of pure silver, but silver-plated copper
may have coating discontinuities that allow oxidation/corrosion of the un-
derlying copper and thus reduce electrical paths [4].

4.1.3.2 Particle Shape and Size

The most common morphology of conductive fillers used for ICAs is flake
because flakes tend to have a large surface area and more contact spots,
and thus more electrical paths than spherical fillers. The particle size of
ICA fillers generally ranges from 1 to 20 um. Larger particles tend to pro-
vide the material with a higher electrical conductivity and lower viscosity
[16]. A new class of silver particles, porous nano-sized silver particles, has
been introduced in ICA formulations [17, 18]. ICAs made with this type of
particles exhibited improved mechanical properties, but its electrical con-
ductivity is lower than that of the ICAs filled with silver flakes. In addi-
tion, short carbon fibers have been used as conductive fillers in conductive
adhesive formulations [19, 20]. However, carbon-based conductive adhe-
sives show much lower electrical conductivity than silver-filled ones.

4.1.3.3 Nano-sized Fillers

Recently, nano-sized fillers including nanowires, nanoparticles, graphenes,
and carbon nanotubes (CNTs) have also been introduced into ICA formu-
lations. Quite some research work has been done especially on using sil-
ver-based nano-fillers such as Ag nanowires and nanoparticles for ICA
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applications. The simplest and the most commonly used bulk solution syn-
thetic method for Ag nanoparticles is the chemical reduction of metal salts
(e.g., AgNO,) [21-25]. Ag nanowires are generally prepared using a
physical template [26, 27] or a template-less wet chemical process [28,
29]. As an example, Fig. 4.3 shows SEM images of an Ag nanowire, an Ag
nanoparticle, and a micron-sized Ag flake.

10 um

(b)

Fig. 4.3. SEM images of an Ag nanowire (a), an Ag nanoparticle (b), and a micron-
sized Ag flake (c)
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Fig. 4.3. (Continued)

4.1.3.4 Silver-Copper Fillers

Copper Conductive Fillers

Copper can be a promising candidate for conductive filler metal, due to its
low resistivity, low cost, and improved electromigration performance, but
oxidation causes this metal to lose its conductivity. Two approaches have
been reported for surface treatment and oxidation prevention of copper
fillers for ICA application. One is inorganic material coating and the other
is organic material coating. For inorganic coating materials, silver, gold,
and nickel/gold and solder materials, such as Sn and InSn, are some exam-
ples which are coated by electro- or electroless deposition.

For organic coating materials on copper surfaces for oxidation/corrosion
protection, self-assembly monolayer (SAM) formation, such as azole or
thiol compounds, and organosilicic compound formation are the represen-
tatives; however, their thermal stabilities have been the concerns, because
most of the coatings lose their effectiveness when exposed to the curing
condition of ICAs. Yim et al. [30] reported a Cu-filled ICA by using novel
silane coupling agents for oxidation prevention of Cu fillers for conven-
tional ICA applications. In their study, a high performance, low cost, Cu-
filled ICA was demonstrated through the use of silane coupling agent and
the in situ mixing with a matrix resin. The silane coupling agent was
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shown to be very effective in preventing the copper powder oxidation in
ICA composite materials, and the improved thermal stability of Cu-filled
ICAs was achieved by using the silane coupling agents with aromatic
structures. Bulk resistivity of a Cu filled ICA with a silane coupling agent
was achieved at 1.28 x 10° Q—cm. They also tried to use of bimodal sized
fillers and an optimized concentration of same aromatic silane coupling
agent, and a very low bulk resistivity of 7.5x 10~ Q-cm was obtained.

Yokoyama et al. reported a powder with a specific structure as a filler
for conductive adhesives in 1992 [31]. The powder particle consists of two
metallic components,: copper and silver. Silver is highly concentrated on
the particle surface and the concentration gradually decreases from the sur-
face to the inner of the particle, but always contains a small amount of sil-
ver. Conductive adhesive paste filled with this powder exhibits excellent
oxidation resistance, i.e., can be exposed to 100ppm of oxygen content in a
nitrogen atmosphere without oxidation. It also exhibits higher solderability
than commercially available copper pastes, sufficient adhesion strength
even after heating and/or cooling test, and the least migration, almost the
same degree as pure copper paste [31].

4.1.3.5 Low-Melt Fillers

In order to improve electrical and mechanical properties, low melting point
alloy fillers have been used in ICA formulations. A conductive filler pow-
der is coated with a low melting point metal. The conductive powder is se-
lected 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 are coated with the low melting
point metal, which can be fused to achieve metallurgical bonding between
adjacent particles or between the particles and the bond pads that are
joined using the adhesive material [32, 33].

4.2 Processing of ICAs

Isotropically conductive adhesives can be applied using printing (such as
stencil, screen, or inkjet printing) and dispensing. Dispensing is a continu-
ous process where individual adhesive dots, lines, or patterns are deposited
in selective areas of an interconnect substrate. The main advantage of the
dispensing is its flexibility, accommodating a large variety of printed cir-
cuit boards or substrate, configurations, and design changes. Selective dis-
pensing is the only approach that can be used once the components have
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been assembled onto a board since it does not require a flat surface as does
screen or stencil printing.

4.2.1 Screen and Stencil Printing

Screen and stencil printing are both batch processes that are usually less
expensive and faster than selective dispensing for large production runs
where few changeovers are expected.

Screen and stencil printing are the oldest and widely used processes for
applying adhesives. Screen printing has been used for over 40 years in the
electronics industry to apply thick film conductors and dielectrics in fabri-
cating circuits on ceramic and organic laminate substrates. Screening print-
ing is also used as a batch process for depositing ICAs to interconnect de-
vices on thin-film and thick-film hybrid microcircuits.

Screen printing is a simple, low-cost process for both small and large
production runs. Patterns are formed on a stainless steel mesh through a
photosensitive emulsion process in which portion of the screen mesh are
coated, while other areas, through which the adhesive is deposited, are left
open. The photolithographically formed screen patterns, however, wear out
after many runs and the screens must be reprocessed or replaced.

Stencils differ from screens in that the apertures are directly etched or
cut into a metal sheet or foil. In both screens and stencil, ICA pastes are
squeegeed through apertures on a substrate. The key advantages of stencils
over screens, especially the laser cut and electroformed types, is the finer
dimensions and smaller pitch dots that can be printed.

Even though stencil printing is widely used for ICAs and has many ad-
vantages over dispensing processes, there are several limitations:

1. Tailing or distortion can occur during snap-off.

2. Redeposition occurs on a warped substrate, leading to contamina-
tion to the adjacent pads.

3. Tooling change and added changeover time are required for design
changes and new designs. Retooling cost is high.

4. Application for very fine-pitch components is limited.

5. Frequent cleaning of stencils is required to avoid clogging, missed
dots, and misprints.

6. Long exposure to air and moisture decreases the pot life and in-
creases the viscosity of the adhesive.

Desmulliez et al. demonstrated a sub-100 um pitch stencil printing
process [34]. Perfectly vertical and smooth sidewalls were produced with
apertures closely following the resist sidewalls during the electroforming
process. The electroforming process generated the desired mechanical
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properties of the metal across the whole stencil. Apertures ranging from
1,000 um down to 20 wm were successfully manufactured in a reproduci-
ble manner on a 50 um nickel foil. An ICA was printed down to 50 um
pitch with reproducible results demonstrated at 90 pm pitch.

4.2.2 Dispensing

Automatic selective dispensing of adhesives includes contact and non-
contact types. In the contact type, also known as syringe, needle, or ma-
chine dispensing, the adhesive is forced through a small orifice onto the
substrate so that the dispensed adhesive dot makes contact with the sub-
strate during dispensing. The adhesive is dispensed using an x—y—z posi-
tioning system. The dispensing process can selectively dispense reproduci-
ble amounts of adhesives with high accuracy. Multiple small dots, such as
2-5 mils in diameter, can be deposited in selected areas at rates up to
50,000 dots per hour (dph), although typical speeds are approximately
15,000-20,000 dph. These speeds are low compared with stencil printing
where 50,000 dots or lines can be printed in 15-20 s.

Dispensing is particularly suitable for printed circuits board or substrate
assembly where some components have already been attached. Other ad-
vantages of automated dispensing include the following:

Ideal for both short runs and production runs.

Adhesives can be dispensed on partially assembled boards.
Dispensers can handle a wide range of viscosities.

No hard tooling required.

Minimal setup and changeover times.

Less sensitive to board warpage than stencil printing.

A ol e e

Gaugel et al. [35] reported a micro-dispensing system which was able to
produce <200 um dots reproducibly.

4.2.3 Inkjet Printing

Areas for printing very fine-pitch matrix (e.g., very fine-pitch paths, anten-
nas) are very attractive. But there are special requirements for ink-jet print-
ing materials, namely the most important ones are low viscosity and very
homogenous structure (like molecular fluid) to avoid sedimentation and
separation during the process. Additionally, for electrical conductivity of
printed structures, the liquid has to contain conductive particles, with
nano-sized dimensions to avoid blocking the printing nozzle and to prevent
sedimentation phenomenon. The nano-sized silver seems to be one of the
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best candidates for this purpose, especially when its particle size is less
than 10 nm.

Inkjet is an accepted technology for dispensing small volumes of mate-
rial (50-500 picoliters). Currently traditional metal-filled conductive ad-
hesives cannot be processed by ink jetting (due to their relatively high vis-
cosity and the size of filler material particles). The smallest droplet size
achievable by traditional dispensing techniques is in the range of 150-50
um, yielding proportionally larger adhesive dots on the substrate. Electri-
cally conductive inks are available on the market with metal particles (gold
or silver) <20 nm suspended in a solvent at 30-50wt%. After deposition,
the solvent is eliminated and electrical conductivity is enabled by a high
metal ratio in the residue. Some applications include a sintering step. How-
ever, these traditional nano-filled inks do not offer an adhesive function
[36, 37].

There are many requirements for an inkjettable, Ag particle-filled con-
ductive adhesive. The silver particles must not exceed a maximum size de-
termined by the diameter of the injection needle used. At room tempera-
ture, the adhesive should resist sedimentation for at least 8 h, preferably 24
h. A further requirement by the end user on the adhesive’s proper-ties was
a two-stage curing mechanism. In the first curing step the adhe-sive sur-
face is dried and remains meltable. In this state the product may be stored
for several weeks. The second curing step involves gluing the components
with the previously applied adhesive. By heating and applying pressure the
adhesive is re-melted and cured. Thus the processing opera-tion is similar
to that required for soldering. Conductivity in the range of 10™ Q-cm in the
bulk material is required. An adhesive less prone to sedimentation was
formulated by using suitable additives. Furthermore the formation of filler
agglomerations during deflocculation and storage was reduced. This effect
was achieved by making the additives adhere to the filler particle surfaces.
This requires a very sensitive balance. If the insula-tion between individual
silver particles becomes too strong, overall electri-cal conductivity is sig-
nificantly reduced.

Jana Kolbe et al. demonstrated feasibility of an inkjettable, isotropically
conductive adhesive in the form of a silver-loaded resin with a two-step
curing mechanism [38, 39]. In the first step, the adhesive was dispensed
(jet-ted) and procured, leaving a “dry” surface. The second step consisted
of assembly (wetting of the second part) and final curing. The attainable
droplet sizes were in the range of 130 pm, but could be further reduced by
using smaller (such as 50 um or less) and more advanced nozzle shapes.
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4.3 Flip Chip Applications Using ICAs

A key factor in achieving a low-cost, flip chip technology is the use of iso-
tropic conductive adhesives. In comparison to the classical FC technolo-
gies, the use of ICAs for the bumping and joining provide-numerous ad-
vantages (Table 4.2).

Table 4.2. Advantages of flip chip technologies utilizing ICAs

Advantages

Process simplification and reduction of indexing steps by eliminating acti-
vation and purification processes

A smaller temperature load on elements and wiring carriers

The availability of a large spectrum of material combinations

A broad range of applicable adhesive systems allows the selection of
processing parameters and joining characteristics

Few requirements for under bump metallization (UBM) since alloy phase
formation does not have to be considered

4.3.1 ICA Process for Unbumped Chips

Motorola successfully demonstrated an ICA flip chip bumping process us-
ing stencil printing technology through both mathematical modeling and
experimentation [40]. Both GaAs and Si flip chip devices with Au thin-
film metallization and alumina and FR4 chip carriers also with Au metalli-
zation were used in this study. The electrical performance of chip and chip
carrier combinations (i.e., GaAs/AlL O,, GaAs/FR4, and Si/FR4) utilizing
conductive adhesive polymer bumps showed no difference from Au and
AuSn bumps (all of the flip chip dies are mounted onto the chip carriers
using an ICA). However, the ICA joints showed premature failure in
HAST and thermal shock tests.

The polymer bumping method is a low-cost and efficient process con-
ducted at the wafer level and suitable for large-scale production. Data of
joint resistance stability under accelerated aging conditions such as
85°C/85% relative humidity and temperature cycling demonstrate polymer
flip chip interconnections are capable of long-term stability. The polymer
flip chip (PFC) assembly is compatible to a large range of rigid carriers,
and heat-sensitive, flexible chip carriers, a key advantage of PFC over sol-
der FC technology. Currently PFC is widely used for flip chip bonding on
low-cost heat-sensitive chip carriers noted in Table 4.3 [41].
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Table 4.3. Low-cost, heat-sensitive chip carriers utilized in polymer flip chip ap-
plications

Applications of polymer flip chip bonding

Microcontroller chips on PET substrates

Transponder chips on PVC/ABS/PET/PC/PI foils for smart card inlays
Circuits on flexible systems

Controller and driver circuits on polyester base materials in combination with
adhesive-bonded components

Circuits on rigid and multilevel substrates such as FR4 boards or BGA’s in
combination with SMD components

Temperature sensitive sensors and actuators on most diverse carriers and
complex microsystems

4.3.1.1 Flip Chip with Printed ICA Bumps

The PFC process is a stencil printing technology in which an ICA is
printed through a metal stencil to form polymer bumps on bond pads of IC
devices subsequent to the under bump metallization deposition on alumi-
num termination pads. The sequential processes to achieve PFC intercon-
nects are UBM deposition, stencil printing an ICA, bump formation (ICA
solidification), flip chip attach to achieve electrical connections, and un-
derfill for enhanced mechanical and environmental integrity [40, 42].

UBM Deposition

As with virtually all flip chip processes, the Al bond pads must be pro-
tected from the formation of non-conductive aluminum oxide. This insures
a low and stable resistance at bond—bond pad interface. The polymer flip
chip process utilizes an electroless plating technique, Ni/Au or Pd, to cover
the Al bond pads prior to polymer bumping. The typical metal thickness is
0.5-1.0 um for Pd and 3.0-5.0 wm for Ni/Au.

ICA Printing

The PFC process combines high precision stencil printing techniques with
highly conductive ICAs. These polymers can be thermosetting or thermo-
plastic. First, the polymer bumps are formed by deposition of an ICA
through the metal mask directly onto the metallized bond pads on a wafer.
Printed conductive adhesive bumps can offer an attractive alternative to
the other bumping technologies in terms of low cost and manufacturability.
The printing process typically involves a screen or stencil with openings
through which bumps are deposited. During the printing process, the paste
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is typically dispensed some distance away from the stencil apertures. Typi-
cally, the stencil is separated from a substrate by the snap-off distance. The
squeegee is lowered, resulting in contact of the stencil to the substrate or
wafer surface. As the squeegee moves across the stencil surface, a stable
flow pattern develops in the form of a paste roll. The consequent hydrody-
namic pressure developed by the squeegee pushes the paste into the pat-
terned stencil openings. The stencil lifts away from the substrate surface
with the paste remaining on the substrate.

ICA Bump Curing

The polymer bumps are then either fully cured or partially cured to the so-
called B-stage for thermosetting polymer bumps. For thermoplastic poly-
mer bumps, after stencil printing the solvent is removed to form solid
bumps. Bump heights are typically 50—75 pum and process can accommo-
date pitches down to 5 mils. Bump density of up to 80,000 bumps/wafer
has been formed with excellent coplanarity.

Once the bumped wafers are diced, chips are picked from the wafers,
flipped over, and then placed on and bonded to chip carriers. Different
process procedures are utilized to bond thermosetting polymer bumps to
similar thermoplastic bumps as noted in Fig. 4.4. Final processing involves
a heat cure for thermosetting bumps, while thermoplastic bump connec-
tions only require a few seconds under heat and pressure to melt the ther-
moplastic.

U U‘l/_ Fully cured ICA bump

Applied ICA paste
———

| | Apply heat to cure ICA paste and
| | form connection

(a)

Fig. 4.4. Schematic illustrating various die attachment assembly processes utiliz-
ing ICAs. (a) Chip with cured ICA bumps mated with uncured ICA on carrier
pads, (b) chip with partially cured (B-staged) ICA bumps mated with bare carrier
pads, and (c) chip with thermoplastic ICA bumps mated with bare but preheated
carrier pads
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Fig. 4.4. (Continued)

Underfilling

An underfill is then injected into the gap between the chip and the chip
carrier and then cured to complete the flip chip process. The function of
the underfill, or encapsulation as it is sometimes referred to, is to provide
mechanical integrity and environmental protection to a flip chip assembly.
Studies have demonstrated that both thermoset and thermoplastic ICAs can
offer low initial joint resistances of less than 5 m€ and stable joint resis-
tances (Au-to-Au flip chip bonding) during all the accelerated reliability
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testing. The reliability results have indicated that there is no substantial
difference in the performance of thermoset and thermoplastic bumps and
both types of polymers offer reliable flip chip electrical interconnections
[42].

4.3.1.2 Flip Chip with Micromachined ICA Bumps

Another polymer flip chip bumping process is known as micromachined
bumping [43]. The bumping procedure is illustrated in Fig. 4.5. Initially
Cr/Au contact metal pads for conductive-polymer bumps are deposited on
Si wafers, followed by patterning a thick photoresist to create bump holes.
A high aspect ratio and straight sidewall patterns are very important in
shaping the conductive-polymer bumps. After the lithography, thermoplas-
tic conductive-polymer materials, usually thermoplastic paste filled with
Ag flakes, is applied by either dispensing or screen printing the paste into
the bump-hole patterns. The wafer is heated in a convection oven to re-
move the solvent. Due to the difference in curing conditions between the
thick photoresist and the conductive polymer, the photoresist can be care-
fully stripped to expose the dried polymer bumps. Finally, the wafer is
diced into individual chips.

Chips with thermoplastic bumps are placed on chip carriers and pre-
heated to approximately 20°C above the melting point of the polymer
causing the bumps to reflow onto the matching chip carrier pads. Me-
chanical and electrical bonds are established as the chip carrier cools be-
low the polymer melting temperature. To enhance the mechanical bonding
strength, a small amount of pressure can be applied by placing a weight on
the chip.

This flip chip bonding technique has high potential to replace conven-
tional solder flip chip techniques for sensor and actuator systems, optical
micro electromechanical systems (MEMS), optoelectronic multichip mod-
ules (OE-MCMs), and electronic system applications.
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Fig. 4.5. A schematic depicting flip chip application utilizing chips with micro-
machined polymer bumps. (a) Process flow for creating micromachined polymer
bumps in the wafer state. (b) Die attachment to a chip carrier

Saurabh K. Lohokare et al. [44] recently fabricated conductive adhesive
bumps using a similar process, but with some extra polishing steps to make
the bump surface flat. Flip chip interconnects formed using this new proc-
ess offered lower contact resistance as compared to those of the squeegeed
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bumps. Furthermore, in order to study the high-speed electrical perform-
ance characteristics of these conductive adhesive bumps, a 10-GHz p-i-n
photodetector fabricated in the antimonide material system was used, and
it was found that the polymer flip chip-integrated detector showed electri-
cal performance of the conductive adhesive bumps comparable to metallic
interconnects.

4.3.2 Metal-Bumped Flip Chip Joints

ICAs can also be used to form electrical interconnections with chips that
have metal bumps. Isotropic conductive adhesive materials utilize much
higher filler loading than ACAs to provide electrical conduction isotropi-
cally throughout the material. In order for these materials to be used for
flip chip applications, they must be selectively applied to only those areas
that are to be electrically interconnected. Also, the materials are not to
spread during placement or curing to avoid creating electrical shorts be-
tween circuit features. Screen or stencil printing is most commonly used to
precisely deposit the ICA pastes. However, to satisfy the scale and accu-
racy required for flip chip, bonding requires very accurate pattern align-
ment. To overcome this difficult requirement, Matsushita developed a
transfer method [45].

Raised studs or pillars are required on either the die or the chip carrier.
Matsushita uses a conventional ball bonder to form Au stud bumps. Bump-
ing is significantly faster than creating complete wire bonds. A ball bump-
ing process eliminates the need for traditional sputtering and plating proc-
esses used for standard bump formation. To prevent the bond area from
becoming too large, the bumps are formed in a conical shape. The bumps
are pressed level by a flat surface, which adjusts both height and planarity.
The ICA is selectively transferred on the bump tips by contacting the face
of the die to a flat thin film of the ICA which is produced by screen print-
ing and whose transfer thickness is controlled by changing the printed film
thickness. Then the die is picked, aligned, and placed on a chip carrier. The
whole assembly is exposed to heat to cure the ICA and form connections
between the die and the chip carrier. Finally, an underfill (an insulating
adhesive) is dispensed between the die and the chip carrier and cured. This
method offers the options of oven curing an assembly since bonding pres-
sure is not required. A specially formulated ICA is used to avoid silver mi-
gration, containing 20% palladium in a silver palladium alloy. A schematic
of the process flow of forming joints with stud-bumped flip chips using
ICAs is shown in Fig. 4.6.
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Fig. 4.6. A schematic of the process flow of joints formed with stud-bumped flip-
chips using ICAs. (a) Tips of the gold stud bumps formed with a wire bond tool
are planarized. (b) Planarized bumps are dipped into a thin layer of ICA. (c¢) The
chip is withdrawn, leaving the bumps coated with ICA. (d) The chip is placed on
mating pads of a chip carrier with on pressure required during curing. (¢) An un-
derfill (an insulating adhesive) is dispensed and cured

Another process for bonding a flip chip with metal bumps consists of
screen printing an ICA on a chip carrier, aligning and placing the chip, cur-
ing the ICA to form bonds, and underfilling. By using this approach,
SINTEF Electronics conducted a comparison study between an ICA-
bonded and solder-bonded flip chips on FR4 chip carrier with Ni/Au met-
allization. The number of thermal cycles (-55 to 125°C) to failure for both
solder and ICA flip chip circuits was compared. The study showed that
stable contacts could be maintained for at least 1,000-2,000 cycles for ICA
flip chip joints. This is comparable to the lifetime for solder flip chip
joints. However, the variation among ICA samples was very high and op-
timization of assembly processes is needed in order to achieve more repro-
ducible joint resistance [46].
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4.4 ICAs for Surface Mount Applications

Tin-lead solders (Sn—Pb) have been the standard interconnect materials for
surface mount technology (SMT) for many years. Recently, electronics in-
dustry is becoming lead free. Among the lead-free interconnect materials
are electrically conductive adhesives (ECAs) and lead-free solders [47-59].
Compared to soldering technology, ECA technology can offer numerous
advantages such as fewer processing steps which reduce processing cost,
lower processing temperature, which makes the use of heat-sensitive and
low-cost chip carriers possible, and fine-pitch capability [50].

A study of conductive adhesive joining technology on printed circuit
boards (PCB) was conducted by RORGREN et al. [51]. Six different isot-
ropically conductive, silver-loaded epoxies were evaluated for the surface
mount process. These adhesives were used to attach electrically and me-
chanically 160-lead, 25-mil pitch, quad flat package (QFP) and 0805 chip
components on PCB's with flash gold, passivated copper, and tin/lead met-
allization. The reliability of the conductive adhesive joints was evaluated
in two types of environmental test: constant humidity at 60°C and 90% RH
for 1,000 h, and temperature cycling for 1,000 h from —40 to 85°C. Under
these conditions, both the electrical performance, in terms of contact resis-
tance, surface insulation resistance (SIR), and the mechanical strength of
the adhesive bonds were evaluated. The results show that reliable conduc-
tive adhesive joining can be achieved for both chip components and QFP
components on PCB's with all three metallizations tested. Under well-
controlled conditions, and with the right choice of adhesive for the applica-
tion in mind, no significant increase or variation in electrical resistance
during the temperature cycling test was encountered. The humidity expo-
sure test was found to have a minor impact on both contact resistance and
adhesion strength of most adhesives tested. In general, there was little dif-
ference between the different PCB metallizations used (except for SIR
measurements). No evidence of silver migration could be observed after
the humidity exposure for any of the adhesives tested.

Radio Frequency Identification (RFID) is quickly gaining a foothold in
the identification and security industry. It is used in areas of health care,
cashless ticketing system, inventory management, and security identifica-
tion. Passive RFID tag is made up of a RFID chip, a coil antenna, and the
substrate where the chip is attached to the coil antenna. The tag is powered
up only when the coil antenna captures the signal from a reader. To pro-
duce a RFID tag, the process starts from the foundry processing where a
RFID wafer consisting of thousands of complex circuits is produced. This
is followed by the tag assembly which consists of the following processes.
First the wafer is thinned down where excess silicon is removed using the
back grinding process, a mechanical-chemical polishing technique. Next
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the RFID dies are singulated from the wafer using mechanical dicing proc-
ess where a diamond grit-coated blade is used. Once the chips are singu-
lated, the die is attached to the antenna using one of the established assem-
bly methods such as wire bonding or flip chip. Finally it would be
packaged to form a complete RFID tag.

However, one critical roadblock that prevents companies in adopting
RFID technologies is the manufacturing cost with assembly cost as the
main contributing factor. One approach to reduce the assembly cost is us-
ing surface mount technology. Currently anisotropic conductive adhesives
(ACA) and non-conductive adhesives (NCA) are being used for RFID flip
chip assembly. However, these two approaches only permit series assem-
bly which results in longer assembly time as compared to surface mount
device using ICA which allows batch screen printing. Isotropic conductive
adhesive (ICA) joints, however, are more sensitive to moisture and me-
chanical stress. Lim et al. [52] utilized an ultra-violet (UV) curable epoxy
to encapsulate the chip that had been surface mounted onto the substrate so
as to increase the mechanical strength of the ICA and also to reduce the
exposure to moisture which degrades the joints. The assembled RFID
packages performed well in all the reliability tests including thermal cy-
cling (—40 to 125°C) and 30°C/60%RH, and active tests on detection dis-
tance.

4.5 ICAs for CSP Applications

Matsushita Electric Industrial Co., Ltd. developed solderless joining
technologies using nickel-filled isotropic conductive adhesives to mount
a ceramic chip-scale package (CSP-C) onto a FR4 board [53]. Nickel was
selected instead of Ag because, unlike Ag, nickel does not migrate.
A significant coefficient of thermal expansion (CTE) mismatch existed
between the CSP-C ceramic chip carrier (CTE = 7 ppm/K) and the FR4
organic chip carrier (CTE = 16 ppm/K). This CTE mismatch resulted in
large stress to be generated within the solder joints during accelerated
thermal cycle (ATC) testing which led to early failure due to solder fa-
tigue. ICAs usually exhibit better thermo-mechanical properties than sol-
ders. In addition, metal migration between joints is a great concern be-
cause the joints in a CSP area array package are arranged with a close
pitch (i.e., in close proximity).

The packaging procedure was as follows: (a) the ICA was screen
printed on the area array lands of the FR4 motherboard, (b) the CSP-C was
mounted, and (c) the ICA was cured to form bonds. The Ni-filled conduc-
tive adhesive demonstrated a much higher resistance to metal migration



142 4 Isotropically Conductive Adhesives (ICAs)

compared to Ag-filled ICAs and equivalent to solder joints. Also, the ther-
mal fatigue life of the Ni-filled ICA joints was five times greater than com-
parable solder joints.

4.6 ICAs for Advanced Packaging Applications

4.6.1 Solar Cell

Thin solar cells are difficult to interconnect with standard soldering tech-
niques. High temperature during soldering introduces stress on the joints
and cells. This can cause warping and possible breakage of cells. Substitut-
ing soldering for a low-temperature joining technique would avoid build-
ing up of mechanical stress, thus increasing process yield and reliability.

A promising alternative technique is interconnection with conductive
adhesives. The processing temperature is much lower, depending on the
applied adhesive. Eikelboom et al. [54] studied rear-contacted solar cells
interconnected with conductive adhesives. The stress on thin cells and
joints between traditional soldering and conductive adhesives was com-
pared.

Solar cells generate high currents, requiring low resistances. Long-term
stability in outdoor conditions requires excellent optical and mechanical
properties. High volume production demands screen printable adhesives.
Contacts made on silver-plated substrates with silver plated tabs show ex-
cellent electrical properties. Contact resistances are in the milliohm range
like soldered contacts.

Samples have been damp/heat tested along with soldered references. Af-
ter 2,500 h at 85°C/85% humidity, no degradation occurred. Also tempera-
ture cycling, between —40°C/and +80°C, on the same samples has shown
no effects after 200 cycles. No differences are measured between samples
that have been encapsulated and plain samples without encapsulation. Ad-
hesives applied to plain copper tabs or applied to screen printed and fired
aluminum give low resistances directly after curing, but show rapid degra-
dation after aging tests due to oxidation and breaking of the adhesive-to-
metal bond. Porous screen-printed aluminum also soaks up the adhesive
component from the paste giving poor bonding.
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4.6.2 Three-Dimensional Stacking

Wire bonding process applies significant mechanical force [55, 56] in or-
der to produce a reliable friction welded connection, often creating latent
defects within a conic region of the silicon underneath bonds in die thinned
below 75 wm. Wire bond-induced defects can also extend beyond the
bonded die itself through underlying die attach materials and into die be-
neath the originally bonded die within the stack. Reverse loop bonding
processes have been developed [57] to mitigate this problem in stacked die
packages somewhat, although the same reliability issues often reemerge as
die are further thinned below 50 um. Wire bonding to extremely thin die
presents a significant challenge, and an electrical interconnect process that
dramatically reduces applied force during application will result in both
enhanced yields and superior product reliability over traditional electrical
interconnect methodologies.

Andrews et al. [58] demonstrated forming electrical interconnections
along the edges of stacked integrated circuits by an extrusion process that
utilizes automated needle dispense equipment to form local deposits of
conductive adhesive paste. This vertical interconnect process was designed
to form three-dimensional circuits without the imposition of significant
mechanical forces that are known to cause mechanical damage to thin die
or fragile substrate materials. The process was demonstrated with produc-
tivity rates that exceed 100 interconnections per minute. Figure 4.7 shows
an image of a stack die package with conductive adhesive vertical inter-
connections. The paste extrusion process utilizes automated needle dis-
pense equipment to produce electrically conductive structures from die to
die, or die to substrate, without imposing any significant mechanical forces
known to cause damage to extremely thin die or other fragile substrate ma-
terials such as GaAs or InGaP. The paste vertical interconnect process is
insensitive to die type, die count (up to 128 vertical die have been demon-
strated), stacking configuration, or final packaging requirement (e.g., QFN,
BGA, WL-CSP).

Significant processing cost advantages were achieved by cycle-time re-
duction versus traditional wire bond stacked die interconnect, because se-
rial die attach/wire bond process steps are eliminated in favor of a single
staging at each process tool regardless of die count. Additional cost advan-
tages were also found due to the elimination of gold (by eliminating the
wire bonding process and reducing the gold thickness upon bondable sur-
faces). Further cost reduction could be achieved by adopting gang vertical
interconnect methods, including but not limited to multi-needle dispense
and print-based methods.
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Fig. 4.7. Vertical interconnection formed by a conductive adhesive on Shingle—
Tier stack

4.6.3 Microspring

Micromachined springs are attracting attentions in microsystem packaging
for low-stress interconnection, high density and low-damage probing for
device testing. For instance, new probe cards consisting of micromachined
springs are in practical use [59] and essential for high-performance device
testing, because their dimensions can easily be smaller than a few hundred
micrometers. They are therefore applicable to higher pad density and
smaller pad pitch chips, and capable of being effective in a test using high-
speed signals above 1 GHz. Curl-up microcantilever spring probes [60]
and s-type microspring probes using multilayer electroplating [61] for the
probe card applications were reported in the literature.

On the other hand, microsprings may also be required for microelectronic
packaging. Flip chip packages, which are utilized for high-performance
microsystems, are carried out using the standard interconnect technolo-
gies, such as solder balls, gold bumps, and conductive adhesives. How-
ever, since their interconnect structures have very limited compliance,
thermal expansion mismatches within the packages between the silicon in-
tegrated circuit (IC) and the package substrate can cause problems such as
failures during thermal cycle testing and damages in low-k dielectrics. To
overcome these, Chow et al. experimentally demonstrated that a compliant,
low force (10 mgf), pressure contact using thin film microsprings [62] could
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make reliable electrical contact to a gold pad [63]. Furthermore, in O-level
MEMS packaging, a commonly applicable cap wafer may need through-hole
interconnect vias and microsprings to interconnect the device electrodes.

These microfabricated springs may not be suitable to microsystem pack-
aging, because multiple photolithography procedures cause high produc-
tion costs. Aiming to fabricate microspring probes without photolithogra-
phy steps, Itohl et al. utilized an ultra-precise dispenser with three-axis
stage system to develop a new three-dimensional microstructure forming
method utilizing a continuously repeated dispensing of conductive adhe-
sive pastes [64, 65]. The inner diameter of the nozzle used is 22 wm and
the minimum dispense dot size was as small as 22 um in diameter. High
aspect ratio structures were realized by dispensing the paste dots repeat-
edly. By heating the substrate over 350K, the organic solvent in the paste
dispensed on the substrate vaporizes and the viscosity of the paste in-
creases. Taking advantage of this process, overhanging structures such as
cantilever shapes were formed when the nozzle was moved in lateral direc-
tion as shown in Fig. 4.8. For example, in the case of the cantilever shown
in Fig. 4.7b, 20 times dispensing for the post part and 40 times dispensing
for the lever part were carried out. The shapes of cantilevers did not
change after curing at 423-523K for 30 min. It was found that fabricated
microcantilevers have probing resistance lower than 1 Q with a low con-
tact force of 1 mN. More complicated shapes such as spiral structure
shown in Fig. 4.9 were successfully realized by controlling the dispense
conditions and the substrate temperature.

VAR A

(a) Fabrication Process

08 1 §-8H0--05

(b)

Fig. 4.8. Microcantilever springs fabricated using conductive paste continuous
dispensing
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Fig. 4.9. A spiral structure fabricated using conductive adhesive dispensing

4.7 ICAs for Printed Circuit Board Applications

The electronics assembly industry has great interest in high-density PCBs
(printed circuit boards) with acceptable costs. One of the key problems for
more efficient use of conventionally PCBs is plated through holes (PTH),
because they consume a large fraction of PCB surface area. One of the so-
lutions that can save the PCB surface area is to use blind and buried vias in
the design. Currently, many expensive plating and sequential lamination
steps are needed to create most blind/buried vias. Recently, several new
manufacturing technologies of PCBs have been introduced, e.g., ALIVH
(any layer inner via hole) which eliminates steps mentioned above
[66, 67]. Any layer interstitial via hole structure enables interconnections
between any two wiring layers of the board, and thus offers benefits of
downsizing, shorter wiring length for high-frequency circuit applications
and ease of automatic designing. Moreover, components can be attached
under the land, because via holes are filled with conductive paste. This
new fabrication process uses laminate-based substrates, where holes are
filled with conductive adhesive material to make reliable multilayer inter-
connects. This technique allows highly space-efficient circuit design and
production, but requires using the laminates with special properties, adhe-
sives, and advanced printing technologies. It will be very useful to imple-
ment the advantages of ALIVH technology into conventional double-sided
PCBs. The idea of such process is based on applying electrically conduc-
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tive adhesives for hole filling [68, 79]. The filling of plated through holes
has been practiced for many years in order to improve the thermal per-
formance of PCBs, particularly with BGA packages [69]. Other applica-
tions of hole-filling procedure include filling vias in inner layers and blind
vias in outside layers of PCBs made by SBU (sequential build-up) tech-
nology [70]. The main requirements of electrically conductive adhesives
for the via filling applications are as follows [69, 71]:

1. low viscosity to facilitate filling high aspect ratio vias (the aspect
ratio is defined as a relation of hole depth to hole diameter);

2. stable enough to have a reasonable shelf life;

3. low electrical resistance: no higher than tens of milliohms electri-
cal resistance per via (via depth 0.6 mm, aspect ratio 2:1);

4. adhere well to the walls of through holes;

survive reliability tests including soldering shock test, 1,000 ther-

mal cycles of —55 to +125°C, and dump heat tests 85°C/85%RH

and;

6. have stable contact resistance in combination with non-noble met-
als including pure Sn or Sn/Pb alloys.

|91

Suzuki et al. [72] utilized a conductive adhesive with spherical copper
powder (with an average particle size of 3—6 um) to fill the via holes in an
ALIVH. Low resistance and good reliability were achieved. Calculation
and SEM image suggested the existence of metallic bond between copper
particles and between copper particle and copper foil.

Kisiel et al. demonstrated filling mechanically drilled through holes
with silver-filled isotropic conductive adhesives [68]. The average filling
resistance of holes with a diameter of 0.6 mm and aspect ratio of 2.7:1 was
about 150 mQ. The resistance was stable after five times soldering. By
changing the type of adhesives, the fill resistance was decreasing to below
100 mQ, for the holes diameter 0.5 mm and aspect ratio 2:1 [73]. The ad-
ditional advantage of applied adhesive in the holes (with a diameter of
0.5 mm) was good average fill resistance stability after 1,000 thermal cy-
cles (-40 to +125°C); resistance changes do not exceed 20%. Unfortu-
nately, the average fill resistance after dump heat test 85°C/85%RH sig-
nificantly exceeds 100% [74]. However, the resistance of the holes of
double-sided PCBs with Au metallization filled by conductive adhesives
are in the range or below 50 mQ per hole and showed stable resistance af-
ter dump heat test [75, 76]. Such resistance values can be acceptable by
consumer electronic applications.
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4.8 High-Frequency Performance of ICA Joints

Only limited work has been conducted to investigate the high-frequency
behaviors of ICA joints. Felba et al. [67] investigated a formulation of ICA
that performed well as a solder replacement in microwave applications.
The study involved in various different adhesive base materials and several
types of main (silver flakes, nickel, and graphite) and additional (soot and
silver semiflake powder) filler materials. In order to assess the usefulness
of a given adhesive formulation, an additional gap in the gold strip of a
standard microstrip bandpass filter was made and bridged by an adhesive-
bonded silver jumper. Both the quality factor (Q-factor) and the loss factor
(L) of the filter with the bonded jumper were measured at a frequency of
3.5 GHz in a preliminary experiment and at 3.5 and 14 GHz in a final ex-
periment. It was determined that silver flake powders are the best filler ma-
terials for ICA for microwave applications because ICAs filled with the
silver flake powders exhibit the highest Q-factor and lowest loss factor.
Also, addition of soot should be avoided since it decreases the quality fac-
tor [77].

A study at Georgia Tech was reported where a flip chip test vehicle was
mounted on a FR4 chip carrier with a gold-plated copper transmission line
[78]. The performance of eutectic Sn—Pb and ICAs was evaluated and
compared using this test device. Both ICAs and eutectic Sn—Pb solder
were determined to exhibit almost the same behavior at a frequency range
of 45 MHz-2 GHz and the measured transmission losses for both materials
were minimal. It was also found that the S, characteristics of both Sn—Pb
and ICAs after exposure to 85°C/85% relative humidity aging for 150 h
did not vary from the signals prior to aging, but S,, value of the Sn—Pb
joints deviated more than that of ICA joints after the aging.

Recently, Kaoru Hashimoto et al. [79] studied feasibility of the conduc-
tive adhesive joints for high-speed signal transmission, both transmission
characteristics and power supply ability at the conductive adhesive joints
using specially designed interconnection models which consisted of a
high— speed CMOS driver LSI, a model BGA package, and a model circuit
board. It was found that differential pulse signals could transmit without
degradation at 12 Gbps through the eight conductive adhesive joints in
daisy chain configuration, and the conductive adhesive joint exhibits
waveform degradation in the case of long transition time. This was consid-
ered to be caused by its DC resistance which is about 10 times higher than
that of the solder joint. However, it showed less waveform degradation in
the case of short transition time. This is probably caused by the capacitive
coupling interference effect due to proximity arrangement of Ag flakes in
the conductive adhesive.
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4.9 Reliability of ICA Joints

To date, quite some work has been published demonstrating the usefulness
and limitations of isotropic adhesives to bond a variety of surface mount
compounds (e.g., QFP) and passive components (R and C) under different
aging conditions using various circuit and component metallizations [80].
Most of the isotropic conductive adhesives require noble metallizations
(e.g., Au or AgPd) to survive harsh environmental conditions as for in-
stance 85°C/85%RH and temperature cycling from —40 to +125°C. Most
of the adhesives give bad results on SnPb surfaces, a few special types
show better results in 85°C/85%RH. Deterioration of the electrical proper-
ties is due to an increase in the contact resistance. The bulk resistance of
the adhesive, although considerably higher than that of solder, usually re-
mains quite constant. On passivated Cu substrates reasonably good results
were obtained.

Jon B. Nysather et al. [81] compared the failure of flip chip on board
(FCOB) with solder or ICA joints and with underfill under thermal cy-
cling. The measurements of solder bump lifetime are compared to a life-
time model based on analytical calculations of solder strain. For two filled
types of underfill with CTE nearly matched to that of solder, the measured
average lifetimes vary from around 2,700 to 5,500 cycles. Measurements
of the lifetime of FCOB’s with ICA connections have been carried out for
two different material systems. The obtained lifetimes vary between ap-
proximately 500 and 4,000 cycles. The lifetime seems to be dependent on
the properties of the bump on the chip pad. Delamination, for instance at
the ICA/bump interface, was found to be an important failure mechanism.
The best results (>4,000 cycles) were obtained for 5 um high Ni/Au
bumps.

Aiming to understand the performance of ICA interconnects under
fracture and fatigue loading, J. Constable et al. [82] investigated perform-
ance of ICA interconnects under fracture and fatigue loading by monitor-
ing resistance changes (micro-ohm sensitivity) of ICA joints during pull
and fatigue testing (cyclic loading up to 1,000 cycles). Observation of the
fracture surface suggested that the ICA joint life depended upon the adhe-
sive failure of the bond to the metal surface. It was observed that fracture
strains for the ICAs were in the range of 20-38%, and resistance remained
approximately constant in the elastic region, but the resistance started to
increase rapidly as soon as the pull force departed from linear elastic be-
havior. For fatigue tests, linear displacement was ramped up the pre-
programmed maximum displacement and ramped back to the starting posi-
tion. It was observed that the shear strain for ICA joints surviving 1,000
cyclic loading was typically 10%, which is about an order of magnitude
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greater than solders. This suggests that using conductive adhesives may be
advantageous for some flip chip applications. It is believed that since silver
filler particles of ICAs cannot accommodate this large strain, the silver
filler particles must move relative to one another as the epoxy matrix is
strained. The most common pattern of resistance change was only in-
creased to a point corresponding to about a 70% loss in interface contact
resistance before sudden failure. This was an indication that the interface
crack slightly propagated into the adhesive [82].

In an effort to gain a fundamental understanding of the fatigue degrada-
tion of ICAs, R. Gomatam et al. [83] studied the behavior of ICA joints
under temperature and humidity conditions. The fatigue life decreased at
elevated temperature and high humidity conditions. It was also observed
that the fatigue life of the ICA joints decreased considerably as the tem-
perature cycle frequency was decreased. This effect was attributed to the
fact that as the frequency was decreased, the propagating crack was ex-
posed to higher loads for longer periods of time, effectively resulting in
high creep loading [83].

M. Yamashita et al. [84] investigated the interfacial degradation mecha-
nism between Ag-filled ICA and SnPb surface finish at elevated tempera-
tures. It was found that, at 150°C, the interface degradation was caused by
the preferential diffusion of Sn from the plated SnPb layer into the Ag
filler in the ICA. Due to this diffusion, Ag—Sn intermetallic compounds
were formed on the Ag fillers adjacent to the plating layer, and many large
Kirkendall voids were formed in the SnPb plating layer. Also, an interfa-
cial debonding was observed between the ICA and the SnPb plating layer
after the heat exposure.

Xu et al. [85] investigated the mechanical behavior of electrically con-
ductive adhesive (ECA) joints exposed to elevated temperature and rela-
tive humidity conditions and failure mechanisms of conductive adhesive
joints. Three silver-filled, epoxy-based adhesives were used in conjunction
with printed circuit board (PCB) substrates with metallizations of
Cu/Ni/Au and Cu. Double cantilever beam (DCB) tests were adopted to
investigate the effects of environmental aging on ECA joints. This study
revealed that conductive adhesives as well as substrate metallizations both
play important roles in the durability of conductive adhesive joints. The
rate of water attack on the interface of conductive adhesive joints with Cu-
plated PCB substrates is faster than for those with Au/Ni/Cu metallization.
A possible explanation of this phenomenon was based on considerations of
surface free energy and interfacial free energy. The fracture energy of all
three ICAs decreased with time under the aging condition. Following dry-
ing of the aged conductive adhesive joints, the fracture energy recovered to
some extent. This recovery in the fracture energy could be attributed to the
reversible effect of plasticization of the bulk adhesives, as well as the re-
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gaining of bond strength between the adhesive and the substrate during
drying at 150°C. However, the fracture energy of the adhesive joints
showed little recovery after the metal surface was oxidized. For ECA/Cu
joints, water attack on the adhesive joint may be divided into three phases:
displacing the adhesive from the substrate, oxidizing copper, and weaken-
ing the copper oxide. At the end of aging, the three ECA/Cu joints exhib-
ited different modes of failure. ECA1/Cu joints failed interfacially along
the adhesive/copper oxide interface, while ECA2/Cu joints exhibited the
locus of failure within the copper oxide layer. For ECA3/Cu joints, the
failure occurred within the secondary layer of the adhesive, which is adja-
cent to the interface and is a silver-depleted layer. XPS analysis of DCB
failure surfaces suggested that diffusion of Cu to the Au surface might
have occurred on the Au/Ni/ Cu-plated PCB substrates during aging. Cop-
per oxide was detected on the substrate surface upon exposure of the con-
ductive adhesive joints to the hot/wet environment [85].

S. Kuusiluoma et al. [86] compared the reliability of isotropically con-
ductive adhesive (ICA) attachments on liquid crystal polymer (LCP) sub-
strate to the reliability of lead-free solder (SnAgCu) attachments on same
substrate material. The assembled components were similar surface mount
components and the reliability was assessed through real-time measure-
ments of contact resistance of each connection. The devices were subjected
to two environmental stress tests: a thermal cycle test and a sinusoidal vi-
bration. Results showed that when using LCP as a substrate material, the
reliabililty of the device under thermal cyclic stress is somewhat inferior to
the reliability of SnAgCu solder. No significant differences could, how-
ever, be observed from the vibration test results since none of the assem-
blies failed in the test. The failure analysis revealed that most failures oc-
curred at the interface between the component lead and the attachment
material in both cases, but the test methods need to be developed to make
further conclusions.

Ales Duraj et al. [87] investigated the influence of dynamic mechanical
load (bending of testing boards) on resistance of the adhesive joints. The
load was induced by a definite deflection of testing boards (fiberglass
laminated PCB assembled with 1,206 SMD resistors). It was found that the
applied dynamic load caused changes of basic electrical parameters of the
bonds. The more the deflections applied the more changes of resistance
were observed. The increase of joint resistance was not linear and was not
same for all tested adhesives.

J. Lee et al. [88] studied the junction resistance variation of Ag epoxy-filled
ICAs on Cu and immersion Ag-finished PWB during the 85°C/85% relative
humidity aging. It was found that the junction resistances of immersion Ag
PWB are lower than those of Cu-finished PWB, and the junction resistance
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shift on the immersion Ag PWB was much smaller than those of Cu-
finished PWB during the aging.

4.10 Recent Advances on ICAs

4.10.1 Fundamental Understanding of the Lubricant Layer on
Ag Flakes

4.10.1.1 Introduction

Silver particles are the most commonly used conductive fillers in current
commercial conductive adhesives because they have very high electrical
conductivity and, unlike other metal oxide, silver oxide is also highly elec-
trically conductive. In addition, compared with other noble metals such as
gold, silver is relatively not expensive. The flake shape is most preferred
because silver flakes tend to have more contact points which provide more
electrical paths and thus higher electrical conductivity than other shapes
such as powders. However, in commercial conductive adhesives, mixtures
of flakes, spherical powders, and even nano-size are often used in order to
achieve closer pack and better conductivity.

Silver is presently not precipitated as flake or in flake-like form. A pat-
ented chemical method describes the reduction of silver nitrate on the sur-
face of tiny droplets of benzaldehyde suspended in an aqueous phase and
the production of flake-like particles [89]. However, this method has not
been used extensively. Silver flakes are generally made by mechanical
milling silver powders [90, 91]. A typical flow diagram of the process of
silver flake production is shown in Fig. 4.10.

| Silver powder selection |

]

| Lubrication and milling |

| Chemical treatment and washing |

l

| Drying and sieving |

Fig. 4.10. Process of silver flake production
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Silver powders are produced by three major methods: chemical pre-
cipitation, electrolytic deposition, and atomizing. Chemically precipitated
silver powders are normally produced by reducing silver nitrate solutions,
in an alkaline medium, with reducing agents such as sugars, aldehydes,
hydrazine, and many others. This method typically yields powders with
particle ranging from 0.5 to 10 um. Electrolytic silver powders are depos-
ited cathodically from diluted nitrate or sulfate solutions at high current
densities. They are dendritic in nature and range in size from 1.2 to 50 pum.
Atomized silver powders are made by disintegration a molten stream of
silver with jets of very high velocity water or gas. The gas atomized silver
powders are regular spheres and range in size from 5 to 100 wm. There is
some difference between the silver powders produced by the above three
methods. The chemical purity in general is higher with electrolytic and at-
omized silver powders, particularly those that have low surface areas.
Most silver flakes on the market today are produced from powder made by
a chemical precipitation method.

Mechanical flaking and lubrication are two process steps which are
combined under one heading because mechanical flaking cannot be done
without the addition of a lubricating solution. Batch-type ball mills and at-
tritor mills are frequently used for flaking, although other types such as vi-
bro energy, tumbling, or rod mills could also be used. In most cases the
milling medium consists of small glass or metal balls. In any mill type,
collisions with the mill wall and the milling media break up the silver
powder and flatten it into flakes. Flaking has to be done wet and with lu-
bricants regardless of whether the operation is done in a ball mill, attritor,
or any other mill. Silver powders are very mallable, have clean surfaces,
and cold weld easily. Dry milling or wet milling without a lubricant would,
therefore, always lead to very large welded agglomerates that would not be
useful for conductive adhesive applications. The choice of silver powder
feed, milling method, weight ratios of silver powder to milling media, and
the composition of the lubricant solution provides the ability to produce a
wide range of physical properties of the flake product.

After completing the milling process and separating the milling me-
dium, the flakes have to be washed to remove excess lubricant. Washing is
accomplished with specific solvents for the chosen lubricant system. For
conventional lubricant systems, alcohols or water are usually chosen as
washing liquids.

After washing is completed, the wet flake has to be carefully dried at
low temperature to prevent caking and sintering (welding). The drying is
accomplished in a vacuum drier at slightly elevated temperatures.
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4.10.1.2 Lubricant of Silver Flakes

Flaking of silver powder must be done in the presence of an organic lubri-
cant. The conventional lubricants for silver flakes are saturated or unsatu-
rated fatty acids such as stearic, oleic, linoleic, and palmitic acids. After
production of silver flakes, a thin layer of lubricant remains on the silver
flake surface. This layer of lubricant can affect the viscosity of conductive
adhesive paste and other properties such as conductivity. The study con-
ducted by McNeilly et al. showed that the rheological properties of silver-
filled conductive adhesives strongly depend on the physical properties of
the silver flake [91, 92]. Suspended in the liquid polymer, silver flakes
form a three-dimensional network. The rest of the network consists of
clusters of flake. The strength, size, and shape of these clusters at equilib-
rium determine the static viscosity of the adhesives. However, chemical
nature of the lubricant layer, the interaction between the lubricant and sil-
ver flake surface, effects of this layer on electrical conductivity of ECAs,
and thermal decomposition of the lubricants of the Ag flakes are not clear.

Investigation of the Interaction Between Lubricant and Silver Flakes
To study chemical nature of the lubricants on the silver flake and interac-
tion between the lubricant and the silver flake surface, we conducted a
study. In this study, a blank silver powder was lubricated with five fatty
acids which had similar chemical structures but different carbon—hydrogen
chain length (capric acid, lauric acid, myristic acid, palmitic acid, and
stearic acid), and the lubricated Ag flakes are called Ag (10), Ag (12), Ag
(14), Ag (16), and Ag (18), respectively. Based on SEM study results, it
was found that, after lubrication, morphology of the Ag powders changed
from spherical powders to flakes. All of the lubricated Ag powders had
similar morphology. The SEM photos of the blank Ag powder and one of
the lubricated powders, Ag (18) which was lubricated by stearic acid, are
shown in Fig. 4.11.
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Fig. 4.11. SEM images of a silver powder (a) and the silver flake after lubrication
process (b)
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Thermal Study of the Lubricated Ag Particles

The blank Ag powder and the Ag flakes lubricated with different fatty ac-
ids were studied using a DSC in an air purge gas and results are given in
Fig. 4.12. As can be seen from the figure, all of the Ag flakes showed two
adjacent exothermic DSC peaks, one of which is broad and the other is
sharp (at higher temperatures). But the blank Ag powder did not have any
DSC peak. Therefore some fatty acid must have remained on the Ag flake
surfaces after the lubrication process. However, in the DSC curves of these
Ag flakes, there were no endothermic peaks at the temperature range of
melting point of each fatty acid. This indicated the lubricant of the Ag
flake surface was not in the form of free acid or no longer crystalline. The
result suggested there must be some interaction between the fatty acid and
the Ag flake. In addition, Ag flakes lubricated with a fatty acid of longer
carbon—hydrogen chain showed the exothermic peaks at higher tempera-
tures.

These Ag flakes were also studied by DSC dynamic scan under a ni-
trogen (N,) atmosphere. All of them showed the same results: no exother-
mic peaks. Only the results of the Ag flake, Ag (18), are shown in Fig.
4.13 and compared. Absence of the exothermic DSC peak in nitrogen sug-
gested that the exothermic DSC peaks in air were probably due to oxida-
tion of the organic lubricant on the Ag flake. Weight losses of these lubri-
cated Ag flakes and the blank Ag powder were studied using TG in an air
purge gas and weight loss versus temperature is shown in Fig. 4.14. All of
the Ag flakes showed much more significant weight losses than the blank
Ag powder. This again indicated that some of the lubricant stays on the Ag
flake surface after lubrication. The weight loss onset temperature of the Ag
flake lubricated with a longer acid was higher (Fig. 4.15).
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Fig. 4.12. DSC dynamic scans (in air) of a blank Ag powder and Ag flakes lubri-
cated with five fatty acids

2.0

Air

—----Nitrogen

1.5

1.0

0.5

Heat Flow (W/g)

0.0+

Nitrogen

35 85 135 185 235 285 335
Temperature (C)

Fig. 4.13. DSC dynamic scans of Ag (18) in N, and air



158 4 Isotropically Conductive Adhesives (ICAs)

100.54
Blank Ag powder
100 4

g Ag(10)
S 99.5-
(0]
=

99.0

98.5 T T

35 60 85 110 135 160 185 210 235 260 285 310 335
Temperature (C)

Fig. 4.14. TG dynamic scans of five Ag lubricated Ag flakes and a blank Ag powder

—— Blank Ag powder
100.15 o— Adl18

100.05 ~

99.95 -

Weight (%)

99.85 -

99.75 4

99.65

35 55 75 95 115 135 155 175
Temperature (C)

Fig. 4.15. Onsets of TG curves of five lubricated Ag flakes and a blank Ag powder



4.10 Recent Advances on ICAs 159

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
Study of Lubricated Ag Flakes

Diffuse reflectance infrared is a powerful technique to characterize the
chemical nature of organic substances on powder surfaces. All of the lu-
bricated Ag flakes and the original blank Ag powder were studied using
DRIFTS. All of the lubricated Ag flakes showed similar DRIFTS spectra,
therefore, only one of the Ag flakes, Ag (18), was presented here. For
comparison, the DRIFTS spectra of the blank Ag powder and acid 18,
stearic acid, were also collected under the same condition. The spectra of
these materials are shown in Fig. 4.16. Assignments of peaks of the spectra
are given in Table 4.4. The absence of a strong band near 1,700cm ', which
corresponds to the C=0 stretching of -COOH group, in the spectrum of
Ag (18) indicates that the lubricant layer on Ag (18) was not free stearic
acid. The presence of two new near bands at 1,560 and 1,410 cm’', which
correspond to the asymmetric and symmetric stretching of carboxylate
group —COQ, respectively [93-95], in the spectrum of Ag (18) suggests
that the chemistry between the carboxylic acid head group and the Ag sur-
face yields a full conversion of the acid to a carboxylate salt, Ag stearate.

Table 4.4. Main peak assignments of DRIFTS spectra [93-95]

Chemical Peak (cm ') Assignment
Stearic acid  2,800-2,900 C-H stretching

1,700 C=0 stretching in—-COOH
1,460 CH, bending
Ag (18) 2,800-2,900 C-H stretching
1,560 Asymmetric stretching of -COO

1,410 Symmetric stretching of -COO
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Fig. 4.16. DRIFTS spectra of a blank Ag powder, Ag (18), and stearic acid

Effects of Some Chemicals on Lubricants of Silver Flakes and Con-
ductivity of ECAs

The organic lubricant layer on the silver flake surfaces was an insulator.
They might affect electrical conductivity. Therefore, the conductivity
should be improved if this lubricant somehow can be in situ removed dur-
ing the curing of ECAs. One approach to remove the lubricant layer is to
use some chemicals which can dissolve or wash away the lubricant layer at
the temperature at which the ECA was cured. Therefore, it is of great in-
terest to study some chemicals on the lubricant removal and electrical con-
ductivity of ECAs.

The chemicals employed here include some solvents (methanol, ace-
tone, and tetrahydrofuran) and short-chain acids (acetic acid and adipic
acid). A sample of an Ag flake, A, was treated with these chemicals. The
treatment is as follows: (i) the Ag flake was mixed with the chemicals or
its solution (if it is a solid, e.g., adipic acid), (ii) the mixture was kept at
room temperature overnight, (iii) the Ag flake and the chemicals were
separated, (iv) the Ag flake was washed three times with a solvent, usually
methanol, and (iv) after drying at 25°C and under vacuum, the treated Ag
flake was studied by DSC, TGA, and DRIR.

As mentioned in the previous sections, the exothermic DSC peak of the
Ag flake is probably due to the oxidation of the lubricant. It was believed
that the exothermic peak is due to the oxidation of the long carbon—
hydrogen chain residue which was formed after the decarboxylation of the
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fatty acid lubricant [96]. Therefore, the peak area (enthalpy, AH, J/g)
should be directly proportional to the amount of the lubricant on the Ag
flake surface and the peak area can be used to estimate semi-quantitatively
the relative amount of the organic lubricants present on the Ag flake sur-
face. As for DRIR spectra of the samples, there should be no significant
spectral changes after treatment if the chemical has no effect on the lubri-
cant removal.

A Ag flake (Ag A) was treated with HAc and adipic acid methanol so-
lution. From DSC studies, it was found that there are dramatic AH
changes, 106 J/g for untreated Ag flake, 12 J/g for HAc-treated Ag flake,
and 45 J/g for adipic acid-treated Ag flake. Either of the two processes, lu-
bricant removal or lubricant replacement by the acids, might have hap-
pened here. If the lubricant was removed by the acids, then AH will de-
crease. If the lubricant was replaced by the short-chain acids, the AH also
will decrease because oxidation of the short carbon-hydrogen chains of
adipic acid or acetic acid will generate much less heat.

The treated Ag flakes were also studied with TGA. The result is given
in Fig. 4.17. The weight loss of the Ag flake became smaller after treat-
ment. This result indicates that the acid partially removed or replaced the
lubricant and this result is consistent with the above viscosity and DSC re-
sults.
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Fig. 4.17. TGA curves of the Ag A before and after treatment

The DRIR spectra of the HAc-treated and adipic acid-treated Ag flakes
are shown in Fig. 4.18a, respectively. Compared to the spectrum in
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Fig. 4.15, the peaks at ca. 2,800-2,900cm’, which correspond to C—-H
stretching, disappeared after the acid treatments but other peaks remained.
Compared with C-H stretching intensity of the fatty acid, the C—H stretch-
ing intensity of adipic acid and HAc is very low. However, the C=0 and
COO stretching intensities of adipic acid and HAc are similar to those of
the fatty acid lubricant. If the lubricant was partially removed by the acids,
then the intensities of all the peaks should decrease. However, if the lubri-
cant was replaced by the acids, then the C—H stretching intensity will de-
crease dramatically but the intensities of other peaks should not change
much. It seems that above DRIR results can be better explained by lubri-
cant replacement other than lubricant removal.

The effects of these short-chain acids on electrical conductivity of a
conductive adhesive were also studied. A small amount (1 part per hun-
dred parts of resin) of the acids was introduced into an ECA formulation.
The bulk resistivity of an ECA without acids, the ECA with adipic acid,
and the ECA with HAc was measured and compared. The results are
shown in Fig. 4.19. As can be seen from the figure, the ECAs with the ac-
ids showed lower resistivity, or better conductivity. Compared with the ef-
fects of these acids on lubricants of the silver flakes, it can be concluded
that the short-chain acids improve the electrical conductivity of an ECA by
replacing the long-chain lubricants of silver flake.
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Fig. 4.18. DRIR spectra of HAc-treated (a) and adipic acid-treated (b) Ag flake A
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In order to confirm that these short-chain acids improve conductivity
by removing or replacing the fatty acid lubricants of the silver flake, an-
other experiment was conducted. The HAc-and adipic acid-treated silver
flake was used to formulate ECAs. The conductivity of these ECAs was
compared to that of the ECA formulated with untreated silver flake. The
resistivity of these ECAs is shown in Fig. 4.20. As can be seen from the
figure, two ECAs-filled acid-treated silver flake exhibited lower resistivity
than the ECA filled untreated silver flake A. The results further confirmed
that the short-chain acids could improve electrical conductivity by remov-
ing or replacing the fatty acid lubricant of the silver flake surfaces.
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Fig. 4.20. Effects of acids on resistivity of an ICA

Ethers such as diethylene glycol butyl ether (DGBE) and a
poly(ethylene glycol) (PEG) with low molecular weight (ca. 200) were
used as conductivity promoters [96, 97]. Addition of a small amount of
DGBE and PEG to a Ag flake-filled ECA formulation can improve electri-
cal conductivity significantly. However, the reasons for these chemicals’
conductivity improvement are still unclear at present.

Effect of these two chemicals on electrical conductivity was confirmed
first. An epoxy-based ECA formulation which was filled with the Ag flake
was employed in this study. The resistivity of the ECA decreased signifi-
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cantly after addition of a small amount (2 parts per 100 resin) of DGBE or
PEG (refer to Fig. 4.19).

The Ag flake of the above ECA formulation was treated with the ether
and the polyethylene glycol. Then the treated Ag flakes were studied by
DSC and DRIR. It was found that DSC peak area changed from 15 J/g (Ag
flake E) to 8 J/g (ether-treated Ag flake A) and 4 J/g (PEG-treated Ag
flake A), respectively. However, treated Ag flakes showed the same DRIR
spectra as the untreated Ag flake. The results suggest that the lubricant was
partially removed rather than replaced by the ether and PEG after treat-
ment. Therefore, we believe that the ether and PEG improved conductivity
by partially removing the lubricant on the Ag flakes. Another experiment
was conducted to confirm this idea. Three ECA formulations which had
the same resin formulation were filled with untreated Ag flake A, the
ether-treated Ag flake A, and the PEG-treated Ag flake A, respectively.
These three ECA's had the same filler loading, 80 w%. After they were
cured under the same condition, bulk resistance was measured. The bulk
resistivity results are given in Fig. 4.21. As can be seen in this figure, both
ECA's-filled ether-treated and PEG-treated Ag flakes had lower resistivity
than the ECA filled with untreated Ag flake. This study proved that the
ether and the PEG improved conductivity by partially removing the Ag
flake lubricant.
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4.10.2 Understanding of Conductivity Mechanism of ICAs

4.10.2.1 Introduction

Isotropic conductive adhesives (ICAs) are composed of insulating poly-
meric matrix and conductive fillers, generally silver flakes. The properties
of composite systems are understood in terms of percolation phenomena;
when a sufficient amount of conductive filler is loaded into the insulating
matrix, the composite transforms from an insulator to a conductor, the re-
sult of continuous linkages of filler particles. As the volume fraction of the
conductive filler is increased, the probability of continuity increases until
the critical volume fraction, beyond which the electrical conductivity is
high and only increases slightly with increasing volume fraction.

Although percolation theory predicts that insulators containing 20 or
higher volume percent loadings of dispersed silver particles should be
electrically conductive, commercial silver flake-filled epoxy adhesives
failed to do so unless subjected to thermal cure and they solidify. Accord-
ing to percolation theory, 25-30 volume percent of a silver flake is used in
almost all the isotropic conductive adhesives in order to achieve high con-
ductivity.

However, one interesting phenomenon of ICAs is that these ICA pastes
generally have very high bulk resistance but the resistance decreases dra-
matically after the polymeric matrix is cured and solidified. Before curing,
all the silver particles should contact each other and form continuous elec-
trical paths, based on the prediction of percolation theory. What really
happens during the cure and solidifying of the ICAs is not clear.

The most popular fillers are silver (Ag) flakes that generally have a
thin layer of organic lubricant on their surface to improve their dispersity.
In general, conductive adhesive pastes have high resistance before cure.
The adhesives can achieve high conductivity after they are cured [96, 98].
However, the conduction mechanism for isotropic conductive adhesive is
still not fully understood. It was suggested that the conductivity establish-
ment during thermal cure was the result of removal of the lubricant and
that matrix shrinkage did not play a significant role either in the develop-
ment or in the final value of conductivity [86]. However, there was not
enough evidence to support this hypothesis in this chapter. In other litera-
ture, the effects of compressive force induced by cure shrinkage on con-
ductivity were also mentioned [99, 100]. Again, no strong evidence was
provided.

D. Lu et al. investigated the conductivity establishment mechanism of
ICAs [101] by clearly studying the effects of silver flake lubricant and cur-
ing shrinkage of the polymeric resin to the conductivity establishment dur-



4.10 Recent Advances on ICAs 167

ing curing. By using the experimental setup (shown in Fig. 4.22), the au-
thors studied the conductivity achievement of ICA’s during cure and the
silver flake alone used in this ICA. Results are shown in Fig. 4.23. Both
samples showed very high resistance before heating. However, their resis-
tance decreased dramatically above certain temperatures (7, ). As can be
seen in the figure, the T, of the Ag flake (230°C) is much higher than that
of the adhesive (130°C). These results indicate that the epoxy resin low-
eredthe T, . T . of the Ag flake is consistent with the onset of lubricant
decomposition of the Ag flake lubricant from our previous DSC study,
which is shown in Fig. 4.24. Also, it was found that the Ag particles ag-
glomerated together after heating. This may be caused by the removal of
the lubricant on the Ag flake at high temperature. Without any external
pressure, Ag flakes can become conductive after the lubricants decom-

posed.
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Fig. 4.22. Test device for conductivity establishment during heating
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For the ICA, its T, , (130°C) is much lower than the onset of decompo-
sition temperature of the Ag flake lubricant (approximately 230°C). There-
fore, at the T, of this ICA, the lubricant certainly did not decompose. The
lubricant was either dissolved and/or reacted with the epoxy resin or re-
mained on the Ag flake surface after cure.

During the cure of the ICA, the epoxy resin shrinks. Therefore, the Ag
flakes in the adhesive would experience a compressive stress caused by
resin shrinkage. This compressive stress would make the Ag flake particles
closer and improve adhesive conductivity [99, 100]. The dimension
changes with heating of this ICA and the sample holder (microscope
cover glass) were studied using a thermo-mechanical analyzer (shown in
Fig. 4.25), and the results are shown in Fig. 4.26. From this figure, the
cover glass did not have obvious dimension change, but the ICA showed
significant dimension decrease (cure shrinkage) at the same temperature
range as that of the ICA.

probe

Cover glass

Sample
stage

Fig. 4.25. Measurement set-up of dimension change of an ICA during thermal
cure
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Fig. 4.26. Dimension changes of an ICA measured by using a TMA

This study indicates that resin cure shrinkage plays a very important role
during conductivity establishment of a conductive adhesive. However, at
this point, the possibility that the dissolution of the Ag flake lubricants by
the resin at the 7, of the ICA also causes conductivity development could
not be eliminated.

To study the effect of curing shrinkage to the conductive establishment,
the authors [101] then studied the conductivity development of Ag pow-
ders and ICA pastes with some external pressures using the apparatus
shown in Fig. 4.27. A thin layer of insulating organic lubricant resulting
from Ag flake production remains on Ag flakes [90,102]. The previous
study indicated that this lubricant layer was a salt formed between the fatty
acid lubricant and the Ag flake surface. It was believed that the low con-
ductivity of ICA pastes was caused by this layer [96]. Two commercially
lubricated Ag flakes (Ag A and B), both of which have lubricants and a Ag
powder without lubricant (Ag C), were tested. The results are shown in
Fig. 4.28. The Ag particles were packed very loosely in the tube of the test
device at the initial stage when they were first placed into the tube. After
applying a very small force through the aluminum bars, the Ag particles
were packed more densely and low-resistance values were obtained. The
resistance decreased only slightly with further increase in external pres-
sures. These tests were done at room temperature; therefore, the lubricants
of the Ag flakes were not thermally removed. Also, under these low pres-
sures, the lubricants were not mechanically removed either. The fact that
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blank Ag powder (Ag C) showed similar resistance behavior to these two
Ag flakes suggests that lubricants do not affect electrical conductivity sig-
nificantly in this case. Therefore, the conductivity establishments of these
Ag particles were the result of intimate contacts between the Ag particles
caused by the small external pressures. The results demonstrated that the
conductivity of the Ag flakes could be achieved just by applying very
small pressures to the material without lubricant removal. The result also
implies that adhesive pastes might achieve conductivity just by resin cure
shrinkage.

In addition, conductivity establishment of an ICA paste with external
pressure was also studied using this test device. It was observed the ICA
remained highly insulating with external pressure. This was probably be-
cause the ICA paste was not compressible (no shrinkage) and the Ag
flakes were not brought closer even though an external pressure was ap-
plied. This study further proved that ICA pastes could not become conduc-
tive unless the Ag particles are pushed closer together.

Aluminum rod

Electrically insulative Ag powder or
plastic tube ICA paste

Fig. 4.27. Apparatus for studying conductivity development with external
pressures
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Fig. 4.28. Resistance change of some Ag particles with external pressure

A Ag flake-filled conductive adhesive was cured at 25°C in order to en-
sure that the lubricant was not thermally removed after cure. The resistiv-
ity of the adhesive before cure was beyond the measurement limits of the
multimeter. After cure, the resistivity changed to 10° Q-cm. Because the
ICA was cured at room temperature, the lubricant on the Ag flakes was not
thermally removed. Therefore, the conductivity was due to either dissolu-
tion of the insulating lubricant layer by the resin or intimate contact be-
tween the Ag flakes caused by the resin cure shrinkage.

The shrinkage of the resin part of this adhesive was calculated from the
densities of the uncured and cured resin. The densities of the resin before
cure and after cure were measured with a gravity bottle. An ether, diethyl-
ene glycol butyl ether, was used as the medium in the density measurement
of the cured resin. Assuming no significant weight change during the cure
of the resin, resin cure shrinkage can be calculated using the following
equation:

Shrinkage = [(1/d,— 1/d )/ d, ] x 100
where d, is the density of the uncured resin and d._is the density of the cured

resin. Based on the above equation, the resin cure shrinkage of this adhe-
sive was 3.42%.
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In order to find out if the Ag flake lubricant remained on the Ag flake
surfaces after the adhesive was cured at room temperature, another parallel
experiment was conducted. Two samples were prepared: one contained the
same Ag flake with the epoxy resin and the other contained the Ag flake
and 6wt% hardener methanol solution. Methanol was used as a solvent be-
cause it would not remove the Ag flake lubricants [94]. The mixtures were
kept at room temperature for the same period of time as the cure time of
the ICA. Then, the mixtures were washed with tetrahydrofuran (THF)
three times to remove the resin and hardener. Previous study showed that
THF also did not wash away the lubricants [101]. After drying at room
temperature and under vacuum, the recovered Ag flakes were studied by
DSC in an air atmosphere and compared with the same Ag flake which
was just washed three times with THF. The peak area (AH, J/g) of the exo-
thermic peak in the DSC curves of the Ag flakes was used to estimate the
amount of the lubricants semi-quantitatively [103]. For each Ag flake,
three samples were studied. The average and standard deviation for each of
the Ag flakes are given in Table 4.5.

Table 4.5. AH values of Ag flakes

Ag flakes Average AH(J/g) Standard deviation
Recovered from epoxy 50.0 0.4
Recovered from 2E4MZ-CN  46.6 0.5
methanol solution
Untreated 48.4 0.8

As can be seen from the above table, AH values of the recovered Ag
flakes are the same as that of the original Ag flake within experimental er-
ror. The result indicates that the Ag flake lubricant was not removed after
being exposed to the epoxy or hardener under the cure condition of the
ICA, a week at room temperature. The result suggested that the lubricant
remained on the Ag flake surfaces after the ICA was cured at room tem-
perature for a week. Therefore, high conductivity of this conductive adhe-
sive was achieved only through resin cure shrinkage. It can be concluded
from this experiment that conductivity of ICAs can be achieved just by
resin cure shrinkage even though lubricant removal may contribute to the
high conductivity [103]. Therefore, lubricant removal is not a prerequisite
for conductivity achievement.

In a conductive composite, once filler loading reaches the percolation
threshold, a significant number of percolated linkages are formed. Each
percolated linkage should be thought as a series of resistors, with each par-
ticle and each particle—[particle contact contributing to the total resistance
in the linkage. There are two important contributions to the particle—
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particle contact resistance: a constriction resistance and a tunneling resis-
tance. Constriction resistance R = p,/d, where p, is the intrinsic filler resis-
tivity and d is the diameter of the contact spot. For particles with a layer of
thin film coated on their surfaces, if the thickness of the film is on the or-
der of 100 A or less, quantum mechanical tunneling can occur, resulting in
lower resistivities [99]. Tunneling resistance R = p/a, where p, is the tun-
neling resistivity and a is the contact area. The resistivity of the film is not
a factor in tunneling, so that organics, polymers, and oxides will have simi-
lar tunneling resistivities for similar thicknesses. The dependence of tun-
neling resistivities on the insulating film thickness can be described by a
general tunneling curve (shown in Fig. 4.29) [99]. The particle—particle—
contact resistance is the sum of these two separate effects, R = p/d + p,/a.
In general, the tunneling resistance term dominates R .

Before cure, in an ICA formulation, a thin layer of epoxy resin covers
each Ag particle surface besides the lubricant layer even though theoreti-
cally the particle should contact each other according to percolation theory.
Each percolated linkage has high total resistance, and thus the ICA has
high resistance before cure. When the ICA cures, the resin shrinks and
compresses the particles bringing all the particles closer together. There-
fore, the insulating film thickness is decreased, and thus tunneling resistiv-
ity decreases dramatically. Also, particle—particle contact area, a, and con-
tact diameter, d, increase after cure. The increases of a and d cause R and
R both to decrease. Therefore, the total contact resistance, R, decreases. A
schematic explanation is given in Fig. 4.30.

In summary, ICA’s become highly conductive only after they are cured
and solidified. ICA pastes can achieve high conductivity through resin cure
shrinkage alone. Therefore, resin cure shrinkage rather than lubricant re-
moval is the prerequisite for conductivity achievement of ICA’s even
though lubricant removal may contribute to conductivity. The resin proba-
bly compresses and causes Ag flakes to contact more intimately with the
resin shrinkage during a thermal cure. The decrease of distance between
the flakes caused the dramatic drop of particle—particle contact resistance.
Thus, the total resistance of a percolation linkage decreased dramatically
during a thermal cure.

In order to eliminate the effect of lubricant and elucidate the effects of
shrinkage on conductivity, a blank Ag powder without lubricant was used
in this study. A trifunctional epoxy was employed to vary the cross-linking
density and shrinkage of ICA formulations. Three ICAs were formulated
with above three resin formulations and the blank Ag powder (filler load-
ing was 70w%). Bulk resistance of these ICAs after cure was measured
and compared. Cross-linking density, cure shrinkage, and bulk resistivity
of these three ICAs are given in Table 4.6. As can be seen from the table,
formulations with higher cross-linking density had higher cure shrinkage
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and lower resistivity [95]. Because there is no lubricant on the Ag parti-
cles, the bulk resistance difference was only due to the different cure
shrinkage of these samples.
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Fig. 4.29. Tunnel resistivity for thin films as a function of film thickness [99]
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Fig. 4.30. Change of a particle—particle contact resistance due to the more intimate
contact between two Ag flakes caused by shrinkage of the polymeric matrix (R, ~
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Table 4.6. Cross-linking density, cure shrinkage, and volume resistivity of three
ICA formulations

Formulation  Cross-linking density Shrinkage  Bulk resistivity

(10”°mol/cm’) (%) (mQ-cm)
ICALI 4.50 2.98 3.0
ICA2 5.33 3.75 1.2
ICA3 5.85 4.33 0.58

4.10.3 Improvement of Electrical Conductivity of ICAs

Electrical conductivity of ICAs is inferior to solders [95]. Even though the
conductivity of ICAs is adequate for most applications, a higher electrical
conductivity of ICAs is still needed. To develop a novel ICA for modern
electronic interconnect applications, a thorough understanding of the mate-
rials is required.

4.10.3.1 Silver Flake Lubrication Removal

The lubricant layer on a silver flake of an ICA plays an important role in
the performance of ICAs, including the dispersion of Ag flakes in adhe-
sives and the rheology of the adhesive formulations [90, 104—107]. The
organic layer consists of a Ag salt formed between the Ag surface and the
lubricant, which typically is a fatty acid such as stearic acid [102, 103].
This lubricant layer affects the conductivity of an ICA because it is electri-
cally insulating [103, 106]. To improve conductivity, the organic lubricant
layer must be partially or fully removed through the use of chemical sub-
stances that can dissolve the organic lubricant layer [96, 103, 104]. How-
ever, the viscosity of an ICA paste may increase if the lubricant layer is
removed. An ideal chemical substance (or lubricant remover) should be la-
tent (does not remove the lubricant layer) at room temperature, but be ac-
tive (capable of removing the lubricant layer) at a temperature slightly be-
low the cure temperature of the polymer binder. The lubricant remover can
be a solid short-chain acid, a high boiling point ether such as diethylene
glycol monobutyl ether or diethylene glycol monoethyl ether acetate, and a
polyethylene glycol with a low molecular weight [96, 103]. These chemi-
cal substances can improve electrical conductivity of ICAs by removing
the lubricant layer on the Ag flake surfaces and providing an intimate
flake-flake contact [101,103].
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4.10.3.2 Increase Shrinkage

In general, ICA pastes exhibit low electrical conductivity before cure, but
the conductivity increases dramatically after they are cured. ICAs achieve
electrical conductivity during the cure process, mainly through a more in-
timate contact between Ag flakes caused by the shrinkage of polymer
binder [101]. Accordingly, ICAs with high cure shrinkage generally ex-
hibit the best conductivity. Therefore, increasing the cure shrinkage of a
polymer binder is another method for improving electrical conductivity.
For ICAs based on epoxy resins, a small amount of a multifunctional ep-
oxy resin can be added into the formulation to increase cross-linking den-
sity, shrinkage, and thus increase conductivity [101].

4.10.3.3 Transient Liquid Phase Fillers

Another approach for improving electrical conductivity is to incorporate
transient liquid-phase sintering metallic fillers into ICA formulations. The
filler used is a mixture of a high melting point metal powder (such as Cu)
and a low melting point alloy powder (such as Sn—Pb). Upon reaching its
melting point, the low melt point powder liquefies dissolving the high
melting point particles. The liquid exists only for a short period of time
and then forms an alloy and solidifies. The electrical conductivity is estab-
lished through a plurality of metallurgical connections formed in situ from
these two powders in a polymer binder. The polymer binder fluxes both
the metal powders and the metals to be joined and facilitates the transient
liquid bonding of the powders to form a stable metallurgical network for
electrical conduction, and also forms an interpenetrating polymer network
providing adhesion. High electrical conductivity can be achieved using this
method [101, 107-109]. The ICA joints formed include metallurgical al-
loying to the junctions as well as within the adhesive itself. This provides a
stable electrical connection during elevated temperature and humidity ag-
ing. In addition, the ICA joints showed good impact strength due to the
metallurgical interconnection between the conductive adhesive and the
components. One critical limitation of this technology is that the numbers
of combinations of low-melt and high-melt fillers are limited. Only certain
combinations of metallic fillers that are mutually soluble exist to form this
type of metallurgical interconnections.
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4.10.3.4 Incorporation of Reducing Agent in Conductive Adhesives

Another approach to improve the conductivity of Ag-filled ICA is the
incorporation of reducing agents [110]. Even if the silver oxide showed
much better conductivity than most of the other metal oxides which are
basically insulative, the conductivity of silver oxide is still inferior to metal
itself. Therefore, incorporation of reducing agents would further improve the
electrical conductivity of ICAs. Aldehydes were introduced into a typical
ICA formulation and obviously improved conductivity was achieved due to
reaction between aldehydes and silver oxides that exist on the surface of
metal fillers in ECAs during the curing process (Equation 4.1).

R-CHO+Ag,0 >R-COOH+2Ag 4.1

The oxidation product of aldehydes, carboxylic acids, which are stronger
acids and have shorter molecular length than stearic acid, can also partially
replace or remove the stearic acid on Ag flakes and contribute to the
improved electrical conductivity.

4.10.4 Mechanism Underlying Unstable Contact Resistance of
ICA Joints

Electrically conductive adhesives (ECAs) are an environmentally friendly
alternative to lead-bearing solders. ECAs are superior to their counterpart,
eutectic Sn/Pb solders, in many respects, including reduced environmental
impact, improved processing characteristics, and increased resistance of
thermal fatigue [6, 50, 111, 112]. However, compared to the mature sol-
dering technology, conductive adhesive technology still has limitations and
concerns that greatly hinder its wide application. One critical limitation of
current commercial ECAs is that contact resistance between the ECAs and
the nonnoble metal surfaces increases significantly during high tempera-
ture and high humidity aging, particularly 85°C/85% relative humidity
(RH) aging. It is commonly accepted that metal oxide formation at the in-
terface between the ECA and the non-noble metal surface is responsible
for the contact resistance shift [98, 112—-115]. Oxides such as Cu oxide and
Pb oxide were found at the interfaces between ECAs and Cu and Sn/Pb-
finished components, respectively, after 85°C/85%RH aging [116]. Two
mechanisms, simple oxidation and galvanic corrosion, both of which can
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cause the formation of metal oxide, were suggested as the possible mecha-
nisms behind the unstable contact resistance phenomenon [49, 111, 117,
118]. Since oxidation and galvanic corrosion are two different processes,
different approaches should be employed to prevent them. Therefore, in
order to stabilize contact resistance by preventing metal oxide formation, it
is essential to identify the dominant mechanism for the metal oxide forma-
tion and for the contact resistance shift. However, no prior work has been
conducted to identify the main mechanism underlying the contact resis-
tance shift phenomenon, and no prior study has been conclusive. In this
study, a series of experiments were carefully designed to differentiate these
two mechanisms and to elucidate the dominant one responsible for metal
oxide formation and contact resistance shift.

Even though above investigations did not show consistent results, they
did indicate one important issue: contact resistance increase is mainly due
to the oxide formation at the interface of conductive adhesives and non-
noble metals. However, there are two possible mechanisms which can
cause oxide formation: simple oxidation and electrochemical corrosion of
the non-noble metals.

A brief introduction about oxidation and electrochemical corrosion, es-
pecially galvanic corrosion, is given here. Oxidation is a reaction between
a material (metals in this case) and oxygen. It can happen under both dry
and wet conditions and generally at high temperatures. However, a gal-
vanic corrosion process will happen only when the following conditions
are met: (1) two metals which have different electrochemical potentials are
present and connected, (2) an aqueous phase with electrolyte exists, and
(3) one of the two metals has electrochemical potential lower than the po-
tential of the reaction (H,O + 4e” + O, = 4 OH'), which is 0.4 V under the
standard condition. When two different metals contact under a wet condi-
tion, a galvanic corrosion (electrochemical corrosion) occurs. The less no-
ble metal (with an electrochemical potential less than 0.4 V) acts as an an-
ode and loses electrons. The anode metal becomes ions (M ¢ ne’ = M™)
and dissolves in the aqueous medium. The noble metal (with higher elec-
trochemical potential) acts as a cathode and, under many conditions, the
reaction on this electrode is generally H,O — 4e" — O, = 4 OH'. In this
mechanism, oxygen is also involved in the reaction but not directly reacted
with the anode metal. The metal ion M" will combine with the OH™ and
form a metal hydroxide which is usually unstable and becomes a metal ox-
ide. Therefore, electrochemical corrosion can only occur under wet condi-
tion between two different metals. Theoretically, if only metal is involved
or if under a dry condition, galvanic corrosion is insignificant.

Clearly simple oxidation and electrochemical corrosion are two different
processes. In order to prevent the oxide formation at the interface between
an ECA and non-noble metals, it is of critical importance to differentiate
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these two mechanisms and elucidate which one mechanism is the domi-
nant one. No prior work has been done to elucidate the main mechanism
and no prior work has been conclusive.

4.10.4.1 Contact Resistance Shift Phenomenon

The total contact resistance of an ICA joint consists of the bulk resistance
of the ICA material (R,,, ), and the interfacial resistance (R, .) between the
ICA and the metal (refer to Fig. 4.31). The change of bulk resistance of an
ICA material during aging was studied first.

Rint Component metallization

Rbu\k

int Substrate metallization

Fig. 4.31. The contact resistance of an ICA joint

Bulk resistance shifts of five commercial conductive adhesives (ECA-
1, ECA-2, ECA-3, ECA-4, ECA-5) during 85°C/85%RH aging were stud-
ied and results are shown in Fig. 4.32. All of the five ECAs are silver
flake-filled and epoxy-based conductive adhesives and are from four dif-
ferent manufacturers. As can be seen from this figure, bulk resistance of all
the ECAs decreased slightly in the early stage of the aging and remained
stable thereafter. The initial decrease of bulk resistance may be due to fur-
ther cure of the ECAs. The bulk resistance of silver-filled ECAs did not
change during aging because silver flakes are not susceptible to oxidize or
corrode and silver oxide is still electrically conductive even after silver is
oxidized. It can be concluded from this study that a conductive adhesive
showed stable bulk resistance during an elevated temperature and humid-
ity aging as long as the ECA was filled with silver flakes. In other words,
silver flake-filled conductive adhesives have stable bulk resistance dur-

ing aging.
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Fig. 4.32. Bulk resistance shifts of ECAs during aging

Contact resistance was measured using an in-house test vehicle shown
in Fig. 4.33. It consists of metal wire segments (about 1 cm long) that are
separated by approximately 1 mm gaps. The metal wires were used here to
simulate the metallization of printed circuit board and surface finish of sur-
face mount components. Conductive adhesive pastes were applied to the
gaps to connect all the metal wire segments. After cure, the total contact
resistance of a specimen was then measured.

Above five commercial conductive adhesives were also used in this
study. Contact resistance between these ECAs with different metal wires
was studied with the contact resistance test device described in previous
section. Shifts of the contact resistance during 85° C /85%RH aging were
recorded. After 500-h aging, if the increase of the contact resistance is lar-
ger than 20%, the contact resistance is defined as “unstable.” But if the in-
crease is less than 20% after 500-h aging, the contact resistance is consid-
ered as “stable” [118]. It was found that all five ECAs exhibited the same
trend of contact resistance change during aging. As an example, results of
only one of those ECAs are given in Table 4.7. As can be seen from the
table, this ECA showed stable contact resistance on noble metals Ag, Pt,
and Au but showed significant contact resistance shifts on non-noble met-
als Ni, Sn, and Sn/Pb. The results are consistent with those from other re-
searchers, which indicate that our in-house test vehicle is valid and reliable
[113, 115, 116].
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The fact that bulk resistance of all these ECAs remained stable and
contact resistance of these ECAs on non-noble metals increased during ag-
ing indicated that the contact resistance increase was caused by the in-
crease of the interfacial resistance (R, ) between the ECA and the metal.
Therefore, the main task in this section is to elucidate the reasons for the
increase of R, during aging.

Metal wire segment ICA dot

\ AN
A—— A — AT —A—aTD

Fig. 4.33. In-house contact resistance test device

Table 4.7. Shifts of the contact resistance between an ICA with different metals

Metal wires Contact resistance change during aging
Pt Stable

Au Stable

Ag Stable

Sn Unstable

Sn/Pb Unstable

Ni Unstable

4.10.4.2 Investigation of Mechanisms Underlying the Unstable
Contact Resistance Phenomenon

In order to focus on the mechanism of study, ICA formulations used in this
study were kept as simple as possible. A base resin formulation was com-
posed of just a bisphenol-F-type epoxy, a hardener, and a catalyst. Other
components such as an adhesion promoter, conductivity enhancer, and
diluent were omitted from these formulations.

An ICA was formulated using the above base resin formulation. The
filler was a Ni flake, and filler loading was 70w%. Different metal wires,
Ni, Sn, Cu, and Ag, were selected and employed in the test vehicles shown
in Fig. 4.34. The contact resistance changes of these samples during
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85°C/85%RH aging are shown in Fig. 4.33. It was found that all the con-
tact resistance increased with aging time, but the contact resistance with
Ag wire increased much more significantly than that with Ni, Sn, and Cu.
This result suggested that the contact resistance change is not due to sim-
ple oxidation of the non-noble metals. For if it were, the contact resistance
with Ni, Sn, and Cu wires should have increased more dramatically than
that with Ag wire.

The ICA used in this study was also a Ni flake-filled epoxy adhesive.
By using two different metal wires, Ni and Ag, simple oxidation and gal-
vanic corrosion mechanisms could be differentiated. Therefore, two differ-
ent samples were tested here: Ni flake-filled ICA with Ni wire (referred as
Ni/Ni combination in later sections) and Ni flake-filled ICA with Ag wire
(referred as Ni/Ag combination). Six specimens were fabricated for each
sample. The specimens were aged under two different conditions:
85°C/dry and 85°C/85%RH. Three of the specimens were exposed to
85°C/dry and the other three were exposed to 85°C/85%RH. The contact
resistance of each specimen was collected periodically during the aging.
The results of these specimens were reported for each sample. The resis-
tance changes of the samples during 85°C/dry and 85°C/85%RH aging are
shown in Figs. 4.35 and 4.36, respectively.

As can be seen from Fig. 4.35, upon exposure to 85°C/dry, both Ni/Ni
and Ni/Ag combinations showed no significant contact resistance change.
From Fig. 4.35, it was found that during 85°C/85%RH aging, contact resis-
tance of Ni/Ni combination was relatively stable, but contact resistance of
the Ni/Ag combination increased dramatically. Under the 85°C/dry aging
condition, galvanic corrosion is negligible; therefore, simple oxidation of
the metals is the only possible mechanism. Insignificant contact resistance
shifts for both samples indicates that simple oxidation is not dominant at
85°C. Under the aging condition of 85°C/85%RH, both simple oxidation
and galvanic corrosion can happen. If simple oxidation dominated, then
the Ni/Ni combination should have had a larger resistance shift than the
Ni/Ag combination. The fact that the Ni/Ag combination showed much
significant resistance shifts indicates that simple oxidation of the non-
noble metals is not a dominant mechanism for contact resistance shifts dur-
ing 85°C /85%RH aging.

Three conductive adhesives (ECA-1, ECA-2, and ECA-3) were formu-
lated with the base resin formulation mentioned in the previous section.
These three ECAs are exactly the same except for the fact that their fillers
were different. ECA-1 was filled with Ni flake. ECA-2 was filled Ag flake.
ECA-3 was filled with a mixture of the Ni flake and the Ag flake (weight
ratio of the Ni flake and the Ag flake was 95:5). Again, six specimens
were tested for each sample. Three of them were exposed to 85°C/dry
and the other three were aged under the condition of 85°C/85%RH. Bulk
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resistance of each specimen was measured periodically during the aging.
Results of these three specimens for each sample were reported.

Shifts of bulk resistance of these samples under 85°C/dry and
85°C/85%RH conditions are shown in Figs. 4.37 and 4.38, respectively. It
can be seen that (1) during 85°C/dry aging, all of the samples showed rela-
tively stable resistance and (2) under the aging condition of 85°C/85%RH,
ECA-3, was filled with the mixture of Ni and Ag flakes and much larger
resistance increase than ECA-1 and ECA-2.

Based on the above results, it can be summarized that

1) under the aging condition of 85°C/dry, regardless the metals involved,
all samples showed relatively stable resistance, even though the metals
involved included an easily oxidizable metal such as Ni;

2) under the aging condition of 85°C/85%RH, if only one type of metal
was involved, the samples showed stable resistance, even for com-
monly known oxidizable metals such as Ni.

However, the resistance increased dramatically if two different metals
were involved. These results strongly indicate that galvanic corrosion
rather than simple oxidation is the dominant mechanism for the unstable
contact resistance phenomenon during high-temperature and high-
humidity aging.

The experimental results of above sections are consistent with galvanic
corrosion mechanism [119]. A schematic explanation is given in Fig. 4.39.
When a Ni flake contacts with a Ag wire or a Ag flake, particularly under
wet condition, moisture and oxygen diffuse into the interface and then the
moisture condenses into water. The accumulated water could dissolve
some impurities from the resin and form an electrolyte solution. All the re-
quirements for a galvanic corrosion are met. Therefore, microgalvanic
cells are formed at the interface. The less noble metal Ni acts as an anode,
loses electrons, and becomes Ni”. The reaction can be represented as Ni —
2e = Ni”. The noble metal Ag acts as a cathode and the reaction on this
electrode is 2H,0 + 4e” + O,= 40H". Ni”" combines with the OH and
form a nickel hydroxide, Ni(OH),, that is usually unstable and becomes
nickel oxide. As a result, a layer of Ni oxide is formed at the interface.

Because this oxide layer has much higher resistance than the nickel,
the contact resistance increased significantly after aging. Galvanic corro-
sion can happen only if the potential of a metal which acts as an anode is
lower than the potential of the cathodic reaction, 2H,O + 4e” + O,= 40H"
which is 0.4 V under standard conditions [119]. According to Table 4.8,
normal potentials of Ag, Au, and Pt are higher than the potential of the ca-
thodic reaction. No galvanic corrosion occurs and thus no metal oxide is
formed at the interface. As a result, the contact resistance between the Ag-
filled ECA with these noble metals remained stable during aging. In con-
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trast, the other metals, Ni, Sn, and Sn/Pb all have lower potentials than the
cathodic reaction. Galvanic corrosion happens and the non-noble metals
are corroded to form insulating metal oxides at the interface. Therefore, the
contact resistance between the Ag flake-filled ECA with these metals in-
creased dramatically upon aging.

All of the above results indicated that shift of the contact resistance be-
tween an ECA and non-noble metals is mainly due to the metal oxide for-
mation which is caused by galvanic corrosion of the non-noble metal at the
interface.
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Fig. 4.34. Shifts of contact resistance of nickel-filled ECAs on different metal
wires
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Fig. 4.37. Bulk resistance shifts of three ICAs with different fillers under 85°
C/dry aging condition

1.00E+07 —=Ag
+Ag
1.00E+06 1 - Ag
——Ni
1.00E+05 4 —*=Ni
—*=Ni
E 1.00E+04 4 —+—Ni+Ag
s ——Ni+Ag
& 1.00E+03 - - Ni+Ag
2
§ 1.00E+02 } 7777777777777777777777777777777777
F
@ 1.00E+01 -
1.00E+00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
) 100 200 300 400 500 600 709 800 900
1.00E-01 1 —
1.00E-02

Time (hour)

Fig. 4.38. Bulk resistance shifts of three ICAs with different fillers under
85°C/85%RH aging condition



188 4 Isotropically Conductive Adhesives (ICAs)

A/ Cured epoxy resin

Silver flake

Condensed water solution

== Non-noble metal (M)

Fig. 4.39. A schematic explanation of galvanic corrosion at the interface between
metal flake (such as Ni) and metal wire (such as Ag) during 85°C/85%RH aging

Table 4.8. Normal potentials of some electrode reactions [120]

Normal potential (v)

Electrode reaction (normal hydrogen scale)

Au-3e=Au" 1.50

Pt —2e =Pt* 1.20
Ag-e=Ag' 0.80
HO + O, + 4e = 40H 0.40
Cu-e=Cu" 0.34
Cu-2e=Cu” 0.52

Pb —2¢ =Pb™ -0.13

Sn —2¢ = Sn™ -0.14

Ni — 2¢ = Ni™* -0.25

Metal oxide formation resulting from galvanic corrosion has been iden-
tified as the main mechanism for the unstable contact resistance. In this
study, the metal oxide formation at the interface between an ECA and a
non-noble metal (Sn/Pb was selected here) during aging was observed us-
ing TEM with energy dispersive X-ray (EDX) with ultra-thin window
technique. A TEM image of a cross-sectional interface between an ECA
and Sn/Pb is shown in Fig. 4.40. From the images, it can be observed
clearly that a metal oxide layer was formed at the interface.
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Fig. 4.40. TEM images of a cross-sectional interface between an ECA and Sn/Pb

4.10.5 Improvement of Contact Resistance Stability

4.10.5.1 Effects of Electrolytes on Contact Resistance Shifts

An electrolyte solution is one of the requirements for galvanic corrosion.
Electrolytes should increase the electrical conductivity of the solution, ac-
celerate galvanic corrosion, and cause larger contact resistance increase.
The effects of four electrolytes, sodium chloride (NaCl), sodium acetate
(NaAc), ammonium chloride (NH,Cl), ammonium sulfate (NH,),SO,), on
contact resistance shifts of an ECA on Sn/Pb metal were investigated. The
concentration of each electrolyte was 0.5 part of each electrolyte per 100
parts of the resin of the ECA. The contact resistance of the ECAs with and
without the electrolytes was measured periodically during 85°C/85% RH
aging. The results are shown in Fig. 4.41.

As can be seen from Fig. 4.41, the ICAs with the electrolytes showed
faster increase of contact resistance than the ECA without electrolytes.
Electrolytes can increase electrical conductivity of the solution and accel-
erate galvanic corrosion. It can be concluded from this study that, in order
to stabilize contact resistance during aging, resins, hardeners, and other in-
gredients with low impurity contents should be used to formulate ICAs.
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Fig. 4.41. Effects of electrolytes on contact resistance shift of ICAs on Sn/Pb sur-
face

4.10.5.2 Effect of Moisture Adsorption on Contact Resistance Shifts

The water condensed from the adsorbed moisture at the interface between
an ECA and the metal formed the electrolyte solution which was required
for galvanic corrosion to occur. Therefore, an ICA with lower moisture ab-
sorption should show slower contact resistance shift during aging due to its
slower corrosion rate at the interface.

Three ICA formulations were formulated with different epoxy resins
but the same hardener and catalyst. These three ICAs had similar proper-
ties but different levels of moisture absorption. The moisture absorption of
the cured resins of these ICAs is shown in Fig. 4.41. The contact resistance
shifts of these ICAs on Sn/Pb were compared and are shown in Fig. 4.42.
Comparing Figs. 4.42 and 4.43, it was found that the ICA with the highest
moisture absorption (ECA-III) showed the fastest contact resistance shift
and the ICA with the lowest moisture absorption (ECA-I) showed the
slowest contact resistance shift during aging. Thus, there is a correlation
between moisture absorption and contact resistance shift. Therefore, one of
the approaches to formulate an ICA with more stable contact resistance is
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to select epoxy and hardener combinations which can provide ICAs with
lowest moisture absorption.
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4.10.5.3 Approaches to Improve Contact Resistance Stability

Galvanic corrosion happens only in wet conditions. An electrolyte solution
must be formed at the interface before galvanic corrosion can happen.
Therefore, one way to prevent galvanic corrosion at the interface between
an ICA and the non-noble metal surface is to lower the moisture pickup of
the ICA. ICAs that have low moisture absorption generally show more sta-
ble contact resistance on non-noble surfaces [121]. Without an electrolyte,
galvanic corrosion rate is very low. The electrolyte in this case is mainly
from the impurity of the polymer binder (generally epoxy resins). There-
fore, ICAs formulated with resins of high purity should perform better.

The second method of preventing galvanic corrosion is to incorporate some
organic corrosion inhibitors into ICA formulations [122-123]. In general, or-
ganic corrosion inhibitors act as a barrier layer between the metal and the envi-
ronment by being adsorbed as a film over the metal surfaces [124—125]. Some
chelating compounds are especially effective in preventing metal corrosion
[125]. Most of the organics were studied using the UV-visible spectrometry.

Two corrosion inhibitors (INH1) and (INH2) were used in this study. The
shifts of contact resistance of the ICAs without and with corrosion inhibitors
on Sn/Pb-finished substrates during 85°C/85% RH aging were measured and
the results are shown in Fig. 4.44. From the figure, it can be seen that both in-
hibitors could slow the contact resistance increase. The ICA with INHI1
showed stable contact resistance after the initial decrease even after 1,400-h 85
® C/85% RH aging. INH2 was not as effective as INHI.
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Fig. 4.44. Shifts of contact resistance of conductive adhesives with and without
corrosion inhibitors
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The main mechanism of chelating corrosion inhibitors such as INH1 is
that they may adsorb on a specific metal surface and form a complex film
which plays an essential role in the inhibition of the metal corrosion. The
absorbance of each of corrosion inhibitor solutions was scanned for the
wavelength from 600 to 190 nm. It was found that the INH1 and INH2
showed characteristic absorbance peaks at wavelengths of 235 and 263
nm, respectively. These two wavelengths were selected as the fixed wave-
lengths in the later measurement of the corrosion inhibitor concentrations.
A small amount (2 g) of a Sn/Pb powder was placed into 8 ml aqueous so-
lution of INH1 and INH2 (concentration was 3 x 10° g/ml). The mixtures
were kept at room temperature for 24 h. After the Sn/Pb powder settled
down, the upper clear solution was studied using the UV-visible spec-
trometry. The absorbance of the original solutions of these corrosion in-
hibitors and the upper solutions from the mixtures was measured and com-
pared. Three samplings were collected for each solution, and results are
shown in Table 4.9. From the absorbance data in this table, it can be
clearly seen that INH1 concentration in the solution decreased significantly
after mixing with Sn/Pb powder for some time, but INH2 concentration
did not change much. This result indicated that INH1 was adsorbed on the
Sn/Pb surface easily but INH2 did not. The strong absorbance of INHI on
Sn/Pb may be the reason that INH1 could effectively stabilize the contact
resistance of ECAs on Sn/Pb surfaces.

Table 4.9. Absorbance from the UV spectra of INH1 and INH2 solutions

INH1 (at 235 nm) INH2 (at 263 nm)
INHI1 solution be- | INH1 solution INH2 solution be- | INH2 solution
fore mixing with | before mixing fore mixing with before mixing
Sn/Pb powder with Sn/Pb Sn/Pb powder with Sn/Pb
powder powder
1 3.586 0.846 3.488 3.294
2 3.556 0.851 3.399 3.285
3 3.575 0.860 3.442 3.296
Average 3.572 0.852 3.443 3.291




194 4 Isotropically Conductive Adhesives (ICAs)

Table 4.10. Polarization resistance (Rp) and polarization conductance (1/Rp) of
Sn/Pb in electrolyte solutions with and without inhibitors

Electrolyte solution R (Qem’x107)  1/R (Q 'em™ x 10
0.2 M NaCl 3.265 306
0.2 M NaCl + 0.001 M INH2 4.101 244
0.2 M NaCl + 0.001 M INH1 7.464 134

Electrochemical study can elucidate the effects of corrosion inhibitors
on decreasing the corrosion rate. Polarization resistance (Rp) was deter-
mined as the slope of the potentiostatic polarization curves of Sn/Pb meas-
ured in the vicinity of the zero current. The polarization conductance
(1/Rp), which is directly proportional to the corrosion current, was meas-
ured on Sn/Pb electrodes in the solutions. Therefore, if the Sn/Pb shows a
higher polarization conductance in a solution, it is more susceptible to cor-
rode in that solution. The polarization resistance and polarization conduc-
tance of the Sn/Pb in the electrolyte solutions without or with the inhibitors
are shown in Table 4.10. As can be seen from the table, Sn/Pb had a much
lower polarization conductance in the electrolyte solution with INHI1
added than the one without an inhibitor. But Sn/Pb showed a slightly lower
polarization conductance in INH2 electrolyte solution than in the electro-
Iyte solution without an inhibitor. The results clearly indicated that Sn/Pb
showed a much slower corrosion rate in NaCl solution with INH1 than
INH2. Therefore, INH1 could stabilize contact resistance of ECAs on
Sn/Pb much more effectively than INH2.

The effectiveness of the corrosion inhibitors is also highly dependent on
the types of contact surfaces. For different surface finishes, specific corro-
sion inhibitors with different functional groups are needed to stabilize the
contact resistance. Effective corrosion inhibitors have been reported for
Cu, Al, and Sn surfaces as well [126, 127].

Some silane coupling agents, besides their traditional use as surface
modifiers for adhesion improvement, can act as corrosion inhibitors to sta-
bilize electrical contact resistance of conductive adhesive joints. Matienzo
et al. [127] demonstrated that conductive adhesive joints were electrically
stable for up to 137.5 h under 85°C/85% RH condition by treating the alu-
minum substrate surface with a thin layer (less than 5 nm) of an organo-
silane coupling agent, which is a material capable of bonding chemically
with the aluminum oxide surface layer and potentially bonding with the
polymer binder in the adhesive.
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Oxygen can accelerate galvanic corrosion. Therefore, another way to
slow down the corrosion process is to incorporate some oxygen scavengers
into ICA formulations [128]. When an oxygen molecule diffuses through
the polymer binder, it reacts with the oxygen scavenger and is consumed.
However, when the oxygen scavenger is depleted completely, then oxygen
still can diffuse into the interface and accelerate the corrosion process.
Therefore, oxygen scavengers can only delay galvanic corrosion process
for some time. Similarly, the oxygen scavengers used must not react with
epoxy resin at its cure temperature. Common oxygen scavengers include
hydrazine, carbohydrazide, hydroquinone, gallic acid, propyl gallate, hy-
droxylamines and related compounds, dihydroxyacetone, 1,2-dihydro-
1,2,4,5-tetrazines, erythorbic acid, and oximes [128-130].

Incorporating a low melting alloy (LMA) filler into Ag-filled ICA can
stabilize the contact resistance [131]. For comparison purpose, another
ICA (ICA-1) was formulated using the same resin but only with silver
flakes. As shown in Fig. 4.45, metallurgical connections between the Ag
particles were formed in the ICA filled with LMA, but only physical con-
tacts between Ag flakes were found in the ICA-1. An acid was incorpo-
rated in the ICA formulations to act as a fluxing agent. During the cure of
the ICAs, the fluxing agent removed the oxide from the Ag flake surfaces,
and the LMA particles melted and wetted the silver flakes and connected
the silver lakes together. Due to this metallurgical connection, a lower bulk
resistance was expected for the LMA-filled ICA than the ICA-1. The in-
terconnection between the CA and the Ni metal surface was also observed
using the SEM. From Fig. 4.46, it can be seen that a good metallurgical
connection was formed at the interface between the ICA and the Ni sur-
face. However, for ICA containing only silver flakes (ICA-1), only physi-
cal contacts between the Ag flakes and the Ni metal were observed. There-
fore, a lower contact resistance should be expected for the LMA-filled ICA
than the ICA-1. It was found that the ICA with the LMA filler showed
much lower initial contact resistance (0.15 ) than the ICA with only the
silver flakes (8.90 ). The metallurgical interconnection formed between
the silver flakes and the substrate (Ni) resulted in a lowered contact resis-
tance.

The contact resistance shift during 85°C/85% RH aging of these two
ICAs was also compared and the results are shown in Fig. 4.47. As can be
seen from the figure, the ICA filled with silver flakes and LMA filler
showed much more stable contact resistance on Ni than the ICA filled with
silver flakes only. The resistance increase of the ICA filled only with silver
flakes was also due to the metal oxide formation caused by galvanic corro-
sion during aging. However, because there were metallurgical connections
between the silver flakes and the substrate (Ni), the contact resistance re-
mained stable during the elevated temperature and humidity aging.
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(a)

(b)

Fig. 4.45. SEM micrographs of (a) an ICA filled with Ag flakes and a LMA filler
and (b) an ICA filled only with Ag flakes
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LMA filled ICA

Ag flakes
filled ICA

(b)

Fig. 4.46. SEM micrographs of joints formed between (a) a Ni substrate and an
ICA filled with Ag flakes and LMA and (b) an ICA filled with only Ag flakes
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Fig. 4.47. Shifts of contact resistance of an ICA on nickel surface

To improve the contact resistance stability, applying a sacrificial anode
is another efficient method. For galvanic corrosion of ECAs during aging,
the larger the difference in electrochemical potential, the faster the corro-
sion develops. Also, the self-corrosion rates of both metals will change; the
comparably active metal (the anode) corrodes faster, while the other (the
cathode) corrodes slowly. Generally, metals with a low potential tend to
corrode faster and show increased contact resistance than those with a high
potential value. Therefore, when applying sacrificial materials with lower
electrochemical potential than those of electrode metal pads into ECAs, the
sacrificial materials are preferably corroded first and, thus, can protect the
metal finishes [132] (Fig. 4.48). This corrosion control is very important in
reliability issues of the conductive adhesive joints. The addition of low
corrosion potential individual metals, metal mixtures, or metal alloys
greatly reduces the electrode potential of ECAs, or in other words, narrows
down the potential gap between the ECA and the metal finishes. Thus,
these sacrificial anode materials act as an anode in this configuration and
they are corroded first instead of the metal finishes, resulting in protecting
the surfaces at the cathode [132-134].
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Metal bond pad on the surface

Fig. 4.48 A schematic illustration of sacrificial materials in protection of metal
fillers and metal bond pad for corrosion control

Another approach of improving contact resistance stability during aging
is to incorporate some electrically conductive particles, which have sharp
edges, into the ICA formulations. The particle is called oxide-penetrating
filler. Force must be provided to drive the oxide-penetrating particles
through oxide layer and hold them against the adherend materials. This can
be accomplished by employing polymer binders that show high shrinkage
when cured [135] (Fig. 4.49). This concept is used in polymer solder
which has good contact resistance stability with standard surface-mounted
devices (SMDs) on both solder-coated and bare circuit boards.

Ag particle “
Polymer = Oxide-
binder penetrating
particles

Fig. 4.49. A joint connected with an ICA containing oxide-penetrating particles
and silver powders
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4.10.6 Impact Performance

Impact performance is a critical property of solder replacement ICAs.
There has been continuing efforts in developing ICAs that have better im-
pact strength to pass the drop test, a standard test used to evaluate the im-
pact strength of ICAs.

Nano-sized metal particles were used in ICAs to improve the electrical
conduction and mechanical strength. Using nano-sized particles, agglom-
erates are formed due to surface tension effect [136]. Another approach is
simply to decrease the filler loading to improve the impact strength. How-
ever, such a process reduces the electrical properties of the conductive ad-
hesives. A recent development was reported where conductive adhesives
were developed using resins of low modulus so that this class of conduc-
tive adhesives could absorb the impact energy developed during the drop
test [137]. However, the electrical properties of these materials were not
mentioned in the chapter. Conformal coating of the surface-mounted de-
vices was used to improve mechanical strength. It was demonstrated that
conformal coating could improve the impact strength of conductive adhe-
sives joints [138].

Rao et al. study indicated that the impact performance of an ICA is
highly dependent on its damping property (loss factor, tan &) [139].

More recently, Xu et al. [140] designed a novel falling wedge test to
quantitatively characterize the impact resistance of electrically conductive
adhesives. The viscoelastic energy, which is a result of the internal friction
created by chain motions within the adhesive material, has played an im-
portant role in the fracture behavior of the conductive adhesives. As a
measure of the internal friction, the loss factor was found to be an indicator
of an adhesive’s ability to dissipate the mechanical energy through heat.
By quantitatively relating the impact fracture energy of the adhesive joints
to the loss factors of the ECAs, the author demonstrated that the impact
fracture energy tends to exhibit a logarithmic relationship with the corre-
sponding loss factor, as the increased loss factor at the test conditions con-
sistently results in the improved impact performance. This finding suggests
that the impact performance of a conductive adhesive may be improved by
formulating the adhesive with good damping ability under impact condi-
tions that may be encountered in the service.

Aiming at formulating ICAs with high damping property, D. Lu et al.
developed a new class of conductive adhesives which is based on an epox-
ide-terminated polyurethane (ETPU) [141, 142]. This class of conductive
adhesives has the properties of polyurethane materials, such as high tough-
ness and good adhesion. The modulus and glass transition temperature of
the ICAs can be adjusted by incorporating some epoxy resins such as
bisphenol-F epoxy resin. Conductive adhesives based on the ETPU
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showed a broad loss factor (tan d) peak with temperature and a high tan &
value at room temperature. The tan d value of a material is a good indica-
tion of the damping property and impact performance of the material. In
general, the higher the tan § value, the better the damping property (im-
pact strength) of the material. As an example, changes in tan o and
modulus with temperature of an ETPU-based ICA which were measured
by a dynamic mechanical analyzer (DMA) are shown in Fig. 4.50. ICA
based on ETPU resin also showed much higher loss factor (tan ¢) in a wide
frequency range than the ICA based on bisphenol-F epoxy resin (Fig.
4.51). This indicated that the ICAs based on ETPU resin should exhibit
good damping property and improved impact performance in different
electronic packages. This class of conductive adhesives showed superior
impact performance and substantially stable contact resistance with non-
noble metal surfaces, such as Sn/Pb, Sn, and Cu.
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Fig. 4.50. Changes of tan J and storage modulus with temperature of an ETPU-
based conductive adhesive
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Fig. 4.51. Loss factor (tan 0) versus frequency of two ICAs

4.10.7 Adhesion Strength

Another critical aspect of conductive adhesive is the adhesion strength.
High adhesion strength is a critical parameter in fine-pitch interconnection
that is fragile to shocks encountered during assembly, handling, and life-
time.

There are two types of adhesion mechanisms, physical bonding and
chemical bonding, which contribute to the overall adhesion strength of
polymer on a surface [143]. Chemical bonding involves the formation of
covalent or ionic bonds to link between the polymer and the substrate. In
other words, a chemical reaction must take place for the formation of
chemical bonds. 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 macro-
scopic level, where the polymer flows into the crevices and the pores of
substrate surface to establish adhesion. 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. This section summarizes the efforts on the adhesion improve-
ment of conductive adhesives.
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4.10.7.1 Plasma Cleaning and Vacuum Process

Plasma cleaning of surfaces has been considered as one of the effective
approaches to enhance the adhesion strength of conductive adhesives
[144]. During the plasma etching process, the plasma radicals react with
the contaminants and those long-chain organic molecules can be broken
down into small gaseous ones (mostly gaseous water and carbon-oxide
conjunctions). These particles can be evacuated from the system by the
vacuum pump. After the surface is cleaned of oxide, a layer of atoms
available in the chamber will deposit on the clean surface, protecting the
metal from new oxidation. Furthermore, the plasma can also etch the sur-
face to enhance the mechanical interlocking mechanism for adhesion im-
provement. With plasma treatment, the adhesion strength of conductive
adhesives could be improved. However, the improvement also requires a
high vacuum process due to the possible corrosion on the highly cleaned
surface caused by the moisture in ECAs. After vacuum process, the surface
was changed by removal of air and water and the contraction of adhesives.

4.10.7.2 Application of Coupling Agents in ECA

Another approach to improve adhesion is by using coupling agents
[145]. Coupling agents are organofunctional compounds based on silicon,
titanium, or zirconium. For example, R— x —(O-R’),, where , X=Si, Ti, or
Zr, R = organic chain that interacts with the polymer, and R'= organic
chain that interacts with the substrate. A coupling agent consists of two
parts and acts as intermediary to “couple” the inorganic substrate and
polymer.

There are a few theories about how coupling agents can enhance bond-
ing. The first is the chemical bonding theory, where the R’ groups of the
coupling agent can form hydrogen bonds to the surface, and then condense
to form covalent bonds to the surface. Then, the R group of the coupling
agent would react with the polymer during the curing reaction. Another
theory is based on how coupling agents affect the wetting capability of the
surface and its surface energy. Good wetting is necessary for good adhe-
sion, and for a liquid or a polymer to wet a surface, its surface tension must
be lower than that of the substrate [146]. Generally, inorganic surfaces
have high surface tension, while organic liquids have surface tension less
than 100 dynes/cm’ (i.e.,10 N/m’). However, inorganic surfaces can be hy-
drophilic and a layer of water may accumulate on it, thus causing the sur-
face tension of the surface to decrease. Polymers with some polar charac-
teristics can displace water molecules on the surface and good wetting can
still take place. In the case of non-polar polymers, coupling agents may
help to reduce surface tension of the polymer.
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Silane coupling agents have been commonly used to improve the adhe-
sion performance. For example, chemically etched 304 stainless steel can
react with y-aminopropyltrimethoxysilane. The methoxy groups of the si-
lane coupling agent can first hydrolyze to hydroxyl groups which are quite
reactive and can react with the metal surface metal hydroxyl groups, form-
ing a metal oxygen silane chemical bond. The other organo-reactive group
(amine end of the coupling agent) can react with polyamic acid, a precur-
sor of the polyimide polymer, to form a better and strong metal—polymer
interfacial bonding. As such, it produces mechanically stronger polyim-
ide/stainless steel interfaces. Other approaches use the formation of a thick
metal oxide layer prior to application of the silane coupling agent to im-
prove adhesion to organic films [127, 147, 148]. Silane coupling agents
have also been shown to reduce the rate of hydration of aluminum surfaces
and improve adhesion to organic films [149, 150]. In conductive adhe-
sives, application of specific silane coupling agents with appropriate con-
centration can increase the adhesion strength on different metal surfaces.

Although silane coupling agents are mostly used, some other coupling
agents with various functional groups, such as thiol, carboxylate coupling
agents, are also used [151].

4.10.7.3 Roughening of Contact Surfaces

It has been reported that surface roughness affects the adhesion strength
of conductive adhesives. Surface with larger roughness typically shows
higher adhesion strength. Roughening of surfaces, for example, by sand
blasting, chemical etching, plasma treatment, or anodization to specific
morphologies, has been employed to enhance the adhesion strength and
provide structural durability in humid or corrosion environments [152].

4.10.7.4 Optimization of Elastic Modulus

In order to enhance the adhesion, another approach is to lower the elas-
tic modulus of adhesive resins. By using low elastic modulus resins, the
thermal stress at the adhesion interface can be reduced and, thus, the im-
proved the adhesion strength [153-54]. Figure 4.52 shows the relationship
between the adhesion strength against COF (chip on flex) and the elastic
modulus. The adhesion strength increases with lowering the elastic
modulus. However, too low modulus value deteriorates the cohesive force
and thus decreases the adhesion strength. Therefore, the elastic modulus
needs to be optimized to improve the adhesion properties.

In addition to the methods listed above, some other factors such as cur-
ing conditions and structures of IC packaging may also affect the adhesion
strength of conductive adhesives.
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4.10.8 Recent Advances on Nano-ICAs

To meet the requirements for future fine-pitch and high-performance inter-
connects in advanced packaging, ECAs with nano-material or nano-
technology attract more and more interests due to the specific electrical,
mechanical, optical, magnetic, and chemical properties. There has been ex-
tensive research on nano-conductive adhesives which contain nano-filler
such as nano particles, nanowires, carbon nanotubes, and graphenes. This
chapter will provide a comprehensive review of most recent research re-
sults on nano-conductive adhesives.

4.10.8.1 ICAs with Silver Nano-wires

Wu et al. [155] developed an epoxy-based ICA filled with silver nano-
wires and compared the electrical and mechanical properties of this nano-
ICA to two other ICAs filled with micrometer-sized (roughly 1 pm and
100 nm) silver particles. The nano-wires had a diameter of roughly 30 nm
and a length up to 1.5 um, and the nano-wires were polycrystalline in na-
ture. It was found that at a low filler loading (e.g., 56wt%), the bulk resis-
tivity of ICA filled with the Ag nano-wires was significantly lower than
the ICAs filled with 1 um or 100 nm silver particles. The better electrical
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conductivity of the ICA-filled nano-wires was contributed by the lower
contact resistance between nano-wires and a more significant contribution
from the tunneling effect among the nano-wires. It was also found that at
the same filler loading (e.g., 56wt%), the ICAs filled with Ag nano-wires
showed shear strength similar to that of the ICAs filled with the 1 ym and
100 nm silver particles. However, to achieve the same level of electrical
conductivity, the filler loading must be increased to at least 75wt% for the
ICA filled with micrometer-sized Ag particles, and the shear strength of
these ICAs is then decreased (lower than that of the ICAs filled with
56wt% nano-wires) due to the higher filler loading.

4.10.8.2 Effect of Nano-sized Silver Particles on the Conductivity of
ICAs

Lee et al. [156] studied the effect of nano-sized filler on the conductivity
of conductive adhesives by substituting nano-sized Ag colloids for micro-
sized Ag particles partially or wholly in a polymeric system (poly(vinyl
acetate) — PVAc). Electrical resistivity was then measured as a function of
silver volume fraction. It was found that when nano-sized silver particles
were added into the system at 2.5wt% increment, the resistivity increased
in almost all cases, except when the quantity of micro-sized silver was
slightly lower than the percolation threshold value. At that point, the addi-
tion of the about 2.5wt% brought about significant decrease in resistivity.
Near the percolation threshold, when the micro-sized silver particles are
still not connected, the addition of a small amount of nano-sized sliver par-
ticles helps to build the conductive network and thus lowers the resistivity
of the composite. However, when the filler loading is above the percola-
tion threshold and all the micro-sized particles are connected, the addition
of nanoparticles seems only to increase the relative contribution of contact
resistance between the particles. Due to its small size, for a fixed amount
of addition, the nano-sized silver colloid contains a larger number of parti-
cles when compared with micro-sized particles. This large number of par-
ticles should be beneficial to the interconnection between particles. How-
ever, it also inevitably increases the contact resistance. As a result, the
overall effect is an increase in resistivity upon the addition of nano-sized
silver colloids.

Ye et al. [157] also reported a similar phenomenon, i.e., the addition of
nanoparticles showed a negative effect on electrical conductivity. They
proposed two types of contact resistance, i.e., restriction resistance due to
small contact area and tunneling resistance when nanoparticles are in-
cluded in the system. It was believed that the conductivity of micro-sized
Ag particle-filled adhesives was dominated by constriction resistance, while
that of the nanoparticle-containing conductive adhesives was controlled by
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tunneling and even thermionic emission. Fan et al. [158] and Mach et al.
[159] also observed a similar phenomenon (adding nano-size particles re-
duced electrical conductivity).

Lee et al. [156] also studied the effect of temperature on the conductiv-
ity of ICAs. Heating the composite to a higher temperature can reduce the
resistivity quite significantly. This is likely due to the high activity of
nano-sized particles. For microsized paste, this temperature effect was
considered negligible. The inter-diffusion of silver atoms among nano-
sized particles helped to reduce the contact resistance quite significantly
and the resistivity reached 5 x 10° Q cm after treatment at 190°C for 30
min. Jiang et al. [160] showed that when suitable surfactant was used in
the nano-Ag containing ICA, the dispersion and inter-diffusion of silver
atoms among nano-sized particles could be facilitated and the resistivity of
ICA could be reduced to 5x10° Q cm.

4.10.8.3 ICAs Filled with Aggregates of Nano-sized Ag Particles

To improve the mechanical properties under thermal cycling conditions
while still maintaining an acceptably high level of electric conductivity,
Kotthaus et al. [161] studied an epoxy-based ICA material system filled
with aggregates of nano-sized Ag particles. The idea was to develop a new
filler material which did not deteriorate the mechanical property of the
polymer matrix to a great extent. A highly porous Ag powder was at-
tempted to fulfill this requirement. The Ag powder was produced by the
inert gas condensation (IGC) method. The powder consisted of sintered
networks of ultra-fine particles in the size range from 50 to 150 nm. The
mean diameter of these aggregates could be adjusted up to some microme-
ters. The as-sieved powder was characterized by a low level of impurity
content, an internal porosity of about 60%, and a good ability for resin in-
filtration. Using the above nano-sized Ag powder instead of Ag flakes is
more likely to retain the properties of the resin matrix because of the infil-
tration of the resin into the pores. Measurements of the shear stress—strain
behavior indicated that the thermo-mechanical properties of bonded joints
could be improved by up to a factor of 2, irrespective of the chosen resin
matrix.

Resistance measurements on filled adhesives were performed in a tem-
perature range from 10 to 325K. The specific resistance of the nano-sized
Ag powder-filled adhesive was about 10 Q cm and did not achieve the
typical value of commercially available adhesives of about 10 Q cm. The
reason may be that Ag nanoparticles are more or less spherical in shape,
which provides fewer conduction paths than Ag flakes, and have the in-
trinsically lower specific conductivity. For certain applications where me-
chanical stress plays an important role, this conductivity may be sufficient,
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and therefore, the porous Ag could be suitable as a new filler material for
conductive adhesives.

4.10.8.4 ICAs Filled with Nano-sized Ni Particles

It is generally known that metal powders present properties that are differ-
ent from those of bulk metals when their particle size is made as small as
nanometer size. Powders are classified into particles, micro-particles, and
nanoparticles according to size. Although the classification criterion is not
clear, particles with diameter smaller than 100 nm are generally called
nanoparticles. This classification is based on the fact that when particle
size is smaller than 100 nm, the particle possesses properties that are not
found in the micro-particles larger than 100 nm. For example, when the
particle diameter of such magnetic materials as iron and nickel is near 100
nm, their magnetic domains change from multiple to single, and their
magnetic properties also change [162]. Majima et al. [162] reported an ap-
plication example of metal nanoparticles to conductive pastes, focusing on
the properties of a new conductive adhesive that were not found in conven-
tional ICAs. Sumitomo Electric Industries, Ltd. (SEI) has developed a new
liquid-phase deposition process using plating technology [162]. This new
nanoparticle fabrication process achieves purity greater than 99.9% and al-
lows easy control of particle diameter and shape. The particle’s crystallite
size calculated from the results of X-ray diffraction measurement is 1.7
nm, which leads to an assumption that the size of primary particles is ex-
tremely small. When the particle size of nickel and other magnetic metals
becomes smaller than 100 nm, they change from multi-domain particles to
single-domain particles, and thus their magnetic properties change. That is,
if the diameter of nickel particles is around 50 nm, each particle acts like a
regular magnet, and magnetically connects with each other to form chain-
like clusters. When the chain-like clusters are incorporated into a conduc-
tive paste, electrical conduction of the paste is expected to be better than
the original paste. The chain-like nickel particles developed were mixed
with a pre-defined amount of poly(vinylidene difluoride) (PVdF) that acted
as an adhesive. Then, n-methyl-2-pyrrolidone was added to this mixture to
make a conductive paste. This paste was applied on a polyimide film and
then dried to make a conductive sheet. Specific volume resistivity of the
fabricated conductive sheet was measured by the quadrupole method. The
same measurement was also conducted on the conductive sheet that used
paste made of conventional spherical nickel particles. Measurement of the
sheet resistance immediately after paste application indicated that the de-
veloped chain-like nickel powder had low resistance of about one-eighth
of that of the conventionally available spherical nickel particles. This re-
sult showed that when the newly developed chain-like nickel particles
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were incorporated in the conductive paste, high conductivity could be
achieved without pressing the sheet. SEI tested and developed the metal
nanoparticles and investigated the possibility of their application in a con-
ductive paste.

4.10.8.5 Nano-ICAs Filled with CNT

Electrical and Mechanical Characterization of CNT-Filled ICAs

The density of commercially available silver-filled conductive adhesives is
around 4.5 g/cm’ after cure. Metal-filled electrically conductive adhesives
offer an alternative to typical lead—tin soldering with the advantages of be-
ing simple to process at lower temperatures without toxic lead or corrosive
flux. The disadvantage of conventional metal-filled conductive adhesives
is that a high loading of filler decreases the mechanical impact strength,
while a low filler loading results in poor electrical properties. Carbon
nanotubes are a new form of carbon, which was first identified in 1991 by
Sumio [ijima of NEC, Japan [163]. Nanotubes are sheets of graphene
rolled into seamless cylinders. Besides growing single wall nanotubes
(SWNTs), nanotubes can also have multiple walls (MWNTs) — cylinders
inside other cylinders. A carbon nanotube can be 1-50 nm in diameter and
up to a few centimeters in length, with each end “capped” with half of a
fullerene dome consisting of five or six member rings. Along the sidewalls
and cap, additional molecules can be attached to functionalize the nano-
tube to adjust its properties. CNTs are chiral structures with a degree of
twist such that the graphene rings join into cylinders. The chirality deter-
mines whether a nanotube will conduct in a metallic or semiconducting
manner. Carbon nanotubes possess many unique and remarkable proper-
ties. The measured electrical conductivity of metallic carbon nanotubes is
in the order of 10" S/cm (ballistic transport) [168]. The thermal conductiv-
ity of carbon nanotubes at room temperature can be as high as 3,000-6,600
W/mK [164]. The Young’s modulus of carbon nanotubes is about 1 TPa.
The maximum tensile strength of carbon nanotubes is close to 30 GPa,
with some reported at TPa [165]. The density of MWNTs is 2.6 g/cm3 and
the density of SWNTs ranges from 1.33 to 1.40 g/cm’ depending on the
chirality [166]. Since carbon nanotubes have very low density and long as-
pect ratios, they have the potential of reaching the percolation threshold at
very low weight percent loading in the polymer matrix. Wu et al. [167] de-
veloped a process to prepare silver-coated carbon nanotubes (SCCNTSs),
and then used the SCCNTs to formulate an ICA and compare its electrical
and mechanical properties to ICAs filled with traditional multi-walled car-
bon nanotubes (CNTs) and micrometer-sized Ag particles. It was found
that the ICA filled with SSCNTSs had a lower bulk resistivity (2.21 x 10
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Q cm) and higher shear strength than that of the Ag—particle filled ICA at
the same filler volume content (28%).

Experiments conducted by Qian et al. [168] showed 36-42% and 25%
increases in elastic modulus and tensile strength, respectively, in polysty-
rene (PS)/CNT composites. The TEM observations in their experiments
showed that cracks propagated along weak CNT-polymer interfaces or
relatively low CNT density regions and caused failure. If the outer layer of
MWNTs can be functionalized to form strong chemical bonds with
the polymer matrix, the CNT/polymer composites can be further improved
in mechanical strength and have controllable thermal and electrical proper-
ties.

Effect of Adding CNTs to the Electrical Properties of ICAs

Lin and Lin [169] studied the effect of adding CNTs on the electrical con-
ductivity of silver-filled conductive adhesives which had epoxy as the base
resin and had various filler loadings. It was found that the CNTs could en-
hance the electrical conductivity of the conductive adhesives greatly when
the silver filler loading was still below the percolation threshold. For ex-
ample, the 66.5wt% filled silver conductive adhesive without CNTs had a
resistivity of 10° Q cm, but showed a resistivity of 10” Q cm after adding
0.27wt% CNTs. Therefore, it is possible to achieve the same level of elec-
trical conductivity by adding a small amount of CNTs instead of the silver
fillers.

Composites Filled with Surface-Treated CNT

Although CNTs have exceptional physical properties, incorporating them
into other materials has been very challenging due to their non-polar and
hydrophobic surfaces. Problems such as phase separation, aggregation,
poor dispersion in the matrix, and poor adhesion to the matrix must be
overcome. Zyvex Corporation [170] claimed that they had overcome these
restrictions by developing a new surface treatment technology that opti-
mizes the interaction between CNTs and the host matrix. A multifunctional
bridge was created between the CNT sidewalls and the host matrix. The
power of this bridge was demonstrated by comparing the fracture behavior
of the polycarbonate, polystyrene, or epoxy composites filled with un-
treated and surface-treated nanotubes. It was observed that the untreated
nanotubes interacted poorly with the polymer matrix and thus left behind
voids in the matrix after fracture. However, for the composite filled with
treated nanotubes, the nanotubes remained in the matrix even after the
fracture, indicating strong interaction with the matrix. Due to their superior
dispersion in the polymer matrix, the treated nanotubes achieved the same
level of electrical conductivity at much lower loadings than the untreated
nanotubes [171, 172].
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Chapter 5
Anisotropically Conductive
Adhesives/Films (ACA/ACF)

5.1 Introduction

Anisotropic conductive adhesives (ACAs) or anisotropic conductive films
(ACFs) are generally composed of polymer-based matrix with conductive
fillers such as metallic particles or metal-coated polymer spheres.
ACASs/ACFs provide unidirectional electrical conductivity in the vertical
or Z-axis. This directional conductivity is achieved by using a relatively
low-volume loading of conductive filler (5-20 volume percent) [1-3]. The
low-volume loading is insufficient for inter-particle contact and prevents
conductivity in the X=Y plane of the adhesive. The Z-axis adhesive, in film
or paste form, is interposed between the surfaces to be connected. In the
ACF interconnection, the conductive particles are trapped in the z-
direction, allowing the metal layers of conductive particles to conduct elec-
tricity from the IC to the substrate while preventing short -circuiting in the
x—y direction. The electrical conduction path is formed by mechanical con-
tact between the conductive particle and the substrate. These contacts are
retained by the adhesion strength of the cured polymer adhesive. Heat and
pressure are applied simultaneously to this stack-up until the particles
bridge the two conductor surfaces. Because of the anisotropy, ACA/ACF
may be deposited over the entire contact region, greatly facilitating materi-
als application. Also, an ultra-fine- pitch interconnection (<0.04 mm)
could be achieved easily. The fine-pitch capability of ACA/ACF would be
limited by the particle size of the conductive filler, which can be a few mi-
crons or a few nanometers in diameter. A cross-section of a joint formed
by an ACA between two components is shown in Fig. 5.1.
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Fig. 5.1. A cross-section of an ACA joint

Anisotropic conductive adhesives (ACAs) are becoming popular as one of
the promising candidates for lead-free interconnection solutions. In par-
ticular, ACFs are widely used for high density interconnection between
liquid crystal display (LCD) panels and tape carrier packages (TCPs) to
replace the traditional soldering or rubber connectors. In LCD applications,
traditional soldering may not be as effective as ACFs in interconnecting
materials between indium-tin- oxide (ITO) electrodes and TCP. Recently,
ACFs have also been used as an alternative to soldering for interconnect-
ing TCP input lead bonding to printed circuit boards (PCBs).

5.2 ACA Materials and Processing

5.2.1 ACA Materials

When designing materials to achieve fine-pitch interconnections, several
important variables must be considered which are application dependent.
These variables include adhesive characteristics as well as particle types.

Two basic types of adhesives are available: thermosetting and thermoplas-
tic materials. Thermoplastic adhesives are rigid materials at temperatures
below the glass transition temperature (7,) of a polymer. Above 7, poly-
mers exhibit flow characteristics. When using this type of material, assem-
bly temperatures must exceed the 7, to achieve good adhesion. The princi-
pal advantage of the thermoplastic adhesives is the relative ease with
which the interconnection can be disassembled for repair operations.
Thermosetting adhesives, such as epoxies and silicones, form a three-
dimensional cross-linked structure when cured under specific conditions.
Curing techniques include heat, UV light, and added catalyst. As a result
of this irreversible cure reaction, the initial uncross-linked material is
transformed into a rigid solid. The curing reaction is not reversible, as
such, it may hinder disassembly and interconnection repair. The ability to
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maintain strength at high temperatures and the deformation of robust adhe-
sive bonds are the principal advantages of these materials. For the selec-
tion of the adhesive, the robust bonds should be formed to all surfaces in-
volved in the interconnection. Numerous materials surfaces can be found
in the interconnection region including SiO,, Si;N4, SiON, polyester, poly-
imide, FR-4, glass, gold, copper, and aluminum. Adhesion to these sur-
faces must be preserved after standard tests such as temperature-humidity
bias aging and temperature cycling. Some surfaces may require chemical
treatment to achieve good adhesion. In addition, the adhesive must not
contain ionic impurities that would degrade electrical performance of the
interconnections.

The materials used as conductive particles must also be carefully selected.
Silver (Ag) offers moderate cost, high electrical conductivity, high current-
carrying ability — even its oxide is still electrical conductive — and low
chemical reactivity. Therefore, silver is the most commonly used conduc-
tive fillers for ICAs. However, problems with electromigration, especially
under high bias condition, may occur. Besides silver, gold (Au) is also a
widely used conductive filler due to its high conductivity and inertness na-
ture. However, it is a noble metal and costs may be prohibitive for large-
volume applications. Copper (Cu) due to its high conductivity and low cost
appears to be another logical choice, but the challenge of easy oxidation
under heat and humidity conditions somewhat limits the wide applications
in conductive adhesives unless plating or complexing approaches are used.
Nickel (Ni) is a lower cost alternative, but corrosion and oxidation of
nickel surfaces have been found during accelerated aging tests. Metals (Ni
and Au) -plated polymeric particles may offer the best combination of
properties at moderate cost and therefore are commonly used in fine-pitch
interconnection. Some ACA/ACF materials used solder (Sn/Pb) particles
to ensure electrical contacts with high reliability by creating a metallurgi-
cal bond.

5.2.2 Processing

ACEF assembly process requires the application of pressure during adhesive
cure. Curing of adhesive needs standard method to supply the energy and
initiate the chemical reaction. Heat is the typically used method while
sometimes ultra-violet (UV) radiation is also used to initiate the reaction.
These energy sources are easily incorporated into the process. Special
equipment is needed to apply pressure during cure. Typically, heat is sup-
plied from the thermode used for component pickup, whereas UV is usu-
ally brought through the substrate by optical fiber bundles. The chip would
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be aligned to the contact pads on the substrate prior to being heated and
pressed during assembly process. Therefore, an ultra-fine-pitch intercon-
nection can be achieved easily using ACF.

Important process parameters for ACA/ACF assembly are temperature,
pressure load, tacking time (time needed for the adhesive to soften and
flow), and bonding time (final cure time). For typical ACA/ACF proc-
esses, one of the interconnecting parts is preheated to a temperature below
the ACA/ACF bonding temperature, but high enough to partially soften the
film so that it has the ability to flow and fill void areas. The bonding load
should be high enough to allow the conductive spheres to make good
physical contact between conductors but not high enough to damage any of
the parts. Finally, the tacking time should be sufficient to give adequate
time for the film to flow before curing begins so that it seals the contact
area during the final bonding process. Many parameters can affect the
bonding quality during the ACA/ACF bonding process, including

. curing temperature and time;

. bonding temperature and time;

. temperature ramp rate;

. alignment accuracy;

. pressure value, pressure distribution, and pressure application rate;
. bump height and uniformity; and

. board planarity and stiffness of the contact interfaces.

ACF bonding process is thermo-compression bonding (TCB) as shown in
Fig. 5.2. In the case of thermo-compression bonding, an ACF material is
attached to the glass substrate after film removal. Then final bonding is es-
tablished by thermal cure of ACF resin, typically at 180°C, 20 s, and 30
kgf/cm® and conductive particle deformation between the electrodes of
TCP and glass substrate by applied bonding pressure.
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Fig. 5.2. Thermo-compression bonding using ACF

5.3 Applications of ACA/ACF

5.3.1 ACAs/ACFs for Flat Panel Displays

Interconnection technologies using ACFs are major packaging methods for
flat panel display modules that need to be of high resolution, light weight,
thin profile, and low consumption power. The technology has already been
successfully implemented in the forms of out lead bonding (OLB), flex to
PCB bonding, reliable direct chip attach such as Chip-On-Glass (COG),
Chip-On-Film (COF) for flat panel display modules [4, 5], including liquid
crystal display (LCD), plasma display panel (PDP), and organic light emit-
ting diode display (OLED). As for the small and fine-pitched bump of
driver ICs to be packaged, fine-pitch capability of ACF interconnection is
much more desired for COG, COF, and even OLB assemblies. There have
been advances in development for improved material system and design
rule for ACF materials to meet fine-pitch capability and better adhesion
characteristics of ACF interconnection for flat panel displays.

In addition to the LCD industry, ACA/ACF is now finding applications in
flex circuits and surface mount technology (SMT) for chip-scale package
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(CSP), application-specific integrated circuit (ASIC), and flip chip attach-
ment for cell phones, radios, personal digital assistants (PDAs), sensor
chip in digital cameras, and memory chip in laptop computers. Figure 5.3
shows various packaging technologies using ACF for LCD modules, tape
carrier packages (TCP), COG, and COF bonding. Since connection pitch
of driver IC electrode has been decreased and the number of output elec-
trodes per IC increased for the progress of high-resolution LCD modules,
ACF materials and packaging technologies have also been developed to
meet high- density interconnection capability.

(b)

Fig. 5.3. Various packaging technologies using ACF in LCD modules (a) TCP
outer lead bonding (OLB), and PCB bonding; (b) COG bonding; and (¢) COF
bonding
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The kind, size, density of conductive fillers and adhesive resin systems are
different according to packaging technologies for LCD module. When
TCP is mounted using ACF on LCD glass substrate, the CTE mismatch
between TCP and the panel should be considered for thermal bonding, and
this is more serious for finer pitch TCP bonding below 50 pum.

In COG technology, the bare driver ICs are flip chip bonded on glass sub-
strate using ACF, and it is the most advantageous technology for low cost
and compact size LCD module production [6]. The CTE difference be-
tween driver IC and glass substrate is relatively small compared with that
in TCP applications and it provides more reliable COG connections.

COF, another ACF bonding area, is a relatively new technology compared
with COG and COB in the production of flat panel module. LCD module
production using COF technology is in an upgrowing stage due to its ad-
vantages of fine pitch interconnection, low contact resistance, and pre-test
capability compared with COG in the high-density, multi-functional LCD
module. In COF technologies, there are several alternatives for intercon-
nect materials and processes, such as Au—Sn joining [7], stud bump bond-
ing (SBB) joining [8], ACF joining, NCF and NCP joining. Among them,
ACF joining method has been applied as main bonding method similar to
COG technology.

For flex to glass bonding below 50 um pitch, COF using ACF becomes
more popular due to several advantages like fine-pitch capability, design
flexibility, and low CTE base material. ACFs are also used in attaching
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fine-pitched driver IC on COF substrates. The geometry of COF is very
similar to that of TCP. However, the substrate is different, which is a two-
layer structure, normally Cu and polyimide (PI) which is thinner, of higher
density, better flexible, and more durable in high temperature than TCP
with a three-layer structure (Cu, adhesive, and PI). COF’s two-layer struc-
ture has normally weak adhesion property with ACF materials. Therefore,
there has been development in ACF adhesion improvement to two-layer
COF substrate.

Triple-layered ACF has been developed, which has adhesion layers on
both sides of conventional ACF layer to improve interface adhesion and
control bonding property for fine-pitch application during thermo-
compression bonding as shown in Fig. 5.4 and the resulting reliability en-
hancement of COF module assembly [9].

Heat & Pressure
v v v
| IC Chip

| COF film |

IC Chip

| COF film & |
Multiple-l‘ayered ACF

Fig. 5.4. COF bonding process using triple-layered ACFs [9]

5.3.2 ACASs/ACFs for Fine-Pitch Interconnections

As the function of driver IC for high-resolution LCD module increases, the
bump density on IC also increases and this means bump size and pitch are
reduced. For fine-pitch COG connection using ACF, the number of con-
ductive particles trapped between the bump and the substrate pad should
be enough. Therefore, conductive particle density of ACF for COG is
much higher than that of ACF for TCP OLB. But due to high density of
conductive particles, there is high possibility of electrical short circuit be-
tween adjacent bumps, mainly due to conductive particle accumulation by
being flowed into the bump gap during COG bonding process. Therefore,
double-layer ACF, which is composed of ACF layer and NCF layer with-
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out conductive filler, was developed to have high electrical conductivity
between bump and ITO electrode and electrical insulation between adja-
cent bumps [10]. As bump size and pitch of driver IC decreased, insulating
layer-coated conductive particle was introduced instead of conventional
conductive particles in ACF layer, and non-conductive fillers were incor-
porated together with conductive particles to ensure electrical insulation [11].

Figure 5.5 shows the relationship between the short circuit rate and the
type of conductive particle. The double-layer ACF with conventional con-
ductive particle and insulating layer-coated conductive particle are both 4
um in diameter and of 35,000/mm® density. Insulating-coated conductive
filler ACF is more advantageous than normal conductive particle ACF by
reducing electrical short more effectively, and it achieved insulation capa-
bility at 10 um gap level. In double-layer ACF structure, ACF and NCF
layer thicknesses are 7 and 18 pum, respectively. The viscosity, formula-
tion, thickness of adhesive layers, conductive filler density, type, and
hardness should be optimized for high-performance COG package.

100 | O.
80 | m

|

—m— |nsulating coated conductive filler ACF
40 —o— Normal conductive filler ACF

Short Occurance Rate (%)

20 |
of m o—Q
L 1 L 1 L 1 L 1 L 1 L
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Fig. 5.5. The relationship between the short circuit rate and the type of conductive
particle [11]

5.3.3 ACA/ACF in Flip Chip Applications

Conventional flip chip assembly involves two main steps: solder reflow
and application of underfill, which is an organic adhesive placed between
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the IC chip and the substrate to improve mechanical reliability. In recent
years, ACA flip chip (where the active IC is bonded face down toward the
substrate) technology has been employed in many applications where flip
chips are bonded to rigid chip carriers [5, 8]. This includes personal digital
assistants (PDAs), sensor chip in digital cameras, and memory chip in lap-
top computers. In all the applications, the common feature is that ACA flip
chip technology is used to assembly bare chips where the pitch is ex-
tremely fine, normally less than 100 um. For those fine applications, it is
apparently the use of ACA flip chip instead of soldering that is more cost-
effective.

ACA flip chip bonding exhibits better reliability on flexible chip carriers
because the ability of flex provides compliance to relieve stresses. For ex-
ample, the internal stress generated during resin curing can be absorbed by
the deformation of the chip carrier. ACA joint stress analysis conducted by
Wau et al. indicated that the residual stress is larger on rigid substrates than
on flexible substrates after bonding [12]. Furthermore, the interconnect
profile is much smaller, improves the miniaturization of the electronics,
and reduces the processing temperature; as such, it reduces the thermal
stress of the electronic components and enhances the product reliability
and performance.

5.3.3.1 ACF Flip Chip Interconnection for Flip Chip Devices

As already stated, ACF provides a simpler flip chip interconnection proc-
ess because there is no need for an underfill encapsulant process, com-
pared to solder joints. However, thermal and mechanical stresses and
strains induced by CTE (coefficient of thermal expansion) mismatches be-
tween the chip and the organic substrates need to be considered in flip chip
interconnections to organic substrates such as FR-4 PCBs (printed circuit
boards) and FPCs (flexible printed circuits). In order to apply ACF to flip
chip interconnection to PCBs, the reliability of adhesive resins has been
improved by formulating with epoxy resins, modifiers, and flexbilizing
agents. It is also of concern that contact resistance may not be low since in-
terconnection using ACF relies on mechanical contact as described earlier,
unlike the metal bonding of soldering. Bonding process parameters such as
temperature, pressure, and curing time have an important influence on the
interconnection resistance between both electrodes. For example, if the
bonding temperature is too low, the mechanical contact between bonding
electrodes is not maintained. Also, conducting particles dispersed in adhe-
sive films cannot make good electrical contacts with bonding electrodes.
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5.3.3.2 ACF Flip Chip Interconnection for Bumpless Devices

ACF can be applied for bumpless flip chip interconnection to FR-4 PCBs,
when bumps are produced on substrate electrodes. The use of bumpless
chips allows a reduction in the cost of the flip chip bonding process, since
Au bumping on the chip is not required. In addition, bumpless chip tech-
nology can provide fine pitch interconnection by reducing packages height
significantly and allowing ultra-thin packages to be produced. For un-
bumped flip chips, a pressure-engaged contact must be established by
bringing the particles to the aluminum chip pads rather than a bump. The
pressure must be sufficient to break the oxide on the aluminum pads. A
sufficient quantity of particles must be trapped in the contact pad area and
remain in place during bonding and curing to achieve a reliable intercon-
nection. In addition to maximizing the number of particles in the contact
area the number of particles located between adjacent pads must be mini-
mized to prevent electrical shorts. An additional factor that must be in the
case of unbumped flip chip devices is adhesive flow during bonding and
curing. It is essential to control the heating temperature to be sufficiently
slow when the polymeric resin is cured so the conductive filler particles
can migrate from the chip carrier side to the chip side pad [13].

5.4 Recent Advances of ACA/ACF and Nano-ACA/ACF

ACAs/ACFs are becoming popular as one of the promising candidates for
lead-free interconnection solutions due to their technical advantages such
as fine-pitch capability (<40 um pitch), low temperature processing ability,
low cost, and environmentally friendly materials and process. However,
there are some key issues that hinder their implementation as interconnect
materials for high-performance devices such as microprocessor and appli-
cation-specific integrated circuit (ASIC) applications. The ACA/ACF
joints have lower electrical conductivity and poor current-carrying capabil-
ity because there is only mechanical/physical contact between the joints
and no metallurgical contact of interconnects. To ensure low contact resis-
tance and high current density, interface between conductive fillers and
electrode should be improved. There have been extensive efforts on the re-
search and development of high-performance ACA during the last two
decades. The efforts so far have been mainly addressed on various material
properties and assembly aspects. In particular with the rapid advancement
of nano-technology, tremendous activities are also being pursued in high-
performance ACA/ACF materials with nano-technology. The results of
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their studies would allow development of ACA joints using fine-pitch flip
chips on flexible/rigid substrates with better reliability and performance.

5.4.1 Low-Temperature Sintering of Nano-Ag- Filled ACA/ACF

One of the concerns for ACA/ACF is the higher joint resistance since in-
terconnection using ACA/ACF relies on mechanical contact, unlike the
metal bonding of soldering. The limited mechanical bonding restricts the
electrical, thermal, and current flow along the ACA/ACF joints. As such,
ACA/ACF cannot be used in high- power devices yet. An approach to
minimize the joint resistance of ACA/ACF is to make the conductive fill-
ers fuse each other and form metallic joints such as metal solder joints.
However, fusing metal fillers in polymers does not appear feasible, since a
typical organic printed circuit board (7, ~125°C), on which the metal-filled
polymer is applied, cannot withstand such a high temperature; the melting
temperature (7,,) of Ag, for example, is around 960°C. Research showed
that 7, and sintering temperatures of materials could be dramatically re-
duced by decreasing the size of the materials [14—17] (Fig. 5.6). It has also
been reported that the surface premelting and sintering processes are a
primary mechanism of the T;, depression of the fine nano particles (<100
nm). For nano-sized particles, sintering behavior could occur at much
lower temperatures, as such, the use of the fine metal particles in ACAs
would be promising for fabricating high electrical performance ACA joints
through eliminating the interface between metal fillers. The application of
nano-sized particles can also increase the number of conductive fillers on
each bond pad and result in more contact area between fillers and bond
pads. Therefore, application of nano-sized particles has potentials to im-
prove the current density of the ACA joints by distributing current into
more conductive paths (Fig. 5.7).
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Fig. 5.6. Size dependence of the melting points of Sn particles [15]
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Fig. 5.7. Illustration of a chip and substrate assembled by ACA. (a) Traditional
ACA with micron-sized fillers and (b) novel ACA with nano-fillers
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Figure 5.8 shows the SEM photographs of nano-Ag particles annealed at
various temperatures. Although very fine particles (20 nm) were observed
for as-synthesized (in Fig. 5.8a) and 100°C treated particles (in Fig. 5.8b),
dramatically larger particles were observed after heat treatment at 150°C
and above. With increasing temperatures, the particles became larger and
appeared as a solid matter rather than porous particles or agglomerates.
The particles shown in Fig. 5.8c—e¢ were fused through their surface
and many dumbbell- type particles could be found. The morphology was
similar to a typical morphology of the initial stage in the typical sintering
process of ceramic, metal, and polymer powders. This low-temperature
sintering behavior of the nano particles is attributed to the extremely high
inter-diffusivity of the nano particle surface atoms, due to the significantly
energetically unstable surface status of the nano-sized particles with large
proportion of the surface area to the entire particle volume.

He.

Fig. 5.8. SEM photographs of 20 nm-sized Ag particles annealed at different tem-
peratures for 30 min: (a) room temperature (no annealing); (b) annealed at 100°C;
(¢) annealed at 150°C; (d) annealed at 200°C, and (e) annealed at 250°C [16]
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Fig. 5.8. (Continued)

For the sintering reaction in a certain material system, temperature and du-
ration are the most important parameters; in particular, the sintering tem-
perature. Current-resistance (I-R) relationship of the nano-Ag-filled ACA
is shown in Fig. 5.9. With increasing curing temperatures, the resistance of
the ACA joints decreased significantly, from 10° Q to 5 x 10”° Q. Also,
higher curing temperature ACA samples exhibited higher current-carrying
capability than the low-temperature samples. This phenomenon suggested
that more sintering of nano-Ag particles and subsequently superior interfa-
cial properties between fillers and metal bond pads were achieved at higher
temperatures [18], yet the x—y direction of the ACF maintains an excellent
dielectric property for electrical insulation.
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Fig. 5.9. Current-resistance (I-R) relationship of nano-Ag-filled ACAs with dif-
ferent curing temperatures [18]

5.4.2 ACA Joints with Low Melting Point (LMP) Filler

In order to conquer the limitation of conventional solders and adhesives
used in electronics packaging, a self-organized joining process using con-
ductive adhesive with low melting point alloy was reported [19]. In their
process, adhesive which has an oxygen-reductive capability was mixed
with fusible fillers (Sn—In alloy) and then heated to the temperature in be-
tween the melting point of fillers and the curing peak point of the resin.
Motion of fillers occurred in the joint due to the thermal effect and hydro-
dynamic resin flow. Then, the adjoining fillers contacted and partly coa-
lesced and even grew to form a large spherical blob by wetting. Finally,
the joint was held in the temperature range over the curing peak point of
the resin until the resin was fully cured. For a conduction path with a large
volume fraction of filler, the filler adjoins with adjacent fillers and the
morphology was isotropic. On the other hand, when the coalesced filler
size exceeded the joint height, a conduction path forms and wetness devel-
oped on both sides of the electrode. Although a wide conduction path
could be formed, the connection was unidirectional along the electrodes
and the connection was anisotropic. An arrayed conduction path was
achieved by combining materials which could form the anisotropic type
only in the direction normal to the small electrodes shown in Fig. 5.10. Be-
tween horizontal electrodes, the insulation could also be maintained with
self-organizing characteristics.
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(e)

Fig. 5.10. Self-interconnection process using LMP (low melting point) alloy ad-
hesive application. (a) Filler dispersion in resin, (b) filler coalescence and adhe-
sion wetting on pads, (c) filler growth up to joint height and bridge formation be-
tween pads, (d) lateral flow by capillary force, and (e) completion of the
interconnect [19].
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5.4.3 Self-Assembled Molecular Wires for Nano-ACA/ACF

Self-assembled monolayers (SAMs) of small molecules, polymers, and
proteins have attracted much attention in both experimental and theoretical
fields for about two decades, and they offer the means to alter and control
the chemical nature of surfaces. Self-assembled monolayers (SAMs) pro-
vide a convenient, flexible, and simple system with which to tailor the in-
terfacial properties of metals, metal oxides, and semiconductors. SAMs are
organic assemblies formed by the adsorption of molecular constituents
from solution or the gas phase onto the surface of solids or in regular ar-
rays on the surface of liquids (in the case of mercury and probably other
liquid metals and alloys); the adsorbates organize spontaneously (and
sometimes epitaxially) into crystalline (or semicrystalline) structures. The
molecules or ligands that form SAMs have a chemical functionality, or
“head group,” with a specific affinity for a substrate; in many cases, the
head group also has a high affinity for the surface and displaces adsorbed
adventitious organic materials from the surface [20, 21]. There are a num-
ber of head groups that bind to specific metals, metal oxides, and semicon-
ductors. The most well-studied SAMs are those prepared by the adsorption
of alkanethiols (CH3(CH;),SH) on gold [22-29]. When adsorbed from the
solution onto the Au (111) surface, alkanethiols form well-ordered

monolayers possessing a (\/g X ﬁ ) R30° structure, wherein the sulfur at-
oms are bound to the three-fold hollow sites of the Au (111) surface [30].
On silver, the hydrocarbon chain is tilted much less, at about 13° from the
surface normal. The adsorption of carboxylic acids (CH;(CH;),COOH) has
also been studied on silver surface and some experimental results sug-
gested an epitaxial film with an in-plane structure of p (2 X 2) overlayer
structure on Ag (111) surface. The bonding between carboxylic acids and
Ag is considered as an acid—base reaction, and the driving force is the for-
mation of a surface salt between the carboxylate anion and a surface metal
cation [31-37]. As an example, Fig. 5. 11 is a schematic diagram of an
ideal, single-crystalline SAM of alkanethiolates supported on a gold sur-
face with a (111) texture [21]. The thickness of a SAM is typically 1-3
nm; they are the most elementary form of a nanometer-scale organic thin-
film material. The composition of the molecular components of SAM de-
termines the atomic composition of the SAM perpendicular to the surface;
this characteristic makes it possible to use organic synthesis to tailor or-
ganic and organometallic structures at the surface with positional control
approaching 0.1 nm.
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Fig. 5.11. Schematic diagram of an ideal, single-crystalline SAM of al-
kanethiolates supported on a gold surface with a (111) texture. The anatomy and
characteristics of the SAM are highlighted [21]

Self-assembled monolayers (SAMs) offer unique opportunities to increase
fundamental understanding of self-organization, structure—property rela-
tionships, and interfacial phenomena. The ability to tailor both head and
tail groups of the constituent molecules makes SAMs excellent systems for
a more fundamental understanding of phenomena affected by competing
intermolecular, molecular-substrates and molecule—solvent interactions
like ordering and growth, wetting, adhesion, lubrication, and corrosion.
The thermal stability and structural properties of SAMs are governed by
both the substrate—acid interactions and chain—chain interactions in the ad-
sorbed layer. The structural features of these SAMs have been studied in
detail by several experimental techniques such as IR spectroscopy, X-ray
diffraction, surface-enhanced Raman spectroscopy (SERS), and X-ray
photoemission spectroscopy (XPS). These experimental studies reveal that
the ordered or crystalline nature of the SAMs is a function of the tempera-
ture and chain length. At room temperature, SAMs with longer chain
lengths prefer a more ordered structure as compared to shorter chains,
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which show no preferred tilt direction. At higher temperatures, the melting
point can be reached which is chain length dependent.

In ACA/ACF interconnections, if SAM molecules can be introduced and
monitored as electrical junctions or molecular wires, the interface proper-
ties between the conductive fillers and the contact pad are expected to be
enhanced (Fig. 5.12). Some recent studies have introduced self-assembled
molecular wires (SAM) into the interface between metal fillers and metal-
finished bond pad of ACAs [38, 39]. These organic molecules adhere to
the metal surface and form physi-chemical bonds, which allow electrons to
flow, as such, it reduces electrical resistance and enables a high current
flow. The unique electrical properties are due to their tuning of metal work
functions by those organic monolayers. The metal surfaces can be chemi-
cally modified by the organic monoalyers and the reduced work functions
can be achieved by using suitable organic monolayer coatings. An impor-
tant consideration when examining the advantages of organic monolayers
pertains to the affinity of organic compounds to specific metal surfaces.
Table 5.1 gives the examples of molecules preferred for maximum interac-
tions with specific metal finishes; although only molecules with symmetri-
cal functionalities for both head and tail groups are shown, molecules and
derivatives with different head and tail functional groups are possible for
interfaces concerning different metal surfaces.

Conductive
particle in an ACA

Fig. 5.12. Schematic illustration of SAM molecule formed in an ACA joint

Table 5.1. Potential organic monolayer interfacial modifiers for different metal

finishes
Formula Compound Metal finish
H-S-R-S-H Dithiols Au, Ag, Sn, Zn
NeC-R-CeN Dicyanides Cu, Ni, Au
O=C=N-R-N=C=0 Diisocyanates Pt, Pd, Rh, Ru
O\C_R_ /O Dicarboxylates Fe, Co, Ni, Al, Ag
/ AN

HO OH
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Table 5.1. (Continued)

N/\ Imidazole and derivatives Cu
NH
—
R-Si(OH), Organo-silane derivatives Si0,, ALO,, quartz,
glass, mica, ZnSe,
GeO,, Au

R denotes alkyl and aromatic groups

Different organic molecular wires, dicarboxylic acid and dithiol have been
introduced into ACA/ACF joints. For SAM-incorporated ACA with mi-
cron-sized gold/polymer or gold/nickel fillers, lower joint resistance was
achieved for low-temperature curable ACA (<100°C) (Fig. 5.13a). For
high curing temperature ACA (150°C), however, the improvement was not
as significant as low curing temperature ACAs, due to the partial desorp-
tion/degradation of organic monolayer coating at relatively high tempera-
ture (Fig. 5.13b) [38].
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Fig. 5.13. Electrical properties of (a) low-temperature curable ACA with untreated
(N) and treated (T) conductive fillers and substrates and (b) high-temperature cur-
able ACA with untreated (N) and treated (T) conductive fillers and substrates [38]
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Fig. 5.13. (Continued)

However, when dicarboxylic acid or dithiol was introduced into the inter-
face of nano-silver-filled ACAs, significantly improved electrical proper-
ties could be achieved at high-temperature curable ACA/ACF, suggesting
the coated molecular wires did not suffer degradation on silver nanoparti-
cles at the curing temperature (Fig. 5.14). For the untreated nano-Ag-filled
ACAEs, the electrical resistance of the ACA joints was around 10~ Q and
the highest current applied without inducing joint failure (maximum al-
lowable current) was 2.5 A. Over 2.5 A, the adhesive joints could not sur-
vive and the adhesive joints was burned and damaged. With the introduc-
tion of monolayer-protected silver nanofillers, the slope of /~V curve
decreased dramatically, indicating a significantly improved conductivity of
the joint. For the dithiol-treated nano-Ag-filled ACAs, the joint resistance
decreased to 107 Q, but the current carrying capability was the same as
untreated samples. Increasing current over 2.5 A led to the failure of adhe-
sive joints. For the acid M-treated ACA samples, dramatically decreased
joint resistance was achieved as low as 10~ Q. The resistance value was
comparable or even lower than some of the metallic solder joints. (107~
10° Q). Moreover, the maximum allowable current of acid M-treated
samples also increased significantly, from 2.5 to 3.5 A. Interestingly, at
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current higher than 4 A when failure occurred, the failure location was be-
tween the probe tip and the substrate rather than the adhesive joints. This
observation suggested that acid M-treated nano-Ag ACA joints had the po-
tential to carry even higher current, provided a suitable or optimized test
vehicle could be designed and used in this study. The improved electrical
properties for SAM-coated nano-Ag ACA may be due to higher thermal
stability of the SAM compounds on the silver nanoparticles. Those SAM
compounds can also help the dispersion of silver nanoparticles in the ep-
oxy resin and protect the metal fillers. The SAM compounds adhere to the
conductive fillers, forming physi-chemical bondings and allowing elec-
trons to freely flow/tunnel through the interfaces, as such, it reduces elec-
trical resistance and can also carry a high current flow for ACA joints.
Unlike the SAMs on micro-sized metal fillers which suffered degradation
at temperatures higher than 100°C, the larger surface area and higher sur-
face energy of nano particles enabled the SAMs to be more readily coated
and relatively thermally stable on the metal surfaces. The stronger bonding
between SAM and silver nanoparticles and the superior thermal stability
made it more effectively improve the electrical properties of ACA cured at
relatively higher temperature (e.g., 150°C) [39].
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Fig. 5.14. Electrical properties of nano-Ag-filled ACA with dithol or dicarboxylic
acid [39]
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5.4.4 Silver Migration Control in Nano-silver filled ACA

Silver is the most widely used conductive fillers in [CAs and currently also
considered as a potential candidate for ACA/ACF fillers because of the
many unique properties of silver particles, in particular, the silver nano
particles. Silver has the highest room temperature electrical and thermal
conductivity among all the metals. Furthermore, silver is also unique
among all the cost-effective metals by nature of its conductive oxide
(Ag,0). In addition, silver nano particles are relatively easy to be manufac-
tured into different sizes (a few nano-meters to 100 nm) and shapes (such
as spheres, rods, wires, disks, flakes) and well dispersed in a variety of ma-
trice materials. Therefore, silver nanocomposites are considered as a prom-
ising material in electronic industry, such as nano-Ag ACA/ACEF as a fine-
pitch lead-free interconnect and high dielectric constant composites in em-
bedded passives. However, a major problem that impedes the use of silver-
containing materials in electronics is the electrochemical migration of sil-
ver in the presence of moisture and applied bias. In microelectronic de-
vices, silver migration usually occurs between adjacent conductors, which
leads to the formation of dendrites, growing from the cathode to the anode,
and finally accumulating with an electrical short-circuit failure. To avoid
short circuit, self-passivated aluminum (Al) has long been used in semi-
conductor devices, while copper (Cu) is being used in most electronic de-
vices in recent years due to the better electrical conductance. However,
copper is easily oxidized and a lot of efforts are needed to prevent the oxi-
dation problem. Silver is the most promising metal for next-generation
semiconductor devices because of the excellent electrical and thermal
properties. By solving the migration issue for silver, it will have great po-
tential to be used for next-generation high-performance advanced semi-
conductor devices.

Metal migration is an electrochemical process, which requires chemical in-
teraction between the surroundings and the metal (generating metal ions);
a polar transport electrolyte in aqueous conditions through which ionic mi-
gration occurs; and under an electric field. In fact, this situation prevails in
most electronic packages where three conditions are present. It is consid-
ered that a threshold voltage exists above which the migration starts. When
a potential is applied across the electrodes, a chemical reaction takes place
at the positively biased electrode where positive metal ions are formed (Ag
— Ag’ e"). These ions, through ionic conduction, migrate toward the nega-
tively charged cathode, where over time, they accumulate to form metallic
dendrites (Ag" e — Ag). As the dendrite growth increases, a reduction of
electrical spacing occurs. Eventually, the silver growth reaches the anode
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and creates a metal bridge between the electrodes, resulting in an electrical
short circuit [40]. In particular in metal-polymer nano—composites, poly-
mers tend to absorb water and other ionic pollutants from the environment,
i.e., H,S, HNO;, CO,, and tend to migrate between electrodes under the
driving force of an electric field. Therefore, the insulation resistance of the
polymer is curtailed. Water can not only act as the solvent and vehicle for
ionic transport, but also participate pervasively in the conduction through
electrolysis, especially at higher voltages.

Although other metals may also migrate under specific environment, silver
has been the most prominent on the metal migration species, mainly due to
the high solubility of silver ion in water, low activation energy for silver
migration, high tendency to form dendrite, and low propensity/possibility
to form stable passivation oxide layer like aluminum [41—43]. The rate of
metal migration is increased by (1) an increase in the applied potential, (2)
an increase in the time of the applied potentials, (3) an increase in the level
of relative humidity, (4) an increase in the presence of ionic and hydro-
scopic contaminants on the surface of the substrate, and (5) a decrease in
the distance between electrodes of the opposite polarity. Metal migration
can be considered as a two-step process involving ionization and diffusion
of the migrating species. DiGiacomo [41, 43] proposed a semi-empirical
model of metal migration based on the electrochemistry of solutions, the-
ory of adsorption and condensation, and transport through water films and
polymers characterized by the products of four functions. In Eq. 3.1, mi-
gration is characterized by the current density:

ZFDE
J=ZFDCO 1-exp| — t
RT

= ZFCOD0 exp(—AHD /kT){l - exp(—

ZFDyy exp(—AH [, / KT)E Z
RT

3.1)
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where Z is the valence; F is Faraday’s electrochemical equivalent, D is the
diffusitivity of migration component, D = Dyexp (-AHp/kT), where AH) is
activation energy of diffusion component, Cj is the ionic concentration of
migration component; £ = V/d is the electric field, where V is the applied
voltage, d is the distance between electrodes; ¢ is time; k£ and R are Boltz-
mann constant and molar gas constant, respectively.

In order to reduce silver migration, several methods have been reported.
The methods include (1) alloying the silver with an anodically stable metal
such as palladium [40] or platinum [44] or even tin [45]; (2) using hydro-
phobic coating over the PWB to shield its surface from humidity and ionic
contamination, since water and contaminates can act as a transport medium
and increase the rate of migration; (3) plating of silver with metals, such as
tin, nickel, or gold, to protect the silver fillers and reduce migration; (4)
coating the substrate with polymer [46]; (5) applying benzotriazole (BTA)
and its derivatives in the environment [47]; (6) employing siloxane epoxy
polymers as diffusion barriers due to the excellent adhesion of siloxane
epoxy polymers to conductive metals [48]; (7) chelating silver fillers in
ECAs with molecular monolayers [49]. As an example shown in Fig. 5.15,
with carboxylic acids and forming chelating compounds with silver ions,
the silver migration behavior (leakage current) could be significantly re-
duced and controlled. The obvious stabilized current leakage and subse-
quently the well-controlled electrochemical migration is due to the protec-
tion of silver ions with carboxylic acids by forming the chelating
compounds. The adsorption of carboxylic acids on silver has been widely
studied. The reaction is considered as an acid-base reaction, and the driv-
ing force is the formation of chelating bond/complex between the carboxy-
late anion and a surface silver ion (Equation 3.2).

Ag-e— Ag: Ag'+CO0 — Ag'...COO (3.2)
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Fig. 5.15. Leakage current—voltage relationship of nano-Ag conductive adhesives
at (a) low voltages and (b) high voltages [49]
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The silver migration control in nano-ACA can also be observed from the
morphology of ACA after high voltage test. Figure. 5.16 shows the photo-
graphs of test boards in the vicinity of nano-Ag ECAs after current—
voltage tests up to 500 V. Obvious silver dendrites with several branches
were observed for untreated nano-Ag ECAs, indicating the severe Ag mi-
gration. For the dicarboxylic acid incorporated nano-Ag ECA, however, no
obvious dendrites were detected. The dark area around the edge of nano-
Ag ECAs is considered to be from the typical inter-diffusion between dif-
ferent materials (nano-ECA and test board) rather than the ionic migration.

(a)

Fig. 5.16. Morphology in the vicinity of silver nano-Ag ECA after high-voltage
migration tests. (a) Untreated nano-Ag ECA and (b) dicarboxylic acid-
incorporated nano-Ag ECA [49]
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(b)

Fig. 5.16. (Continued)

5.4.5 ACA/ACF with Ferromagnetic Conductive Fillers

ACAs offer electrical conductivity in only vertical direction between the
component termination and the pad. During the curing process, the ACA
needs the application of pressure in order to capture a monolayer of parti-
cles between the mating pads. This requires specialized tooling and also
sequential assembly. The application of pressure has been identified as a
major factor in the performance of ACAs. Any surface variations in the
component and pad and the extent of particle deformation influence the
performance and long-term reliability of the assemblies.

In order to minimize or eliminate the required bonding pressure for
ACA/ACEF, researchers [50-54] have investigated Z-direction conductive
adhesives based on magnetic alignment of ferromagnetic metal particles
dispersed in a nonconductive adhesive polymer. As shown in Fig. 5.17, the
presence of the magnetic field aligns the particles distributed within the
matrix into columns between the mating pads. The electrical connection
between the mating pads is formed by the build-up of the chain, wherein
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the particles contact each other and form a continuous path. The columns
are held in place by curing of the adhesive matrix while holding the mag-
netic field. This arrangement of columns enables conduction between the
component and the substrate and eliminates the need for sequential assem-
bly and pressure during cure. In addition, this technique could accommo-
date varying lead/interconnect geometries and coplanarity errors. The
number of conductive particles in each column is dependent on the thick-
ness of the adhesive printed and the average particle diameter. The inter-
particular resistance is expected to have a major influence on the contact
resistance of the column and the performance of the ACA joint. The for-
mation of the conductive columns may also provide good thermal dissipa-
tion paths and accommodate for the coefficient of thermal expansion mis-
match when used with flip chip and other chip-scale devices. The epoxy
matrix could also serve as an underfill and provide the necessary strength
to hold components in place during fatigue loading and impact testing.

Area Array Device
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Fig. 5.17. Schematic illustration of ACA with aligned ferromagnetic particle col-
umns under magnetic field
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Jin et al. from AT&T Bell Labs found that the strength of the magnetic
field could affect the formation of the chains [50, 51]. If the magnetic field
applied was too strong, the magnetic aligning force in the columns over-
whelms the surface tension on the top surface of the composite mixture,
and the columns continue to grow into a dendrite structure above the sur-
face. If the magnetic field is not strong enough, many columns fail to reach
the top surface. It was also discovered that with finer particles, the assem-
blies revealed uniformity of resistance values when compared to large par-
ticles.

Sancaktar et al. investigated the effects of the type of magnetic and con-
ductive nickel fillers, resin viscosity, and the magnitude of the aligning
magnetic field on the electrical properties of the resulting anisotropic ad-
hesive joints [52]. They also noticed the influence of the magnetic field
strength in the formation of the columns. The authors have suggested that
the optimum volume fraction of the filler and the optimal field strength
have to be employed for the formation of a desirable magnetically distrib-
uted column structure. The authors also identified that the contact resis-
tance decreased with an increase in magnetic field strength and the direc-
tional conductivity of the ACA increased with the increase in volume
fraction of filler particles.

Breval et al. reported an ACF consisting of iron particles [53]. The influ-
ence of magnetic field strength on the formation of conductive columns
was also discussed. The authors also observed that the elongated particles
rotated to align lengthwise.

Ramkumar et al. recently investigated the applicability of this magnetic
alignment of ferromagnetic metal particles in ACF for fine and ultra-fine-
pitch mixed technology surface mount electronics packaging applications
[54]. The authors found that the formation of conductive columns within
the polymer matrix could provide a very high insulation resistance be-
tween adjacent conductors. It could also enable mass curing of the adhe-
sive and eliminate the need for sequential assembly. The novel ACA with
aligned ferromagnetic particles was found to be very effective in providing
the interconnection for surface mount technology (SMT) passives and
leaded, bumped, or bumpless integrated circuit packages. The requirement
for precise stencil printing was eliminated, as the application of magnetic
field aligned the conductive columns in the Z-axis direction eliminating
any lateral conductivity. The ability to mass cure the adhesive while apply-
ing the magnetic field reduced the assembly time considerably. Placement
accuracy was still found to be very critical. It was also found in this chap-
ter that shear testing of adhesive joints after thermal aging showed signifi-
cance past 500 h and after temperature—humidity aging showed signifi-
cance within the first 100 h. I-V characteristics of the Daisy chained ball
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grid array devices assembled with and without bumps revealed consider-
able difference in the breakdown current. The correlation between the ini-
tial contact resistance of the Daisy chain and the final breakdown current
was also determined. As shown in Fig. 5.18, Daisy chains that had higher
initial resistance showed lower breakdown current.

Initial joint Resistance vs. Maximum Breakdown Current for Conductive Adhesive Assembly
(Daisy Chained BGA Assemblies with and without solders Bumps and
10 grams of placement forces)
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Fig. 5.18. Initial joint resistance versus maximum breakdown current for adhesive
joint [54]

Sumitomo Electric recently developed a new-concept ACF using nickel
nano particles with a straight-chain-like structure as conductive fillers [55].
They applied the formulated straight-chain-like nickel nano particles and
solvent in a mixture of epoxy resin on a substrate film. Then the particles
were made to orient toward the vertical direction of the film surface and
fixed in resin by evaporating the solvent. In the estimation using 30 wm-
pitch IC chips and glass substrates (the area of Au bumps was 2,000 um?,
the distance of space between neighboring bumps was 10 um), the new
ACF showed excellent reliability of electrical connection after high-
temperature, high humidity (60°C/90%RH) test and thermal cycle test (be-
tween —40°C and 85°C). The samples were also exposed to high tempera-
ture and high humidity (60°C/90%RH) for insulation ability estimation.
Although the distance between two electrodes was only 10 pm, ion migra-
tion did not occur and insulation resistance has been maintained at over 1
GQ for 500 h. This result showed that the new ACF has superior insulation
reliability. This indicates that this new ACF has potential to be applied in
very fine interconnections.
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5.4.6 Nanowire ACF for Ultra-fine-pitch Flip Chip
Interconnection

In order to satisfy the reduced /O pitch and avoid electric shorting, a pos-
sible solution is to use high aspect ratio metal post. Nanowires exhibit high
possibilities due to the small size and extremely high aspect ratio. In litera-
ture, nanowires could be applied in FET sensor for gas detection, magnetic
hard disk, nanoelectrodes for electrochemical sensor, thermal-electric de-
vice for thermal dissipation, temperature control, etc. [56—58]. To prepare
nanowires, it is important to define nano structures on photoresist. Many
expensive methods such as e-beam, X-ray, or scanning probe lithography
have been used but the length of nanowires cannot be achieved to micro-
meterscale. Another less expensive alternative is electrodeposition of metal
into nano-porous template such as anodic aluminum oxide (AAQO) [59] or
block-copolymer self-assembly template [60]. The disadvantages of block-
copolymer template include thin thickness (that means short nanowires),
nonuniform distribution, and poor parallelism of nano-pores. However,
AAO has benefits of higher thickness (>10 um), uniform pore size and
density, larger size, and very parallel pores. A new ACF with nanowires
was recently reported, which used AAO templates to obtain silver and co-
balt nanowires array by electrodeposition [61]. And then low viscous poly-
imide (PI) was spread over and filled into the gaps of nanowires array after
surface treatment. The bimetallic Ag/Co nanowires could be kept parallel
during fabrication by magnetic interaction between cobalt and applied
magnetic field. The silver and cobalt nanowires/polyimide composite films
could be obtained with diameter of nanowire about 200 nm and maximum
film thickness up to 50 um. The X-Y insulation resistance is about 4 — 6
GQ and Z-direction resistance including the trace resistance (3 mm length)
is less than 0.2 Q. They also demonstrated the evaluation of this nanowire
composite film by stress simulation. They found that the most important
factor for designing nanowire ACF was the volume ratio of nanowires. But
actually the ratio of naowires cannot be too small to influence the electric
conductance. They concluded that it is important to get a balance between
electric conductance and thermal-mechanical performance by increasing
film thickness or decreasing modulus of polymer matrix instead of reduc-
ing ratio of nanowires.
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5.4.7 Thermal Performance of ACA/ACF

As the current density at the ACA flip chip assembly is increasing for high
current and high power dissipation device applications, the current-
carrying capability of ACA is one of the important properties and has been
characterized [62]. ACA, a normally thermally poor conductor, is required
to be a thermal transfer medium which allows the board to act as new heat
sink for the flip chip package and improve the lifetime of ACA flip chip
joint under high current density application. The effect of thermal conduc-
tivity of ACA on the current-carrying capability of flip chip joints was in-
vestigated [63]. Figure. 5.19 shows comparison result of /-V characteris-
tics when ACA flip chip joints is bias-stressed at a pair of Au stud
bumps/ACA joints between conventional ACA without any thermal filler
and thermally conductive ACA with SiC fillers. The conventional ACA
flip chip joint shows the typical /-V curve with maximum allowable cur-
rent level of 4.53 A. In contrast, flip chip joint using thermally conductive
ACA shows almost linear increase of current as increase of voltage and
maximum allowable current level is 6.71 A. Therefore, the current-
carrying capability of ACA flip chip joint was improved by the use of
thermally conductive ACA material. Figure. 5.20 shows the resistance
changes of flip chip joints using conventional ACA and thermally conduc-
tive ACA as a function of time under constant current of 4.1 A. The con-
tact resistances of conventional ACA flip chip joints increased abruptly as
time passed 50 h and had open circuits before 100 h. But the thermally
conductive ACA flip chip joints showed stable contact resistance behav-
iors without any open circuit. The failure or degradation mechanism of
ACA flip chip joints under current biasing test is suggested as follows: (1)
Au-Al IMCs formation, (2) crack formation and propagation along the
Au/IMC interface, and (3) Al or Au depletion due to electromigration. All
these causes of electrical degradation of ACA flip chip joints are due to
heat accumulation at the Au stud bumps/PCB pads and thermal degrada-
tion of adhesive due to joule heating under high current bias. Similar dis-
cussion on the heat-induced failure mechanism of flip chip joint using
isotropic conductive adhesive (ICA) under high current density was pre-
sented [64].
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If the local temperature of flip chip joint by ACA/Au stud bump is rela-
tively low due to effective heat dissipation throughout thermally conduc-
tive ACA, the thermal degradation process due to local joule heating and
thermal degradation is slowed down, and electrical stability is obtained.
This is verified by the behavior of junction temperature on the surface of
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flip chip IC assemblies under current stressing condition as a function of
time in Fig. 5.21.
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bias condition [63]

Ekstrand et al. also conducted research on thermally conductive ACA with
incorporation of electrically insulating but thermally conductive fillers, in-
cluding nano and micro scale particles of alumina oxide, silicon carbide,
and carbon nanotubes (CNTs), used with and without surface treatment
[64]. In this chapter, some experimental values are compared with the
theoretical calculation based on Lewis—Nielsen theory (Fig. 5.22). From
the theoretical calculations, carbon nanotubes and needle-shaped SiC (1:35
and 1:10 diameter to length ratio, respectively, is assumed) influenced the
thermal conductivity of the composite more than the spherical SiC and
Al O;. The experimental values for Al,O; composite were higher than the
theoretical value, which was explained as the polydisperse of powders and
therefore easier to form conductive network. On the contrary, the experi-
mental values of the CNT composites were lower than the calculated
value, which could be attributed to the poor dispersion of CNT into poly-
mers.
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The maximum chip surface temperature increases abruptly and become
stable at around 50 s of high current applying time. The chip surface using
thermally conductive ACA became hot faster than conventional ACA
joint, which means thermally conductive adhesive dissipates the heat from
the source more easily than conventional ACA does. The maximum tem-
perature of chip surface of flip chip joint using thermally conductive ACA
is lower than that of conventional ACA under constant current stressing.
Therefore, the electrical reliability of flip chip joint under high current bias
condition can be improved by dissipating the heat from hot spot and keep-
ing the chip temperature as cool as possible. To further enhance the ther-
mal performance of ACA/ACF, carbon nanotubes, with high thermal con-
ductivity (>3,000 W/k from theoretical calculations), can also be aligned
within the composite matrix to enhance the thermal conductivity.

5.5 ACA/ACF Reliability

Reliability is always one of the most important considerations to determine
the value of materials. Reliability behavior of interconnection is character-
ized by performing accelerated aging tests such as high and low tempera-
ture storages, temperature cycling, and humidity storage. In the past few
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years, several issues dealing with reliability of joints have been studied.
Some main degradation mechanisms have been found, including oxide
growth on less noble metallization causing increased contact resistance,
stresses due to the thermal load or influence of humidity-inducing cracks
within, or delamination of the adhesive layer.

5.5.1 Effects of Bonding Conditions

Bonding conditions of ACF, such as bonding temperature, temperature
ramping rate, and pressure, affect the curing of ACF materials and the
bonding quality of ACF joints. It has been reported that higher bonding
temperatures resulted in better cross-linking density and stronger adhesion
strength of ACF [65-67]. The increased adhesion strength with increasing
bonding temperature is considered to be due to the inter-diffusion and/or
reaction between the ACF polymeric material and the flex. In addition, it
has been found that ACF assemblies with higher degrees of curing showed
smaller increase in contact resistance after aging. At lower bonding tem-
peratures and subsequently lower degree of cure, the conductive particles
are able to move in the polymer layer. Therefore, there is a possibility of
the conductive particles to squeeze due to the applied pressure through the
soft adhesive. As a result, in some joints, higher and unstable contact resis-
tance and even some open joints were found. At higher bonding tempera-
ture and higher degree of cure, the conductive particles remain stable
throughout the ACF joints. A reliable interconnect with metal-to-metal
contact could be achieved with less increase in contact resistance [68].

The bonding pressure also affects the reliability of ACF joints signifi-
cantly. The lower the pressure used, the lower the stress accumulated at the
interface and consequently better reliability after thermal cycling test.
However, pressure has to be large enough to achieve good electrical con-
ductivity and strong bonding.

5.5.2 Effect of Mechanical Properties on the Reliability of ACF
Joints

Since stresses due to the thermal load or influence of humidity-induced
cracks are one of the main degradation mechanisms of ACF joints, the me-
chanical properties of ACF materials play a significant role in the terminal
deformation and reliability performance during thermal cycling testing [69,
70]. Generally, materials with a combination of high Young’s modulus and
low CTE (coefficient of thermal expansion) should show an improved reli-
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ability in temperature cycling [71]. This is because matched CTE between
the matching electrode pairs of the IC and the substrate (two contact part-
ners) is necessary to minimize thermo-mechanical stresses on conductive
joints within the polymeric layer, and sufficient Young’s modulus prevents
the assembly from bending (Fig. 5.23).

b =

(b)

Fig. 5.23. (a) Deformation mechanism of the ACA joint due to thermally induced
stress and (b) schematic diagram showing that thermal mismatch strain reduces as
solder bump height increases [68]

Flip chip using anisotropic conductive adhesive should provide acceptable
reliability level in harsh environments together with good processability. It
requires the use of polymer materials which have close CTE value to the
chip and the board and strong adhesion for better reliability. To enhance
the reliability of ACA flip chip assemblies, non-conductive fillers, such as
silica fillers, were added in the ACA materials [72] with different filler
loadings. As the content of filler increased, CTE values decreased with in-
creased storage modulus.

For the test IC chip and substrate, the gold stud bumps were formed on
each I/O pad of test chips and 1 mm-thick FR-4 substrates were prepared.
Flip chip assembly was performed by bonding the chip on the substrate
with an appropriate bonding pressure of 50 kgf/cm® at 180°C for 30 s. The
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chip was electrically connected to the substrate via the contacts between
compressed gold stud bumps and conductive fillers in the ACA. Non-
conductive fillers with smaller size than conductive fillers do not contrib-
ute the electrical contacts and instead affect other properties such as
Young’s modulus and CTE.

Reliability tests in terms of temperature cycling, high humidity and tem-
perature, and high-temperature and dry condition test were performed by
measurement of contact resistance variation. Figure. 5.24 showed that flip
chip assembly using modified ACA composites with lower CTEs and
higher modulus by loading non-conducting fillers exhibited better contact
resistance behavior than conventional ACAs without non-conducting fill-
ers. An ACF with a lower CTE and higher modulus can reduce the ther-
mally induced shear strain in ACF layer measured by moiré¢ interferometry
during thermal cycling environment as shown in Fig. 5.25 and thus can in-
crease the overall thermal cycling lifetime of ACF joints [70]. There are
still more demanding issues for reliability enhancements such as low mois-
ture absorption, effects of reflow temperature, process void, cure density,
and interface stability of adhesion strength in ACA.
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Fig. 5.24. Contact resistance of flip chip interconnects using ACA with different
filler content during thermal cycling test from —60°C o 150°C for 700 cycles [72]
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5.5.3 Effects of Bump Height on the Reliability of ACA Joints

For ACA joining, the bumps and pads are made of hard materials such as
Ni or Cu. The bumps and the pads are mechanically very strong that they
cannot easily be deformed by the external stresses. The interface between
the bump and the pad will play an important role in determining the junc-
ture of the ACA joint and the joint strength. In particular, the height of the
bumps can change the deformation characteristics and hence the reliability
of the interconnection in the FC assembly. To study the effect of the adhe-
sive volume in the structure indirectly Lai et al. [73] have investigated the
effect of bump height on the reliability of ACA joints with FR4 rigid and
polyimide flexible substrate. Their experiments indicated that for joints
with rigid substrate an excessively high bump could induce poor reliabil-
ity. They concluded that reliability problems of having high bump could
occur since excessively high bump could easily cause a porous structure in
the ACA layers.

Pinardi et al. [74] also reported work on the effects of bump height on the
strain variation during the thermal cycling test of ACA flip-chip joints.
The results showed that effect of bump height was significant only in the
interface between the bumps and the pads. Bigger volume area of high
strain was found for higher bump. There was practically no effect of the
bump height on the strain changes in the bumps and in the pads. The effect
of bump height was different for ACA joints than for solder joints, which



268 5 Anisotropically Conductive Adhesives/Films (ACA/ACF)

showed an increase of fatigue life of joints with high bump height (stand-
off) because a high bump can relax the shear stresses in the corner regions
of the solder.

5.6 Future Advances of ACA/ACF

Significant research has been conducted on ACA/ACF as a potential solder re-
placement for some electronics packaging applications. However, there are still
challenges of ACA bonding in electronic assemblies. Sufficient conducting par-
ticles must be trapped during the bonding process to guarantee a reliable electri-
cal contact. Failure mechanisms of ACA/ACF joints under various conditions
need to be addressed and resolved. High current capability/density and self-
alignment during the interconnect process, etc., must be better understood in or-
der for this technology to be widely used to replace lead-bearing solders.

5.6.1 Materials Development

It is important to develop new ACA/ACF materials with high-performance
dielectric properties, high purity, good adhesion, reasonable Ty, fast curing,
storage stability at ambient, and stable contact resistance after various condi-
tions frequently encountered in the field such as thermal aging and cycling,
thermal shock, high temperature/high humidity/bias. Also, ACAs with low
CTE are required. Commercially available ACAs typically exhibit very high
CTEs because of the low filler loading levels utilized. Some preliminary
studies have shown that ACAs with a low CTE created by introducing non-
conductive fused silica fillers (with a TCE of 0.5 ppm) have a lower shear
strain and better contact resistance stability during thermal cycling test. In
addition to CTE mismatch, the current-carrying capability of ACF needs to
be improved for high-power device applications, such as microprocessor and
application specific integrated circuit (ASIC) applications.

5.6.2 High-Frequency Compatibility

For wireless/RF (radio frequency) electronic applications, a number of
high-frequency (in excess of 2.45 to >10 GHz) applications and utiliza-
tions are increasing rapidly, thus it is important to characterize the cross-
talk between particles, coupling with semiconductor devices, and other
fundamental behavior of ACAs under high-frequency conditions. It is also
necessary to maximize the current- carrying capability of ACAs at high-
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frequency range and after exposure to various environmental tests. Good
dielectrics with low loss factor (tan 6) and low dielectric constant (k) are
critically needed.

5.6.3 Reliability

It is necessary to understand the effect of the chip carrier material on ACF
join reliability. This is a key issue before ACF technology is widely util-
ized in manufacturing (i.e., in high-volume and low-cost applications). It is
also necessary to establish failure rate prediction models for ACF joints for
a wide variety of field conditions. It is essential to gain full understanding on
effects of high current and high power on ACF joints; degradation and stress
relaxation of polymeric matrices; and the effects of temperature, humidity,
and other environments on matrix materials and the effects of fillers.

5.6.4 Wafer-Level Application

Flip chip technology is extending its applications to the fields of smart
cards, displays, computers, mobile phones, communication systems, etc.
However, the flip chip technology has a drawback that the production effi-
ciency is poor in terms of process complexity and product cost because it
requires conventional solder using complex connection processes, that is,
solder flux coating, chip/board arranging, solder bump reflowing, flux re-
moving, underfilling, and cure process. In order to reduce these complex
processes, particular attention has recently been paid to wafer-level pack-
aging technology in which wafers are coated with polymeric materials
having flux and underfill functions [75, 76]. More recently, in developing
new, improved flip chip connection technology, advantage has been taken
of conductive adhesives, which are of a lower price than solders and en-
able the formation of ultra-fine pitches with the potential to realize envi-
ronmental friendly, fluxless, and low-temperature processes.

In spite of extensive research activities, flip chip technology using these
environmental friendly ACF or ACP as connecting materials suffer from
the disadvantage of being inefficient in production costs requiring many
processes, including chip design and bump formation for ACA flip chip
packaging, mass production of connecting materials, and automation of
connecting processes. Therefore, wafer-level flip chip package using
ACA was developed to provide advantages in terms of production cost by
simplifying the processes subsequent to the fabrication of conventional
solder bump flip chip packages [77, 78].
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Fabrication of wafer-level flip chip package using ACA comprised of
forming a low-priced non-solder bump on an I/O pad of each chip of a wa-
fer, coating the ACA over the wafer, dicing the ACA-coated wafer into in-
dividual chips by use of a wafer dicing machine, and subjecting the indi-
vidual chips to flip chip bonding as shown in Fig. 5.26. The application of
ACA to the bump-formed wafer can be achieved in a spraying, a doctor
blade, or a meniscus coating process using ACP solution, and lamination
of ACF. The film was laminated on the wafer in a thickness of 20—50 um.
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[
|
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\
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o (@)
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Fig. 5.26. (a) Schematic views showing a wafer with non-solder bump formation
and cross-section view along the line A—A’, (b) schematic views showing a wafer
after ACA deposition on bump-formed wafer and its cross-section as view, and (c)
schematic views showing a dicing process and cross section of diced chip with
ACA deposition [77]
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In wafer dicing process, the wafer with pre-applied ACA is mounted on a
wafer dicing machine to confirm the scribe line of the wafer, after which
the wafer is diced into individual chips. In this regard, ACA is required to
be transparent and have such high adhesion as not to exhibit delamination
during the process. After removing the protective layer from the diced
chips, it is heat pressed against a circuit board so that the individual chips
are electrically connected via the conductive particles of ACA onto the
substrate pads. Wafer-level flip chip package using ACA is economically
favorable owing to its simplicity and environmental friendly process.
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Chapter 6
Non-conductive Adhesives/Films (NCA/NCF)

6.1 Introduction

Electrically conductive adhesive joints can be formed using unfilled or-
ganic adhesives, i.e., without any conductive filler particles. The electrical
connection of non-conductive adhesives/films (NCA/NCF) is achieved by
sealing the two contact partners under pressure and heat. Thus, the small
gap contact is created, approaching the two surfaces to the distance of the
surface asperities. The formation of contact spots depends on the surface
roughness of the contact partners [1-5]. Approaching the two surfaces en-
ables a small number of contact spots to form which allows the electric
current to flow. When the parts are pressed together during the sealing
process, the number and area of the single contact spots are increased ac-
cording to the macroscopic elasticity or flexibility of the parts and the mi-
crohardness and plasticity of the surfaces, respectively.

Recently, non-conductive adhesives/films (NCAs/NCFs) are considered as
a low-cost option for flip-chip assemblies. Conductive joints with non-
conductive adhesives provide a number of advantages compared to other
adhesive bonding techniques. NCA joints avoid short circuiting and are not
limited, in terms of particle size or percolation phenomena, to a reduction
of connector pitches. Further advantages include cost-effectiveness, ease
of processing regarding the possibility of non-structured adhesive applica-
tion, good compatibility with a wide range of contact materials, and low
temperature cure. In fact, the pitch size of the NCA joint can be limited
only by the pitch pattern of the bond pad, rather than the adhesive materi-
als. Contacts between the nanoscale rough structures of the bottom and top
surfaces lead to the electrical conduction between the two pads. NCA flip-
chip interconnection provides a solution for the ultra-fine pitch intercon-
nection and has recently found its application in the manufacturing of
LCDs, LED array modules, smart cards, etc. NCA/NCF requires no con-
ductive fillers, but needs a relatively high bonding pressure between the 1C
chip and the substrate coupled with heat. During bonding, the heat and
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pressure are applied and the direct physical contacts between the two sur-
faces of the IC bump and the substrate bond pad can be achieved. The
electrical contact resistance of an NCA/NCF joint is controlled by the
processing pressure, surface roughness, and NCA/NCF material properties.
The NCA has showed higher current-carrying capability than the ACA
joints. Figure 6.1 shows the schematic illustration of flip-chip CSP using
NCF as first-level interconnection and its cross-section view of Au stud
bump joint.

Au-Stud Bump UnderfilledNCF
on the Aluminum Pad {Non-conductive Film)

Fig. 6.1. Schematic illustration of flip-chip CSP using NCF and cross-section of
NCF interconnection.

In spite of the advantages of NCF joints, there are still some challenging
properties of NCF. Since the electrical conductivity of NCF is achieved
through physical/mechanical contact and no metallurgical joints are
formed, it has limited electrical conductance and current-carrying capabil-
ity as well as restricted reliability performance under high-temperature/
humidity environment or thermal cycling. Low contact resistance, high
current-carrying capability, and high reliability of NCF joints are de-
manding properties for lead-free solder alternatives and high current
density application.
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6.2 Electrical Properties of NCA/NCF Joints

6.2.1 Contact Resistance of NCA/NCF Joints

To ensure low contact resistance and high current density, interface be-
tween electrodes plays important role. The interfaces between electrodes
for NCF joints must be defect free and occupy the stable contact area even
under high electrical current and harsh environments. This interface con-
trol in NCF joints contributes to performance and reliability of their joints
in electronic packaging. In most NCF joints, electrical conductance be-
tween contacts is dependent on the constriction resistance and tunneling
resistance due to the presence of ultra-thin insulating film between con-
tacts. The control of the tunneling resistance is important in reducing the
contact resistance for NCF joints [6—8]. In order to understand the contact
resistance of NCA/NCF joints, our group at Georgia Tech conducted the
study combining the theoretical calculation and experimental characteriza-
tion [9]. A model was established to calculate the contact resistance of
NCA joints. Tunnel resistance is identified as the major contributor to the
overall contact resistance, and the electron-injection barrier has been con-
sidered important in controlling the tunnel resistivity. The conclusion from
this study provides guidance for future work on improving electrical per-
formance and reliability of NCF joints.

Experimental investigation of Williamson et al. established that many of
the manufacturing processes produce surfaces with an isotopic Gaussian
distribution of heights of the surface asperities [10]. In most analyses of
the microcontact involving two rough Gaussian surfaces, the analysis can
be simplified by considering the contact between a single surface (with ef-
fective surface roughness characteristics) and a perfectly flat surface.

In order to obtain the electrical resistance of an NCA/NCF joint, the resis-
tance of a physical contact needs to be determined. For a microcontact, the
contact resistance is composed of constriction and tunnel resistance [6].
Constriction resistance occurs as the electrical current must squeeze
through the asperities to cross the interface. Tunnel resistance is due to the
intermediate layer between the metal surfaces. The total resistance of a
physical contact can be written as Equation 6.1:

R=R +R =(p /da+p,/4a)+ ¢/ na’ (6.1)

where R. is the constriction resistance, R, is the tunnel resistance, p; and p,
are the bulk electrical resistivity of the two contacting bodies, a is the ra-
dius of contact area, and ¢ is the tunnel resistivity of the interface.
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Tunnel resistance is due to the intermediate layer between the metal sur-
faces. The intermediate layer may consist of a thin film of NCA/NCF ma-
terial. Tunnel resistivity is a function of the film thickness s, the work
function @ for electron emission from metal into film (electron-injection
barrier), and the relative permittivity ¢, of the material of the film. It can be
expressed as Equation 6.2

2
£=0.5x1012 L XPUB)

10
where A =732(s-7.2/0), B=0.1265 |)—— with o'in eV and s in A.
SE,

Based on Equation 6.1, the electrical resistance of an NCA/NCF joint can
be written as Equation 6.3 by assuming all physical contacts have average
contact area.

R

Q-cm’) (6.2)

om =RIn, =[(p,/4a+p,/4a)+ &/ m’]/n, (6.3)
where 7, is the number of physical contacts of an NCA/NCF joint, which
can be calculated from surface roughness, material hardness, and applied
external pressure. Therefore, the contact resistance of a NCA/NCEF joint is
dependent on surface morphology, processing pressure, and material prop-
erties.

From some experimental characterizations, we found that constriction re-
sistance only composed a negligible amount of an NCA/NCF joint resis-
tance, while tunnel resistance is the main source for the joint resistance. In
order to increase the performance of NCA/NCF material, one needs to de-
crease the tunnel resistivity (&). Tunnel resistivity is dependent on the film
thickness, electron-injection barrier, and dielectric constant of the interme-
diate layer material. The thickness of the film is dependent on the applied
processing pressure and it cannot be increased further due to process re-
quirement. The parameters one can control are electron-injection barrier
and dielectric constant.
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Figure 6.2 shows the effect of film dielectric constant on tunnel resistivity
at different film thickness. The electron-injection barrier is 2.7 eV. As one
can tell tunnel resistivity remains almost unchanged when the dielectric
constant is changed from 2.5 to 5.

2 3 4 5
1E-07 ' ' :
1.E-08

28 1.E09

23

E s LE-10

Q

£ E

£ 2 LE-11 - s=4.3 Angstrom
LE.12 $=5.3 Angstrom
- $=6.3 Angstrom
1.E-13

Dielectric constant

Fig. 6.2. Effect of dielectric constant on tunnel resistivity (electron-injection bar-
rier =2.7 eV) [9]

However, the effect of electron-injection barrier is much more significant.
As one can see from Fig. 6.3, the tunnel resistivity decreased with the de-
creasing of electron-injection barrier. For all film thickness, the tunnel re-
sistivity was reduced by two magnitudes when the electron-injection bar-
rier was changed from 1.5 to 3.5 eV. Therefore, there is not much one can
do in order to improve the electrical performance by modifying the dielec-
tric property of resin system. More research should be focused on the re-
duction of tunnel resistivity by decreasing the electron-injection barrier.
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Fig. 6.3. Effect of electron-injection barrier on tunnel resistivity (dielectric con-
stant = 3.5) [9]

Various flip-chip configurations arising from different bump types and ad-
hesives are possible and have been reported in literatures [11-14]. Selec-
tion of flip-chip joint configuration and adhesives materials is also impor-
tant to meet desired performance criteria. Min et al. [15] evaluated the
effects of some different combinations of commonly available bump types,
adhesives, and substrate finishing on the joint resistance and ACF and
NCF joints. Their results showed that direct contact of bumps to substrate
pads was the preferred flip-chip joint configuration for stable contact resis-
tance readings after assembly. To achieve this, the compatibility of the
bump and adhesive types was important. Their reliability results showed a
strong dependence on the adhesive types. Adhesive pastes (NCP and ACP)
demonstrated better reliability results compared to film (ACF/NCF). They
also reported that stable contact resistances could be attained in the ab-
sence of conductive particles in the polymer matrix. ENIG with the inert
Au plating was still the preferred pad finishing for direct contact with Au
bumps. With OSP pad finishing, degradation of resistance readings was
observed after assembly and reliability stress testing.
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6.3 Reliability of NCA/NCF Joints

As the most recent emerged conductive adhesives technology, fully under-
standing of the performance, in particular, the reliability and failure mode
of NCA/NCF joints are needed. Finite element method (FEM) was applied
by researchers to investigate the shear stress distribution induced by coef-
ficient of thermal expansion (CTE) mismatch. Caers et al. [4] investigated
the moisture-induced failure mechanisms on flip chip on flex interconnect
with NCA using FEM simulations and materials characterizations. Their
study showed that flip chip on flex interconnections with NCA was quite
stable under steady-state humid conditions, but the interconnections are
probably more sensitive to sudden changes of temperature or humidity en-
vironments than steady-state conditions.

Teh et al. evaluated the reliability performance of NCA flip chips in vari-
ous environmental tests [16]. They characterized the hygro-thermo-
mechanical and stress relaxation properties to identify the impact of mate-
rial properties on reliability. They also performed finite element analysis to
understand the results. Their studies revealed that the robustness of NCA
flip-chip assembly was primarily limited by the NCA’s sensitivity to mois-
ture. The characterizations indicated that the primary modes of failure in
NCA assembly for moisture sensitivity test (MST) and pressure cooking
test (PCT) were interfacial delamination and bump/pad opening. Delami-
nation appeared to initiate in the middle of the package, spreading outward
to the die edge. It was postulated that PCT failures were induced mainly by
the hygroscopic swelling stress, whereas MST failures were induced by
hygroscopic swelling mismatch superimposed with thermal mismatch
stresses, followed by vapor pressure at reflow temperature. In both cases,
the delamination was aided by the weakening of interfacial strength due to
the presence of moisture and high temperature. These factors affect the
degradation of the compressive force that maintains the mechanical contact
in NCA flip-chip structure. The common failure modes include interfacial
delamination, bump/pad opening as well as cracking.

As illustrated in Fig. 6.4, the in-plane hygroscopic swelling of the substrate
and the adhesive could cause bowing of the package that induces tension
in the center of the package as well as compression at the edge of the
package.
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Fig. 6.4. Hygroscopic swelling induces bowing and delamination in PCT

Chung et al. [17] investigated the effects of the functional groups of NCFs
on materials properties and thermal cycling reliability of NCFs-bonded
FCOB assemblies. They found that NCFs with multi-functional epoxies
showed improved thermo-mechanical properties such as lower CTE,
higher modulus at high temperate region, and higher Tg. These effects
were considered to be caused by increasing chain cross-linking due to the
increase of functionality. Their results indicated that the enhanced thermo-
mechanical properties improved the thermal cycling reliability and could
reduce the shear deformation between bumps and pads in the high-
temperature region. They concluded that adequate materials design guide-
line should be provided for highly reliable NCFs.

Kim et al. [18-21] examined the effect of bonding force on the electrical
conductivity of ACAs and NCAs to obtain the optimum bonding force for
a reliable flip chip on a flexible substrate. Figure 6.5 shows the connection
resistance versus bonding force relationship for both ACF and NCF in
their study. Increasing the bonding force reduced the connection resistance
in both cases of ACF and NCF. However, quantitative values of connec-
tion resistance differed between ACF and NCF showed that the contact re-
sistances of the ACF joints were more than an order of magnitude larger
than those of the NCF joints.
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Fig. 6.5. Variations of connection resistance with bonding force: (a) ACF joints
and (b) NCF joints [19]

Kim et al. also compared the reliability of ACF and NCF under different
conditions such as reflow process [19], thermal shocking [21], and tem-
perature—humidity testing (THT) [20]. For all the above conditions, they
observed two kinds of conduction behaviors: increased connection resis-
tance and Ohmic behavior termination. The increased connection resis-
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tance was considered to be due to the decreased contact area caused by di-
rectional swelling of the adhesives, while the Ohmic behavior termination
was considered to be due to either contact opening in the NCF joints or in-
terface cracking.

6.4 Recent Advances of NCA/NCF

6.4.1 Low-Temperature Assembly of NCF

To form the electrical junctions with NCF, temperature and pressure need to
be applied simultaneously to ensure the polymer curing and mechanical
bonding. Bonding temperature, time, and pressure are important conditions
to determine the resistance and reliability of NCF joints. In general, higher
bonding temperature usually induced higher cross-linking density of
NCA/NCF, and therefore could improve the physical properties such as
glass transition temperature (Tg), adhesion strength, impact performance,
etc. However, when some low-cost substrates are used for a total cost con-
trol purpose, the base materials of the substrates may not be able to tolerate
the typical bonding temperature of NCF. For example, when a PET-based
substrate is used in smart card fabrication, it is recommended that the ap-
plied temperature during the assembly process be kept under 160°C to pre-
vent any warpage or even damage of the substrate. Ma et al. [22] evaluated
the NCF bonding under the precondition of a reduced processing tempera-
ture in order to minimize thermally induced damage to the low-cost flexible
substrates. In their study, the assembly process was modified and investi-
gated with an emphasis on the effect of the bonding force on the electrical
performance and the reliability of the NCA joints. For the modified assem-
bly process, the NCF was first laminated onto the substrate after warming up
at room temperature for 1 h and prebonded at 90°C for 10 s at a bonding
pressure of 30 kPa. The cover layer on the NCA was then carefully peeled
off and bonding was performed between 140°C and 180°C for 10 s instead of
the regular assembly temperature of 220 °C. Finally, all the bonded assem-
blies were inserted into a high-temperature chamber to post-cure at 140°C
for 2 min to obtain sufficient thermal energy to get adequately cured. They
found that the lower the temperature, the larger the bonding force required to
achieve good electrical performance in terms of small joint resistance. How-
ever, when a higher bonding pressure was applied, there was a higher risk of
interfacial delamination failure. Therefore, a reduced processing temperature
and a moderately increased bonding force need to be optimized to enable
good electrical conductivity for low cost flexible substrates.
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6.4.2 Improvement of Electrical Properties of NCA/NCF Joints
with 7~Conjugated Molecular Wires

Self-assembled monolayer (SAM) has been extensively studied in the last
decade, and recent discoveries on the capability of SAM to functionalize
the materials and tune their physical and chemical properties have attracted
more interests in the research area. In particular, conjugated molecules
have smaller band gaps between the highest occupied molecular orbital
(HOMO) also called valence band and the lowest unoccupied molecular
orbital (LUMO) also called conduction band and possess delocalized con-
jugated m-lectrons that can contribute to conduction. In semiconductors,
self-assembled molecular wires have seen importance in tuning the metal
work function (®) and electrical conduction of metal-molecule contact
[23-30]. In Chapter 5, we have reviewed the application of self-assembled
monolayer on the electrical and thermal performance and ACA/ACF.
SAM molecules with specific functional groups and structures could sig-
nificantly reduce the electrical resistance of ACA joints and improve the
interface properties. In NCF joints, improved interface properties were also
discovered by using appropriate m-conjugated molecular wires from both
theoretical calculation and experimental validation [9, 31].

As discussed in this chapter, contact resistance of NCF joints is mainly
dominated by the tunnel resistivity (§), which is dependent on the film
thickness, electron-injection barrier, and dielectric constant of the interme-
diate layer material. Experimental measurements and computational calcu-
lations by different authors [23, 28, 29, 32-34] have demonstrated that the
metal work function (i.e., Au in this case) can be tuned by using polar
molecules that can self-assemble on the metal and changing the electronic
surface dipole. Therefore, incorporation of m-conjugated molecular wires
could reduce the tunnel resistance and consequently the overall contact re-
sistance of NCF joints.

Our group recently introduced some thiol (—SH)-terminated conjugated
molecular wires into the NCF joints [31]. It was shown that thiol (—SH)-
terminated molecular wires could be well assembled on the Au electrodes
and improve the interfacial properties of the NCF joints. Molecular wires
with more aromatic rings in the structure (such as biphenyldithiol (BPD))
exhibits higher thermal stability after curing condition (150°C) than those
with single aromatic ring (such as 1,4-benezenedithiol (BDT)). The cur-
rent—voltage (I-V) relationship and correspondingly current—resistance (I-
R) relationship of NCF joints with m-conjugated thiol molecules are com-
pared in Fig. 6.6. The untreated NCF joints showed a contact resistance of
0.15 x10” Q and current-carrying capability (maximum current below
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which the [-V relationship remains linear) of 2.7 A. After incorporating
conjugated molecular wires, the joint resistance of NCF could be reduced
to 0.1 x107 Q and 0.05 x10~° Q with BDT and BPD, respectively. In addi-
tion, the current-carrying capability of BDT- and BPD-incorporated NCF
was also increased to 2.9 and 3.1 A, respectively. The significantly im-
proved electrical properties of NCF could be attributed to the enhanced in-
terface properties with molecular wires and the conjugated molecular wires
assisted the electrons tunneling and current flow between the joints.
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Fig. 6.6. Electrical properties of NCF joints with molecular wires. (a) I-V rela-
tionship of NCF joints and (b) corresponding I-R relationship of NCF joints [31]
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6.4.3 NCA/NCF with Fillers

NCA/NCEF usually does not contain any conductive fillers in the formula-
tion. Instead, a much higher bonding pressure than ACF is needed to
achieve a reliable interconnect joints. In addition, due to the high CTE of
unfilled NCF materials, there have been problems on the flip-chip failure
under thermal cycling due to the CTE mismatch between chip and sub-
strates. In recent years, there has been some research on the incorporation
of low loading of nano-fillers such as silver, gold particles, or non-
conductive fillers such as silica, aluminum nitride, silicon carbide in
NCA/NCF for improving electrical performance and reliability of NCF
joints.

6.4.3.1 Nano-NCA/NCF

To solve the issues (high bonding pressure and lower electrical perform-
ance) of traditional ACF/NCF while maintaining the advantages of ultra-
fine pitch and low cost, we investigated a novel NCF material incorporated
with very low loading of nanoscale conductive fillers (nano-silver parti-
cles) [35]. This novel interconnect film (as illustrated in Fig. 6.7) combines
the electrical conduction along the z-direction (ACF-like) and the ultra-fine
pitch (<100 nm) capability (NCF-like). Unlike typical ACF which requires
1-5 vol% of conductive fillers, the NCF only needs less than 0.1 vol% con-
ductive fillers to achieve good electrical conductance in the z-direction.

(GWL @, Nano filler
esreres

NCA NCA process with Nano

ACA particles

Fig. 6.7. Comparisons of ACA, NCA, and nano-NCA

The conductive nanoparticles can be added into the polymer matrix via
two ways. One is the in situ formation of the nanoparticles in the polymer
matrix [36] and the other is the incorporation of pre-made conducting
nanoparticles [35]. These nanoparticles can fill the gap in between the sur-
face bonding, therefore, the nano-NCF could allow a lower bonding pres-
sure than NCF to achieve a much lower joint resistance (over two orders
of magnitude lower than typical ACF joints) and higher current-carrying
capability. As shown in Fig. 6.8, as the bonding pressure increased, the
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contact resistance of ACF/NCF joint generally decreased due to the con-
tact area increment. For adhesives joints, there was a critical (minimum)
pressure below which the contact resistance remained high. The minimum
bonding pressure was reduced from 200 MP for NCF to150 MPa for nano-
NCF.
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Fig. 6.8. Effects of bonding pressure on the joint resistance of NCF and nano-
NCF [35]

When comparing the I-R relationship of NCF, ACF, and nano-NCF (Fig.
6.9), it was shown that the joint resistance of the nano-NCF could be much
lower than that of the conventional ACF with optimized processing condi-
tions. In addition, the current-carrying capability could also be enhanced.
The joint resistance and current-carrying capability shown in this study
were even better than those of the NCF and lead-free solder joints, due to
the lower resistance of Ag fillers compared to the lead-free solders [35].
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NCF, lead-free solder, and nano-NCF [35]

6.4.4 Incorporation of Non-conductive Fillers in NCA/NCF

For the full implementation of flip chip using NCA, it is necessary to pro-
vide good reliability to prove availability of NCA in flip-chip technology.
NCA usually has high CTE values, which introduces problems/failures
under thermal cycling due to the CTE mismatch between chip and sub-
strates. In order to reduce thermal and mechanical stress and strain induced
by CTE mismatch while maintaining the ultra-fine-pitch capability of
NCA, Yim et al. [37] introduced electrically non-conductive but thermally
conductive fillers, such as silica in NCA. In addition to provide z-direction
electrical conductivity, the new NCA also function like underfill. In this
chapter, by optimizing the filler content, the materials properties such as
CTE modulus and adhesion could be adjusted, and the formulated NCA
could exhibit good electrical, mechanical, and reliability characteristics.
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6.4.5 Multi-layer ACF/NCF

The principle of ACF bonding is that the electrical connections are established
through conductive particles and the mechanical interconnections are main-
tained by the adhesive. However, the need for higher resolution and larger ca-
pacity displays is driving the need for finer pitch interconnection. As the
bumps of the driver IC grow less and less to an ultra-fine pitch, an electrical
short is sometimes generated between the adjacent bumps due to the electrical
bridging by agglomeration of conductive particles between the bumps. Also,
as the interval between the bumps goes to the ultra-fine pitch, the cross-
sectional area of the bump decreases. Since it is requested that many conduc-
tive particles form mechanical contacts between small bumps of driver IC and
the electrode of the LCD panel, the density of conductive particles in the ani-
sotropic conductive film becomes high, and therefore, the probability of the
electrical short increases.

In order to meet the requirement for fine-pitch interconnect, Hitachi has de-
veloped a double-layer ACF/NCF which consists of an ACF layer and a NCF
layer [38, 39]. Conventional ACF has only one layer of adhesive in which the
conductive particles are dispersed in a random distribution, while conventional
NCF does not contain any conductive fillers but requires a higher bonding
pressure to achieve electrical conductivity. In Hitachi’s double-layer structure,
the conductive particle layer and the adhesive layer are formed separately and
attached together later (as shown in Fig. 6.10). The conductive particle layer is
thin and has a high viscosity thermosetting material. The adhesive layer is
thick and has a low viscosity pure thermosetting resin. The double-layer de-
sign is reported to increase the number of particles on the interconnection elec-
trodes and help in improving the fine-pitch capability.
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Fig. 6.10. Schematics of Hitachi double-layer ACF process
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Jia et al. evaluated a double-layer ACF/NCF for ultra-fine pitch COG ap-
plications [40]. From their study, the double-layer ACF/NCF performed a
better particle capturing capability than the single-layer ACF although it
has a lower particle density (Fig. 6.11). It was also found that the particles
agglomerated between adjacent bumps were less for the resin from the
NCF layer squeezes the particles out of the bump gap during the thermo-
compression bonding, which reduced the short-circuiting failures. In addi-
tion, they also reported that the double-layer ACF/NCF had a more stable
and lower contact resistance than the conventional ACF in both of the en-
vironmental tests under different bump areas.
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Fig. 6.11. Comparison of conductive particles trapped under one bump [40]

Yim et al. [41] present a triple-layer ACF that has functional layers (NCF
layers) on both sides of a conventional ACF layer to improve interface ad-
hesion and control the bonding property during thermocompression bond-
ing and the resulting reliability of the interconnection for COF module as-
sembly. Figure 6.12a and b shows the multi layered ACF with functional
layers on both sides of the ACF layer. In their design, functional layers had
no particles inside the layer and good flow properties during thermo-
compression bonding. The functional layers had a low modulus before
cure to be flowed easily on the fine-pitched surface of the COF substrate.
Figure 6.12c shows the COF bonding process using the multi-layered (tri-
ple-layered structure) ACF in their study.
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In their paper, they also investigated the effect of bonding pressure, time,
and temperature on contact resistance of the triple-layer ACF and corre-
lated its behavior with the number of conductive particles on the bump and
reaction rate of the resin. The reliability tests of the COF assemblies of the
multi-layered ACF compared with the single-layered ACF showed that ad-
hesion and electrical properties of multilayered ACF joints were superior
to those of the single-layered ACF because of improved adhesion charac-
teristics on the two-layer flex substrates.

6.4.6 Wafer-Level NCF

Watfer-level process is becoming widely used in LSI packaging production
due to the advantage of size minimization and process cost reduction. Re-
cently, the concept of wafer-level NCF has been developed [42—45]. In
conventional COG assembly process, ACF is used as a bonding adhesive
between IC chip and glass substrate. In this process ACF narrow tape of 2
mm or less width is pasted and cut to 20 mm long or so on LCD module
substrate one by one. After that driver IC chip is mounted on it one by one
again. Both of them need alignment processes (Fig. 6.13a).

In contrast to the ACF process the WL-NCF process is that where first
NCF is laminated on a whole area of active side of LSI wafer with bumps
(Fig. 6.13b). And then wafer with NCF is cut into chips by dicing. After
that the chips are aligned and bonded on substrates one by one. The WL-
NCF assembly contains only single one by one process compared with the
conventional ACF process which has double of it. The NCF cut with just
the chip size has an effect of minimizing the foot print of IC assembly,
which is good for narrowing the frame of LCD panel. The size of ACF on
a substrate is usually larger than that of a chip for an alignment margin.
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The concept of WL-NCF could help shortening of lead time and minimiza-
tion of bonding area.

LSI-processed wafer

Coventional Method (ACF method) Process time:

about 170 minutes

Dicing (dice LSI) *to 1,000 pieces ACF (adhesive sheet) pasting LSI bonding *to 1,000

20 minutes 50 minutes 100 minuteslm

top view
o = |
‘ %@g ‘ 1 CI’OSlS-
s5s P +sectlon
LSI without adhesive

large smudge

(a)

IC processed wafer WL-NCF lamination Dicing LSl chips

Concept of IC assembly process of WL-NCF

with adhesive (Clessertl

‘ Top view
o o =

” Cross-sectional view

Fig. 6.13. Comparison of ACF bonding (a) and wafer-level NCF bonding (b)
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Chapter 7
Conductive Nano-Inks

7.1 Introduction

7.1.1. An Overview of Conventional Patterning of Electronics

Patterning of electronics to obtain specific designs is conventionally car-
ried out on wafer or substrates by photolithography. This is a process to
transfer images and patterns from a mask to the surface of a wafer or sub-
strate. The steps typically involved in the photolithographic process are
wafer or substrate cleaning, barrier layer formation, photoresist applica-
tion, soft baking, mask alignment, exposure and development, and hard-
baking.
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Fig. 7.1. Conventional silicon processing [1]

The basic process is illustrated in Fig. 7.1. The silicon wafers are first
chemically treated in order to remove particulate matter, organic contami-
nants, and ionic and metallic impurities. Next, a passive silicon oxide bar-
rier layer is grown across the surface of the wafer. A layer of either a posi-
tive or negative photoresist is then applied by spin coating. Soft-baking
plays a very critical role in photo-imaging. In the soft-baking step, most of
the solvent is removed from the photoresist coating. The photoresist layer
is then covered with an appropriate mask and is exposed to a radiation. Af-
ter photo-exposure and post-exposure bake, the resist is developed by a se-
lective solvent to reveal a negative or positive image of the pattern on the
mask (positive: exposed material is removed, negative: unexposed material
is removed). In the final step, the wafer is hard-baked in order to remove
residual solvent from the photoresist and improve adhesion of the photore-
sist to the wafer surface. The resist protects the surface of the wafer and al-
lows selective etching, doping, ion implantation, or metallization. Recent
improvements and technological advances in the field of photolithography
have made it possible to obtain circuitry of near-nanoscale dimensions [1].

Photolithographic patterning requires a large infrastructure. The indus-
try, however, is well established and has benefited from continuing im-
provements in pattern resolution. Photolithography has been used in the



7.1 Introduction 305

production of electronic components, integrated circuits, and devices.
While it is a complex, expensive, and capital-intensive process, given
economies of scale ever lower cost microelectronics have been realized.
Electronic circuits and devices patterned on crystalline silicon are, how-
ever, constrained by limitations of wafer size. Accordingly this process on
silicon does not lend itself to wide format applications like those in which
novel plastic semi-conductive materials can be leveraged [2]. Increased re-
search in the field of printable electronics is being conducted because
lithographic processes must accommodate serious environmental hazards
like acidic and high heavy metal content effluents and use of volatile or-
ganic compounds (VOCs) in photoresist developers [3]. The environ-
mental impact of photolithographic process is significant. The overall
processing and development of photolithographic patterns consumes much
more material than that contained in circuits and devices produced thereby
[4]. The disposal of circuit boards is also a problem. Resin laminate sub-
strates can contain fungicides, fire retardants, and organic compound and
toxic residues from soldering operations. These constituents necessitate re-
cycling operations and disposal [5].

7.1.2 Introduction of Printed Electronics

Printed electronics may employ any of a number of printing technologies
or processes to create electronic circuits, devices, electrical components,
and interconnects. Printed electronics can be used alone or in combination
with conventional microelectronic components such as silicon chips for a
range of different applications. Printing technologies have received in-
creased interest recently because of their ability to pattern a variety of
functional materials. Printing technology also allows use of various types
of substrates including flexible media. Materials such as conductive and
semi-conductive electronically functional polymers can be patterned using
printable technologies. Direct printing of electronic features may create
new markets and new low-cost microelectronic products.

Today, there are a number of low resolution circuits and electronic de-
vices that can be produced by printing. This field is opening up a wide ar-
ray of novel applications that could be commercially and economically
feasible in the future. The key is to make it efficient and affordable. Print-
ing offers unique features including [6]

1) Customization in volume production

* short cycle time from design to manufacturing;
* fast manufacturing runs;

* Reduced logistics costs;
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2) Production advantages

* Ergonomic user interface solutions;
* Environmentally friendly;

3) Applicability in novel products

* Flexible structures;

* Low end integrated electronics.

Printing may be the optimum process for production of many plastic-
based electronic circuits, large-area devices, and flexible electronics. Print-
ing enables the production of disposable, thin, and wearable electronics.
Some of the interesting end applications for printable electronics are iden-
tification, antennas, displays, radio frequency identifications (RFIDs), sen-
sors, batteries, security devices, and quality indicators. Among the unique
characteristics of printable electronics are that it has a low environmental
impact, low cost, and may be the optimal process for production of dispos-
able devices, single use devices, smart packaging, flexible electronics, and
large-area devices [7].

Techniques and processes that have been explored in regard to their util-
ity in printed electronics include inkjet printing, screen printing, flexogra-
phy, lithography, spray printing, stamping, etc. The majority of the work in
this area has involved inkjet [8] and screen printing technologies [9]. The
major high volume printing processes currently in use are offset lithogra-
phy and flexography [3, 5, 10]. Printing of conductive inks to fabricate cir-
cuits [5], LEDs [11], sensors [12], microwave integrated circuits (MIC)
[13], radio frequency circulator components on a wide range of flexible
materials [14], etc., have been reported using offset lithography. Conduc-
tors, resistors, anodes/emitting layers, and organic light-emitting diodes
(OLEDs) [15] have been fabricated using flexography and gravure print-
ing.

Key requirements for printable electronics include need for functional
fluid materials to build logics, a suitable high-speed and large-volume
printing process that makes ease of production and low cost feasible and
adaptation to the process to print electronics. The key benefit of printed
electronics is that it offers the possibility of using electronics in applica-
tions where the cost of silicon would make it impossible or the brittleness
of silicon would make it inadequate.
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7.1.3 Utility of High Volume Printing Processes in Printable
Electronics

Extensive research has been carried out in printable electronics in inkjet
and screen printing technologies. However, screen and inkjet printing are
relatively slow, limiting their productivity and use in high volume manu-
facturing [8]. A number of “soft lithographic” techniques have been used
to make devices like transistors, RFID tags, wearable electronics and other
novel applications [16, 17]. They too are, however, slow and have a lim-
ited production volume. Some of the major advantages of high volume
printing processes are

* high volume, high speed;

* additivity;

* substrate latitude (including flexible substrates);

* large—area printing;

* demonstrated repeatability;

* negligible waste;

* commercial availability of functional materials and infrastructure;
* utility in short run lengths;

* quick changeover/make ready systems.

There are, however, some challenges. The following properties have to
be appropriately optimized for offset lithography and flexography.

* particle sizes distribution in the inks;
* solvent evaporation rate;
* rheological properties;
* substrate surface energy;
* printing speed.
The major high volume printing processes are offset lithography and

flexography. These two important printing processes are discussed briefly
below along with the ink considerations for such processes.

7.1.3.1 Offset Lithography

Offset lithography is a process that relies on two dissimilar wetting charac-
teristics to produce an image. It may use photographic processes to make
negatives. A schematic of the process can be seen in Fig. 7.2.

The lithography plate is a flexible aluminum or plastic printing plate.
Modern printing plates have a brushed or roughened texture and are covered
with a photosensitive emulsion. A photographic negative of the desired
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image is placed in contact with the emulsion and the plate is exposed to
light. After development, the emulsion shows a reverse of the negative im-
age, which is thus a duplicate of the original (positive) image. The plate is
then chemically treated so the positive image is receptive to printing inks.
The plate is affixed to a drum on a printing press. Rollers apply water (in
form of the fountain solution), which wets the non-image areas of the
plate, and ink, which adheres to the positive image areas. If this image
were directly transferred to a substrate, it would create a positive image,
but this would wet the substrate as well. Instead, the plate rolls against a
drum covered with a rubber blanket, which squeezes away the water and
picks up the ink. The substrate rolls across the blanket drum and the image
is transferred to the substrate. Because the image is first transferred, or off-
set to the rubber drum, this reproduction method is known as offset lithog-
raphy or offset printing.

Trimmed
Sheet

Plate
Cylinder

: Blanket
Water ) Cylinder

Impression
Cylinder

Sheets

Fig. 7.2. Schematic of a Lithographic Printing Process (http://www.bobs.co.uk/
print/Offset.html)

The pros: This process has excellent control of registration and resolu-
tion in printing of circuit patterns. The commercial printing presses can be
used for printing electronics. Conductive lithographic inks are also com-
mercially available. Low ink volume is required for any given pattern.
With the advent of waterless/UV inks, there is a substantial development
potential in lithography. Waterless lithography makes use purely of the dif-
ference of surface energy of the image area and non-image areas for ink
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transfer to image areas. With current printing developments, circuit com-
ponents of up to 25 pum lines/gap have been achieved and thinner
lines/gaps are being aimed for.

The cons: Offset lithography has very high start-up costs. The single
printed ink layers are very thin (~1 um). This makes multiple passes im-
perative especially in obtaining sufficient thickness for conductivity in ink
films. The start-up waste on very short runs is high. The lithographic proc-
ess requires stringent control on the ink rheology. Thus the inks have to be
highly viscous. Therefore, most available commercial inks are resins
loaded with conductive materials like silver/copper particles or flakes or
carbon black. It is difficult to formulate organic inks meeting such re-
quirements [18]. Also ink drying speed and water balance in the printing
process have to be optimized well.

7.1.3.2 Flexography

Flexographic printing process is a rotary relief method of printing. A
schematic of the process can be seen in Fig. 7.3. It uses a printing plate
made of rubber, plastic, or some other flexible material. Recently photo-
polymers are also being used to increase the resolution and lifetime. The
image pattern is raised on the plate like the raised areas on a rubber stamp.
The plate is attached to a plate cylinder so that it can print in a rotary fash-
ion. Ink is applied to a raised image on the plate using an engraved roller
called anilox. The anilox roller has small cells or wells all over its surface,
which transfer a precise volume of ink. Excess ink is wiped off by a doctor
blade before printing. This helps in depositing a controlled amount of the
ink to the substrate. Only the raised part (image part) on the plate receives
the ink and the pattern is transferred to the substrate by the pressure of the
impression cylinder. Non-image areas are below the printing surface and
do not reproduce. The thickness of the film can be adjusted by controlling
the rotating speed and the pressure applied on the substrate.
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Impression cylinder (hard)
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Fig. 7.3. Schematic of a flexographic printing process (H. Kipphan, Handbook of
Print Media)

The pros: Flexography is a relatively easy and reliable process. The ink
film thickness control can be a useful tool in obtaining uniform coverage
over large areas. The fast drying inks used in flexography make it ideal for
printing on materials like plastics and foils. This makes flexography the
predominant method used for printing flexible bags, wrappers, and similar
forms of packaging. The soft rubber plates are also well suited to printing
on thick, compressible surfaces such as cardboard packaging. Inks used in
flexography may be either water based or solvent based. The process uses
only a fraction of ink used in other techniques due to the anilox roll which
meters ink quantities and the ink cures fully within hours. The process is
relatively simple and convenient in that it exhibits excellent handling char-
acteristics pre-press, on-press, and post-press. This process also shows
tremendous room for development in improving results. Recently hard
polymer capped plates or cushioned plates are being used to avoid dot gain
(spread of ink outside the image areas due to squeezing of flexo plate dur-
ing printing) or halo effects.

The cons: The raised image of the plate expands due to printing pres-
sure leading to a gain in the image areas (dot gain). This leads to difficulty
in registration and size monitoring. One of the problems of flexography is
the halo obtained around the actual printed edges. Therefore, only macro
features are practically possible in flexography. Flexography can be used
to print conductive traces, but the resolution obtained is limited.
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7.1.3.3 Inks

The inks for the specialized field of printable electronics have to be spe-
cially designed. Both the intended application and the desired printing
process will govern the composition of the ink. The physical properties of
the wet ink are important in some applications but not in some others, and
similarly the physical properties of the dry ink film are important in some
applications but not all. Identifying the function of a dry ink layer that is
necessary to enable a desired application requires an understanding of the
print process requirements and therefore the wet ink. The rheology and
surface energy of inks determine the viscosity, applicable substrate, dry
ink structure, adhesion, cohesion, and surface properties of the final print.
The correct rheology of the ink depends not only on the intended printing
process but also on the specific printing equipment, ambient conditions,
production speed, and production parameters.

There are a number of factors to be considered when formulating a spe-
cific ink (for both polymeric and metal particles filled inks):

* methods and ingredients for making conductive inks;
 conductive polymers;

* silver and other metal particles;

* factors affecting ink performance;

* factors affecting conductivity.

It is difficult to correlate the rheological data collected under very controlled
conditions with a printing process. The printing speed, scale, geometry, press
setting, substrate, chemical contaminants, etc., make it difficult to analyze the
exact working conditions. Shear rates can be significantly higher in printing
processes than in a rheometer. Thus indirect correlation is sometimes neces-
sary to deduce projected behavior when transitioning from lab to press. Prop-
erties of the dry ink are also important to the functionality of a device con-
structed from electronic inks. Tests like adhesion, rub resistance, and solvent
resistance provide an indication of the robustness of the printed materials.
However, due to variability in processes, applications, and substrates, there are
no well-defined standard ranges for such properties [19].

Most commercially available conductive inks are comprised of finely
dispersed conductive particles in a non-conductive resin matrix which bind
the particles. The particles may be metallic copper, silver, or aluminum or
non-metallic, conductive carbon blacks. The volume fraction of the con-
ductive particles is generally maintained above the percolation threshold,
the minimum volume fraction require for inter-particle connectivity.
The inks may be used to produce conductive patterns on flexible and rigid
substrates. The flexo/gravure inks are generally water based and the litho
inks are oil based.
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Conductive inks are compatible with a variety of blankets, plates, and
substrates. These inks have low volatile organic chemical content and are
considered to be environmental friendly. Line resolution of 50 pm is
achievable with the flexo/gravure inks, and 40 um with the litho inks. The
inks have sheet resistance as low as 100 Q/[] (Ohms per square) at a film
thickness of approximately 8 um. For printed resistors, ink formulations
can be tuned to cover a wide range of sheet resistance (100€2/[] - 500€/[1)
at a film thickness of 2 um or less [20]. The conductivity in a given ink
formulation is governed by the printing process, drying method, substrate,
etc. The conductivity measurements are typically analyzed in terms of
sheet resistivity (p,):

p. = {(resistance of a rectangular region of the printed conductor) * (width
of region)}/(length of region)

The length of the conductive region divided by the width implies number
of equal-sided squares being measured. Hence sheet resistivity is reported
in ohms per square (€/[1).

Lithographic inks: These are highly viscous inks (paste inks). The tack
or splitting of the ink between two rolls is an important property to be con-
sidered in multi-impression printing. Lithographic conductive inks must be
designed such that they do not chemically dissolve in image or non-image
areas on the printing plate. A common problem with lithographic inks is
that splitting of ink filaments can lead to uneven texture. Inks should ex-
hibit the phenomenon of “trapping.” In this phenomenon, the first layer
printed onto the substrate shows the ability to become more receptive to
subsequent printed layers.

Flexographic inks: These are relatively low viscosity inks (fluid inks).
Low viscosity is necessary because the ink needs to flow into the cells of
the anilox rolls of the press. The inks must be designed to be readily re-
dispersible over the lifetime of the product. Various dispersing agents and
binders may be used to obtain optimum properties [19].

7.2 Conventional Conductive Inks

Conventional conductive inks are primarily composed of metallic flakes,
usually silver or copper, or carbon flakes that are suspended in a retaining
matrix. A retaining matrix is typically made of polymers, which are known
as polymer thick films (PTFs). The retaining matrix is not inherently con-
ductive although it may be weakly conductive.
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Once the ink is printed, the retaining matrix must be reduced to allow the
ink to be conductive. The ink becomes conductive when the retaining matrix
is removed and the metallic or carbon particles come in contact with each
other. This process of reducing the retaining matrix is known as curing. In
conductive inks, this can be performed through a number of methods (e.g.,
UV, heat curing). Typically, PTF ink formulations have a lower curing tem-
perature of 150°C, which allows for more options for substrate selection and
is particularly useful with flexible polymer films [21]. Flexographic conduc-
tive inks, since they are water based, typically cure through evaporation of
the solvent into the air. Unsaturated polyester, acrylics, epoxy, and thiolene
resins can be used as the matrix for UV curable ink [20].

The difference between carbon- and metallic-based conductive inks is
that carbon inks are generally less conductive than metallic inks and there-
fore provide for a weaker signal and less read range when used in RFID
applications. However, carbon-based inks are more economical to produce
and are less environmentally hazardous than metallic-based inks.

Carbon inks are typically used in electro magnetic interference
(EMI)/RF shielding applications, such as their use in speakers and monitor
screens because of their weak conductivity [21]. Currently, much research
is being done to improve and develop better carbon and organic-based inks
because they are much more environmentally compatible and would re-
quire less regulation and containment in production of printed electronic
products.

Metallic inks are currently used in a wide array of printed electronic ap-
plications such as membrane switches and circuits, RFID tag antennas, smart
package and tamper evidence packaging, and printed battery testers [21].
Applications of conductive metallic inks that are currently in the research
and development stage that will enter production are printed RFID chips,
flexible photovoltaic arrays, and printed batteries, among others [22].

Conductive inks, both metallic and organic, are typically formulated to
provide properties to suit a specific substrate and printing process. Cur-
rently, conductive inks have been developed for use in all forms of print
methods (ink-jet, screen, flexography, gravure, offset litho) with the excep-
tion of toner-based electrostatic printing.

7.2.1 Metallic Ink

Metallic-based inks are commonly used for membrane switches and cir-
cuits and now increasingly for RFID tag antennas. In the case of RFID, the
conductivity of metal particle inks is typically more than sufficient. There-
fore, curing can be done at relatively low temperatures for a few seconds
using a heated press. Other applications include the use of conductive ink
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for connections on smart blister packs, which record when a pill is popped
(because a circuit is broken), and for tamper evidence packs which work
on a similar principle. As another example, tens of millions of printed bat-
tery testers have been sold, based on a conductive ink.

Conductive inks are also being used to fabricate printed antennas for
automotive applications (Fig. 7.4) [23]. Silver particle filled inks were
printed on the thin-film substrate. For dimensional stability reasons, only
pre-shrunk films can be used. For better adhesion the films may be pre-
treated. After printing, the drying parameters must be considered because
an accurate thermal treatment is essential to enhance the conductivity and
adhesion. A very essential part of the research work was to specify the
most appropriate inks. The inks properties such as rheology and printabil-
ity have been tested thoroughly using test patterns. The performance of the
antenna relies very much on the silver content. On the other hand, the sil-
ver content is the factor which has a great influence on the price. Also the
particle geometry is important. Flakes or spheres are typically available.
For the integration purpose the binder system is crucial, too. As well as
having many advantages and attractiveness, the printed antenna must be
competitive against the classical rod antenna. It was shown that inks are
most suitable whose silver content does not exceed a certain limit, and the
printed antennas

* show superior performance;

* are more flexible;

* are adaptable to different geometries;
* are cheaper (in most cases).

Antenna integrated [
in plastic part

Standard rod antenna

Fig. 7.4. Comparison of standard rod antenna and the antenna printed with con-
ductive inks
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Conductive inks have been used widely for forming the antenna RFID
tags. RFID is basically a method of storing and retrieving information
from a tiny silicon chip on a tag attached to an object. There are two gen-
eral categories of RFID tags, passive tags and active tags. The active tags
have a battery to power the tag circuitry. The battery allows for greater
memory capacity in the tag, increases the linear range from which the tag
can be read, and allows the tag to independently announce its presence by
periodically transmitting its ID code. These tags are more expensive, but
have advantages for tracking large, complex items. For example, active
tags are used to identify seal and shipping containers, and the entire con-
tents of the container can be stored in the tag’s memory.

The more common type, however, is the passive tag, so-called because
it has no internal battery power. Passive tags are powered by “free space”
energy drawn from the RF carrier wave transmitted by an RFID interroga-
tor.

In its simplest form, a passive RFID tag is an assembly of two major
components:

1. asmall antenna circuit tuned to the RF carrier frequency and
2. asilicon integrated circuit (IC chip) programmed with unique iden-
tification codes and communication protocols.

RFID system performance hinges, in large part, on tag performance.
And the tag, in turn, relies on a handful of elements that determine its per-
formance—the antenna being an especially critical one. An RFID tag an-
tenna circuit is made of a conductive material-such as copper, aluminum,
or silver—bonded to a substrate material. The substrate can be fiberglass
(down to 1/64" thickness) or a flexible polymer such as PET or Kapton in
sheets or rolls. There are a number of approaches to forming the conduc-
tive antenna image onto the substrate:

e subtractive etching;

e printing with conductive inks;
- screen printing;
- gravure, also called intaglio or dry offset;
- offset (oil-based inks);

e vapor deposition.

The earliest method of antenna fabrication has been subtractive etching
of a metal-plated substrate (e.g., copper-clad FR4 fiberglass). The antenna
design is printed onto a clear film as a positive image (black on clear). The
image can be laser, ink-jet or photographically printed. The film positive is
placed over the copper plating, which has been coated with a photoresist
and exposed to light. The copper-clad board is then processed in photo-
graphic development solution, which removes the resist from the exposed
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areas. The developed board is immersed in an etching bath (e.g., ferric
chloride) until the exposed areas are etched away. Subtractive etching has
matured to the point where it has become a low-tech process requiring in-
expensive off-the-shelf materials and equipment. The process can be done
in anyone’s garage. That is fine for prototype development; however, for
larger production runs, etching creates significant amounts of metal salt
and chemical waste products, incurring increased costs due to regulatory
fees, reclamation charges, and trucking expenses. By comparison, printing
and vapor deposition methods differ primarily in that they are additive
methods, resulting in reduced process steps, waste, and cost.

The simplest additive method is screen printing with conductive ink.
Screen printing is widely available and inexpensive; however, it does have
limitations. Screen printing is not well suited to very large production runs
because it is relatively slow and the screens are not as durable as gravure
or offset. Also, an important consideration in forming an antenna circuit on
a substrate is image resolution or how much fine detail is achievable with a
given printing method. One RFID industry goal is tag miniaturization, be-
cause a smaller tag is less obtrusive when applied to a product, uses less
materials, and more tags can be ganged on a given area of substrate. But as
a tag antenna design gets smaller, proper tuning to the RF carrier wave
frequency demands that the antenna dimensions be reproduced precisely.
A spacing of 230 threads per inch is common for screens, capable of print-
ing a circuit trace of 0.5 mm (127 mil) in width, but that is an order of
magnitude coarser than is achievable with gravure. The trade-off is that,
when using screen printing, a thicker deposit of ink can flow onto the sub-
strate than is possible with gravure, resulting in higher conductivity (lower
resistance) values.

Gravure printing has traditionally been the preferred method for repro-
ducing high-quality photography and art on a mass scale. Gravure printing
with conductive ink is capable of producing resolutions of 50 pm. Gravure
is suited to very large production runs: the engraved plates are durable and
throughput as high as 900 m/min. Conductive inks are typically fine metal
particles of silver or copper suspended in a polymer vehicle. A conductive
ink’s characteristic properties of flow, adhesion, and cohesion are crucial
to resolution of fine detail. In addition to fine detail, however, it is para-
mount that the printed image has the lowest possible resistance to electro-
magnetic energy. Metal particle density determines the conductivity of the
printed antenna—that is, how efficiently the RF energy can be captured and
returned by the RFID tag assembly. The higher the particle density of the
metallization, the better the conductivity. But as the particle density in-
creases so does the ink’s viscosity, resulting in a thicker ink that is difficult
to apply. An ink with a lower viscosity could have the opposite problems:
dimensional instability, poor adherence, and a higher electrical resistance.



7.2 Conventional Conductive Inks 317

To solve that problem, a new ink was developed [24]. Metallic particles
are suspended in an organic carrier that decomposes after printing, leaving
a 99% pure metal coating. It was claimed this organic ink is 3—10 times
more conductive than polymer-based inks (Fig. 7.5).

Fig. 7.5. An optical image of the printed RFID antenna [24]

7.2.2 Conductive Carbon Ink

7.2.2.1 Introduction

Carbon-based inks, which are only weak conductors, have typically been
used for EMI/RF shielding, such as on monitor screens and speakers. Per-
manent cost saving is a must in the printed circuit board industry, like in
all other industries. At the same time, however, the quality standards have
to be maintained. With printed circuit boards (PCBs) that are produced in
medium and large volume, cost saving proves a particular asset. These
PCBs, mainly for consumer electronics, are subject to the greatest price
pressure and cost saving in the production process is one of the decisive
factors for the economy and competitiveness of the end product.

Costs can be saved by replacing expensive raw materials with more
economical ones and by a simplification of the production process. The
employment of carbon-conductive inks in the production of printed circuit
boards combines both the use of economical materials and the simplifica-
tion/rationalization of the production process.

The substitution of gold by carbon-conductive ink on contact points not
only eliminates the necessity of using the extremely expensive raw mate-
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rial “gold” but also the labor-intensive plating process. When double-
sided, plated through hole circuits are replaced by single-sided printed cir-
cuit boards with cross-over carbon conductors, the savings are even more
substantial because besides the cost for the wet processing in the course of
the through-hole plating also the separate treatment of the two printed cir-
cuit board sides can be disregarded. Furthermore, single-sided base mate-
rial can be used instead of the double-sided copper-clad base material.

If carbon-conductive inks are used to print resistors directly onto the
base material the effort involved in assembling the printed circuit boards is
reduced and in the case of multilayers it may even be possible to save on
layers.

7.2.2.2 Theoretical Fundamentals

Carbon-conductive inks consist of one or more paint binding agents
(polymers), solvents, and carbon particles. After application of the ink, the
solvents evaporate and following a curing mechanism, a polymer film re-
mains on the substrate into which the carbon particles are homogeneously
embedded.

The concentration of the conducting particles must be high enough that
a contact of the individual particles enables the flow of current within the
ink system. The concentration in which the resistance drops significantly is
called the percolation threshold.

The maximum concentration of the conducting particles is mainly de-
pendent on their structure and the specific surface. Only so many conduc-
tive solids can be added to the ink as can be homogeneously embedded by
the polymer. This is the only method of achieving a firmly adhesive, non-
porous (dense), and closed coating.

Generally, metal or carbon powders are used as conducting particles.
Compared to carbon powders, metal or precious metal powders yield con-
ductance that is higher mainly due to the higher specific conductivity of
metals and also to the smaller specific surface of metallic powders so that
higher particle loading in the ink is possible.

On the other hand, metal powders have the problems of oxida-
tion/corrosion and migration as in the case of the frequently used silver.
Furthermore, the high material price of metal powders adversely influ-
ences the cost of the ink.

Decomposition of organic matter with the exclusion of air or incomplete
combustion results in carbon in a third amorphous form, either in coarse
masses as coal or in finest dispersion as carbon-black (soot).

The individual character of soots is determined in particular by the spe-
cific surface and the structure. The specific surface of 80-1,200 m?/g de-
cides the percentual amount of soot to be used. The structure is determined
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by the coalescence of the primary particles during the production process
and is one of the decisive factors for the necessary packing density in the
ink coating.

Since soots are produced synthetically, structure and specific surface
can be easily controlled during the production process. From the large va-
riety of different soot types available, the most suitable types for the pro-
duction of conductive inks have to be selected on the strength of structure
and specific surface.

On account of the more amorphous structure, however, an adequate
packing density cannot be obtained with soots alone, and thus graphites
with a more stratified structure are added, however, recent studies have
shown that a few layers (1-10) graphene layers material may have higher
conductivity than the conventional graphites. The combination results in
conductive inks which meet the aforementioned requirements in the cured
ink coating, i.e., direct contact of the conducting particles.

By selecting the suitable polymers, the following properties can be
achieved:

easy processing (1-pack system);

good adhesion to different substrates;

high mechanical and chemical resistance;

nearly no change in resistance after soldering processes and/or after hot-
air leveling;

e favorable curing conditions, i.e., lowest possible curing temperature and
short curing times.

7.2.2.3 Use of Carbon-Conductive Inks

In addition to the printed circuit board technology, carbon-conductive inks
are also employed in other sectors of electronics/electrical engineering. By
means of carbon-conductive inks, static electricity can be discharged from
plastic components and other insulators, such as paint coatings. This appli-
cation is mainly used in the housing industry (television and computer
housings) with the paint being relatively fluid and sheet-sprayed onto the
components.

Carbon-Conductive Inks For Laminate Keyboards

Carbon-conductive inks are used for the production of laminate keyboards.
The entire conductor pattern and the contact areas are printed on plastic
film, such as polyester or polyimide, using carbon-conductive inks.
For this application, either two separate films are used or one film, the two
sections of which are folded together. There is an insulating separator film
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between the two films and the entire laminate keyboard is masked by a
printed cover foil.

The switch contact is affected by finger pressure on previously deter-
mined areas of the film at which the separator film is cut out. The contact
is affected by touching of the upper and lower films and it is interrupted
again as soon as the pressure is relieved. A service life of up to 25,000,000
switching cycles has been established in laboratory tests. This field of ap-
plication is mainly related to keyboards for computers and control units as
well as electronic games.

When selecting suitable carbon-conductive inks for this range of appli-
cation, special attention must be paid to good adhesion to the substrates
used, adequate elasticity as well as high abrasion resistance.

Carbon-Conductive Inks as Contact Materials, Substitution for Gold
Traditionally, nickel/gold plating has been applied over copper tracks used
for keyboard contacts or edge fingers. This provides a conductive, corro-
sion resistant, environmentally stable coating. Replacement of gold plating
by carbon ink offers the following additional advantages [25]:

e Cost — Replacing gold with carbon reduces material costs and replac-
ing the electrolytic bath with a simple screen printing process reduces
process costs.

e Robustness — Tests have shown that a typical carbon ink is hard
enough to withstand >1 million pushbutton operations (keypad) or 100
insertion operations with a 75 g force (edge connector) without show-
ing wear or increased resistance.

e Resistance — The above advantages are gained without a significant
increase in loop resistance of the closed circuit using the graphite pill.

The thin print of carbon ink (typically 15 um has a low resistance, less
than the resistance across the graphite pill. Figure 7.6 is an example of car-
bon ink over a copper keypad.
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Fig. 7.6. Example of carbon ink over a copper keypad

A partial gold plating on printed circuit boards is mainly effected for the
purpose of protecting contact points such as edge connectors, tip contacts,
and sliding contacts from mechanical and chemical attacks in order to
achieve a long service life. In the case of tip contacts, the use of carbon-
conductive ink eliminates the need for gold plating.

This means substantial cost saving because the following operations are
required for a partial gold plating:

covering the areas that are not to be gold plated;

electrodeposition of nickel;

electrodeposition of gold;

stripping of the plating resist (mostly in solvents);

coating the areas that are not gold plated with solder resist for sub-
sequent soldering processes.

With their increasing abrasion resistance carbon-conductive inks con-
quered a further field of application as sliding contacts, for instance for
automotive applications. Within the scope of the necessary cost reduction
expensive gold contacts are also being replaced by printed carbon-
conductive ink sliding contacts in this sector. With optimum process pa-
rameters up to 125,000 contact cycles can be realized.

Carbon-Conductive Inks as Components
Used as components carbon-conductive inks can considerably contribute
to the miniaturization of a PCB.

Carbon-conductive inks can be printed as resistances on outer and inner
layers. Moreover, they can assume the function of a potentiometer or are
conditionally suitable for shielding purposes.
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Further advantages are
* improved layout design;
* single-sided assembly, thus one-time reflow soldering;
* low inductivities on account of short network connections;
* all resistances required are created at the same time.

Carbon-Conductive Inks as Etch Resists

Carbon-conductive ink can also be used as an etch resist. In this process,
the entire conductive pattern including the contact areas are printed on
copper-clad base material using carbon-conductive ink. The uncoated cop-
per is removed and the finished circuit with carbon-conductive ink-
protected conductors and contact areas is available. Besides the careful ad-
justment of the etching baths to the conductive ink used, patent rights have
to be observed with respect to this process.

Manufacturing Heating Elements with Carbon-Conductive Inks

For applications such as heated mirrors in automobile electronics, a layer
of carbon-conductive ink can be printed on the relevant parts which heats
up when exposed to electric current. This is an economical method of heat-
ing wing-mirrors. However, when selecting a suitable carbon-conductive
ink, care must be taken that the resistance does not change with the in-
creasing number of heating phases such that a heating effect is no longer
achieved.

7.3 Conductive Nano-Inks

7.3.1 Metallic Nano-Inks

Recently conductive nano-inks which contain nano-sized metallic particles
have been attracting much attention. Electrically conductive inks are avail-
able on the market with metal particles (gold or silver) < 20 nm suspended
in a solvent at 30-50wt%. After deposition, the solvent is eliminated and
electrical conductivity is enabled by a high metal ratio in the residue. In
addition, some applications also require the silver particles to be sintered
on the substrate at elevated temperatures in order to obtain the required
electrical conductivity [26]. The nano—inks can be applied by inkjet print-
ing to form fine metal lines and features with high electrical conductivity.
The physical properties of nanoparticles are a subject of intense recent
interest [27-30]. As the size of low-dimensional materials decreases to the
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nanometer size range, electronic, magnetic, optic, catalytic, and thermody-
namic properties of the materials are significantly altered from those of ei-
ther the bulk or a single molecule. Especially, metal nanoparticles have
very unique properties which directly relate to their dimensions and to the
fact that a large ratio of the atoms in the particle are in the surface of the
particle. The melting behavior of finite systems have been of considerable
theoretical and experimental interest for many years, and it has been found
that the melting point (7)) of materials can be dramatically lowered by de-
creasing the size of the material when compared to their bulk counterparts.
Their low melting temperature, which results in low sintering tempera-
tures, makes them potentially suitable for use in printed electronics, since
they may potentially be annealed at low temperatures to form conductive
films of low resistance.

Printable electronics manufactured using roll-to-roll processes will offer
the unique opportunities for mass production of large format and inexpen-
sive flexible electronics [31]. Metallic nano-ink is a popular choice for
forming metal conductors for printed electronics because it could be
printed to substrates from solutions and sintered to conductive films at low
temperatures because of the size effect [32]. Particularly, silver nanoparti-
cles (Ag-NPs) are considered to be the most important precursor candidate
for printed conductors for the good balance of cost and performance [33—
35]. On the other hand, gold nanoparticles (Au-NPs) are desirable because
Au has better chemical stability and high work function. Copper nanopar-
ticles are also very attractive because they potentially offer lower cost than
both Ag and Au.

Generally, gold nanoparticles are easily produced in a liquid (“liquid
chemical methods”) by the reduction of chloroauric acid (HAuCl,) with
strong reducing agent such as sodium boron hydride (NaBH), although
more advanced and precise methods exist. As the neutral gold atoms form,
the solution becomes supersaturated, and gold gradually starts to precipi-
tate in the form of nanoparticles. To prevent the particles from further ag-
gregation, stabilizing agents that bind to the nanoparticle surface are essen-
tial. Such agents can be organic ligands to create organic —inorganic
hybrids with advanced functionality [36-46], allowing one to tune their
material properties. Such hybrid materials may have significant applica-
tions in a wide variety of areas, including electronics, and (nano) biotech-
nology.

Nanoparticle science and technology have received an important ad-
vancement by Schmid et al., who formerly synthesized ligand-stabilized
gold nanoparticles [47] opening the right way to Brust et al. [48] to prepare
monolayer-protected gold nanoparticles. The organic monolayers on
the surface of metal nanoparticles prevent aggregation and oxidation [49].
Many organic compounds with reactive head groups, such as thiol, sulphide,
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thiosulfate, xanthate, amine, selenide, and isocyanide, have been utilized to
protect by self-assembly different metal nanoparticles including Au, Ag,
Cu, Pt, Pd, Ni, and bimetallics. The synthesis of metal nanoparticles pro-
tected with various monolayers containing different reactive head and
functional tail groups is of high significance to improve their chemical and
biochemical technological applications. Because of the expected marked
electronic and optical properties of copper nanoparticles, there has been an
increased interest in the preparation of stable monolayer-protected copper
nanoparticles. Alkyl xanthates, alkylamines, tetraalkyl ammonium com-
plexes, and alkanethiol ligands have been utilized to protect copper
nanoparticles. However, a limited progress has been obtained because of
the high instability of copper nanoparticles. Chen and Sommers [50] have
prepared copper nanoparticles protected by alkanethiolate in one-phase
system. Their prepared spherical (1-2 nm in diameter) Cu particle bound
hexanethiolate monolayers underwent oxidation of copper core, morpho-
logical evolution, and irreversible aggregation process. Long-chain al-
kanethiols, which have been found to self-assemble into compact
monolayers (i.e., three-dimensional self-assembled monolayers) on metal-
lic nanoparticles [51-53], can not only induce metallic nanoparticles to be
readily isolated but also reduce their conductivity.

Bhat et al. [54] synthesized and characterized steroid capped noble
metal nanoparticles (silver and gold) by reducing their precursors gold tri-
chloride (AuCl,) and AgNO,. It was demonstrated that bile acid-derived
thiols can cap and stabilize the metal nanoparticles as efficiently as long
alkyl chain thiols. The maximum particle sizes of Ag and Au nanoparticles
are 3 and 5 nm, respectively. These capped nanoparticles could be easily
dispersed in many nonpolar solvents in the presence of an alcohol and their
dispersions are stable for more than a year.

Yang et al. [55] reported a novel chemical process for producing hydro-
phobic nano-copper particles with satisfied anti-oxidation property. Well-
dispersed nano-copper particles with satisfied surface properties were ob-
tained from the water/organic solution. In this process, oleic acid acts as
both a phase transfer agent and a particle protector coordinating their car-
boxyl end groups on the newly generated copper particles surface, and the
hydrophobic carbon tails of the oleic acids are pointed outward from the
surface of particles. In addition, this organic film also plays an important
role for preventing the newly generated copper particles from oxidation.

Foresti et al. [56] synthesized copper 3-(6-mercaptohexyl)thiophene-
protected nanoparticles in a one-phase system utilizing an NaBH /LiCl
mixture in diglyme as the reducing reagent and avoiding water medium in
dissolving copper salts. TEM investigation carried out on the Cu T6SH
nanoparticles immediately after synthesis and after different periods up to
6 months long of storage at low temperature has put in evidence that their
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spherical shape of about 5-6 nm in diameter does not vary appreciably
(Fig. 7.7).
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Fig. 7.7. TEM image (a) of the fresh Cu T6SH nanoparticles synthesized by
NaBH,/LiCl mixture in diglyme as the reducing reagent and (b) the depict of the
nanoparticle size histogram is reported [56]

Kanninen et al. [57] studied the stability and oxidation of copper
nanoparticles stabilized with various ligands. Lauric acid-capped copper
nanoparticles were prepared by a modified Brust—Schiffrin method. Then,
ligand exchange with an excess of different capping agents was performed.
Oxidation and stability were studied by UV-vis, XRD, and TEM. Al-
kanethiols and oleic acid were found to improve air stability. The oxida-
tion resistance of thiol-capped copper nanoparticles was found to increase
with the chain length of the thiol. After oxidation, no traces of the ligand-
exchanged particles were found, suggesting their dissolution due to excess
ligand. Oleic acid protected the particles against oxidation better than the
tested thiols at large excess (ligand-copper ratio 20:1).

Murai et al. [58] explored a different approach to cap copper nanoparti-
cles with organic long chain acids by evaporation of a copper wire in an
oleic acid vapor/mist. The thickness of the coating layer was a few nano-
meters. The median diameter of the powder was 25 nm, and became 10 nm
smaller than that without the coating because of the inhibition of particle
growth by the formation of the coating. From phase identification by
transmission electron microscopy and X-ray diffraction analysis, it was
found that the copper nanoparticles have been passivated and have not
been oxidized in over 2 months.
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Luechinger et al. [59] synthesized metallic copper nanoparticles by a
bottom-up approach, and in situ coated with protective shells of graphene
in order to get a metal nanopowder of high air stability and chemical inert-
ness. Using an amphiphilic surfactant, a water-based copper nanocolloid
could be prepared and successfully printed onto a polymer substrate by
conventional inkjet printing using household printers. The dried printed
patterns exhibited strong metallic gloss and an electrical conductivity of >1
S/cm without the need for a sintering or densification step. This conductiv-
ity currently limits use in electronics to low current application or shield-
ing and decorative effects. The high stability of graphene-coated copper
nanoparticles makes them economically a most attractive alternative to sil-
ver or gold nanocolloids and will strongly facilitate the industrial use of
metal nanocolloids in consumer goods.

Woo et al. [60] developed a Cu/Ag-based mixed metal conductive ink
from which highly conductive tracks were formed on a flexible substrate
after annealing at low temperature. Addition of small Ag particles signifi-
cantly improves the particle packing density by filling the interstices
formed between the larger Cu particles, which in turn improved electrical
conductivity compared to pure Cu metal film. The particle size and volume
ratio of the Ag particles added need to be carefully controlled to achieve
maximum packing density in the bimodal particle system. In addition, the
authors demonstrated direct writing of complex patterns that exhibit high
conductivity by inkjet printing followed by annealing at sufficiently low
temperature (175—210°C) to not damage the transparent plastic substrate
such as polyethersulfone (PES).

7.3.2 Conducting Polymer-Based Inks

Intrinsically conducting polymers have also been utilized to formulate con-
ductive inks [61]. Nelson et al. [62] used poly3,4-ethylenedioxythiophene
doped with poly(styrene sulfonate) (PEDOT:PSS), a commercially avail-
able conductive polymer, to fabricate electrodes for disposable sensors.
The authors successfully printed the electrodes using an ink-jet printer that
utilizes piezoelectric nozzles to dispense the polymer. Printing on silicon
wafer and photographic paper yielded good quality electrodes. To achieve
a lower resistance for electrodes that will be used in devices, the following
method was used: one layer of PEDOT: PSS was printed, and then a sec-
ond layer was printed on top of the first one. The resistance of the two-
layered electrode was around 30 kQ compared to 80 kQ for one layer of
the conducting polymer.

Montbach et al. [63] reported the first flexible cholesteric display made
with ink-jet-printed conducting polymers ink as top and bottom electrodes
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on thin plastic substrates. Inkjet-printed conductive polymer (CP) elec-
trodes provide ease of patterning as well as enable highly flexible displays.
The main components of the CP mixture are polyethylenedioxy thiophene
(PEDOT)/PSS (poly (3,4) -ethylenedioxythiophene/polystyrenesulfore
acid). The initial CP mixture was modified to better control the rate of
evaporation of the solutions, allowing for more uniform and flat elec-
trodes, along with less clogging of the nozzles after the printer sat idle for
any extended period of time resulting in longer print head lifetimes. The
display characteristics with CP electrodes are very similar to a display
made with ITO electrodes, demonstrating the compatibility of inkjet
printed CP as a viable transparent electrode for flexible cholesteric dis-
plays. It was demonstrated that inkjetting of PEDOT/PSS materials is a vi-
able approach to making highly flexible cholesteric displays of high
brightness and contrast on very thin plastic substrates. Conductive polymer
is a very attractive alternative electrode material for flexible displays and
works better then expected; however, the current relationship between
transmission and sheet resistance results in slightly altered display per-
formance parameters.

Conducting polymer inks have also been used for fabricating active
electroluminescent devices. Bharathan et al. [64] successfully demon-
strated using ink-jet printing an aqueous solution of polyethylenedioxy
thiophene (PEDOT) to form a light-emitting logo.

Anupama Karwa et al. [65] developed a different type of conducting
polymer inks. PANI nanofibers (shown in Fig. 7.8) obtained by interfacial
polymerization method were used in various formulations to obtain flexo
water-based and solvent-based printable inks. Interfacial polymerization of
aniline is a practical synthetic method capable of making pure, uniform,
and template-free PANI nanostructures with small diameters (sub-100 nm)
in bulk quantities. The method does not necessitate a need for any special
dopant or solvent. The nanofibers produced by this method have been re-
ported to have nearly uniform diameters between 30 and 50 nm with
lengths varying from 500 nm to several micrometers [66, 67]. An all-
printed chemical vapor sensor was successfully fabricated by printing a
PANI layer on silver interdigitated electrodes using flexographic printing.
The ink showed better adhesion on coated paper substrate than on flexible
plastic substrates.
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Fig. 7.8. PANI nanofibers obtained by interfacial polymerization method

7.3.3 Organometallic Ink

Organometallic inks are also called metal organic decomposition (MOD) inks.
The dry organometallic compounds, such as silver (hexafluoroacetylaceto-
nate), 1,5-cyclooctadiene, or Cu,(CH,COO),, are dissolved in an organic sol-
vent such as toluene, ethanol, or butanol. The ink is delivered by spraying or is
ink-jet printed on a heated substrate in the desired pattern. A metallic film
forms upon solvent evaporation and decomposition of the printed precursor at
elevated temperature (~300° C) (Fig. 7.9). Gaseous by-products of decomposi-
tion leave the system, providing contamination-free metal films.

Organometallic

solution (ink) \

‘ Preheated substrate

Solvent
evaporation

Decomposition
Fure metal film

Fig. 7.9. Schematic showing the process of forming a metal film from an or-
ganometallic ink



7.3 Conductive Nano-Inks 329

7.3.3.1 Chemical Vapor Deposition (CVD)

Copper films have been deposited by low pressure chemical vapor deposi-
tion from mixtures of the Cu"' precursor copper hexafluoroacetylacetonate
vinyltrimethylsilane and water vapor [68]. The addition of water vapor at
the optimum concentration more than doubles the deposition rate and sub-
stantially reduces the nucleation time without adversely affecting the cop-
per film resistivity, but excess amounts of water vapor significantly in-
crease the copper resistivity. Auger electron spectroscopy analysis detected
no impurities in copper films deposited under optimum water conditions,
but detected oxygen in films deposited under excess water conditions, sug-
gesting copper oxide formation.

7.3.3.2 Excimer Laser-Induced CVD Deposition

Izquierdo et al. [69] demonstrated to deposit high purity metallic copper on
TiN and fluoropolymer substrates using excimer laser-induced CVD and
copper(hexafluoroacetylacetonate)(trimethylvinylsilane(Cu(hfac)(TMVS))
as the precursor and H, as carrier gas.

To increase the silver loading of the ink and obtain higher deposition
rates, silver or other metal nanoparticles may be added to the ink along
with the organometallic precursor. In this configuration, silver particles
comprise the main conducting volume of the resultant coating, while the
organometallic constituent acts as a glue for the silver particles, providing
enhanced electrical and mechanical bonding of the metal particles with the
substrate and between themselves. Fine, deagglomerated nanoparticulate
metal powders must be used in this ink so as to avoid clogging the 10-50
um orifice of the ink-jet. In addition, active constituents, such as adhesion
promoters, surface activators, precursors of n-type dopants for selective
emitters, or possibly nanosized glass frits, may be added to the ink to
achieve the required electronic and mechanical properties of the contact.
Curtis et al. [70] demonstrated direct-write technologies offer the potential
for low-cost materials efficient deposition of contact metallizations for
photovoltaics. The author reported on the ink-jet printing of metal organic
decomposition (MOD) inks with and without nanoparticle additions. The
substrate was preheated to an elevated temperature such as 100°C so that
the solvent evaporated right away after the ink deposition to prevent the
ink from spreading on the substrate surface. A high-temperature (300°C)
annealing was conducted to decompose the organometallic compound into
Ag. Near-bulk conductivity of printed and sprayed metal films has been
achieved for Ag and Ag nanocomposites. Good adhesion and ohmic con-
tacts with a measured contact resistance of 400 uQecm’ have been ob-
served between the sprayed silver films and a heavily doped n-type layer
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of Si. Ink-jet-printed films show adhesion differences as a function of the
process temperature and solvent (Fig. 7.10). Silver lines with good adhe-
sion and conductivity have been printed on glass with 100 um resolution.

Fig. 7.10. Single line pattern printed on glass with a ink-jet printer using
Ag(hfa)(COD)-based ink. The width of the line is 200 wm

Majumder et al. [71] used a capillary bridge printing technique to de-
posit copper interconnects using homogeneous solutions of a Cu(Il) pre-
cursor in a series of low boiling primary alcohols. The rheological proper-
ties of the solutions have been measured first to determine their
printability. The as-printed lines with subsequent annealing at relatively
low temperatures (~200°C), in order to evaporate the volatile solvents and
facilitate dissociation of the precursor deposit, produced conducting inter-
connects. The precursor has been demonstrated to be self-reducing and re-
quires no reducing environment (e.g., H,) thus making the interconnect
formation easier. Moreover, successful decomposition of the precursor into
metallic Cu at such low temperatures holds promise for applications in-
volving flexible polymer substrates.

Wehner et al. [72] demonstrated organometallic precursors containing
gold or copper are dissolved in a variety of solvents and spilled onto the
substrate. Dimethylenglycoldimethylether, DME, exhibited best properties
with respect to a high solubility of the precursor and slow evaporation of
the solvent. With second harmonic Nd:YAG or argon ion laser radiation of
150 mW power metal lines were written on polyimide from organo-gold
() and copper compounds with a writing speed of 0.6 mm/s.

7.3.3.3 Photo Silver Patterning Without Photoresist

Without use of photoresist, highly efficient method for silver patterning
is developed by using photosensitive organo-silver precursors, which are
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prepared by a reaction of silver(I) salts and excess of amines [73]. The or-
gano-silver precursors produce the metallic silver patterns via the photode-
composition of precursor molecules under controlled conditions. Broad-
band UV irradiation through a photo-mask on the precursor thin film
produces a partially reduced and insoluble silver species in a short time.
After development, the irradiated areas were treated with a reducing agent
to obtain pure metallic patterns. Subsequently, annealing step was fol-
lowed at 100-350°C to increase the adhesion of interface and cohesion of
silver particles. Figure 7.11 shows the schematic of the patterning process.
The line resolution of 5 um was obtained by the present silver precursors.
(Fig. 7.12). Film thickness was also controllable from 50 to 250 nm by
repetition of the above procedure. The average electrical conductivity was
in the range of 3—43 Qecm, measured by four-point probe technique. AES
depth profile of the silver pattern thus obtained showed carbon and oxygen
contents are less than 1% through the whole range. Even though sulfur
contaminant exists on the surface, it was believed that nearly pure silver
pattern was generated. It is believed that the silver patterning technique us-
ing the organo-silver precursors is cost-effective and simple to make me-
tallic line patterns, compared to the conventional photolithography meth-
ods.
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Fig. 7.11. Schematic diagram for spin-on process
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(a) 5 pm pattern (b) 8 um pattern (c) 10 pm pattern

Fig. 7.12. SEM of photolithographic pattern of silver on a glass substrate using a
Ag precursor

7.3.3.4 Effect of Organometallic Compounds on Silver Inks

Lu et al. [74] studied the effects of metalloorganic decomposition (MOD)
compounds to properties of low-temperature-curing conventional silver
paste inks which were prepared from silver flake, o-terpineol. Results in-
dicated that 2-ethylhexanoate possesses the lowest decomposition tempera-
ture (190.3°C) among the MOD agents studied, and it forms silver parti-
cles to promote the linking of silver flake powders and thus reduces the
resistivity to <13 u -cm at a temperature as low as 200°C.

Lu et al. [75] also attempted to modify the curing conditions of MOD
silver pastes through the substitutions of silver flakes with silver(I) oxide
(Ag,0) and silver(Il) oxide (AgO). Differential thermal analysis (DTA),
derivative thermogravimetric analysis (DTG), and X-ray diffraction
(XRD) results indicated that the presence of residual silver oxide, which
effectively catalyzes the evaporation of a-terpineol and the decomposition
of silver 2-ethylhexanoate, decreases the curing temperature and shortens
the soaking time. The reduced silver and the remaining Ag O enhance the
connectivity and packing density of the silver flakes, and thus increase the
electrical conductivity of the films. For films prepared from pastes with
20wt% Ag,0 or AgO, resistivities of 14 x 10 and 19 x 10°Q-cm, respec-
tively, were successfully achieved after being cured at 200°C for 5 min.

7.4 Processing of Nano Ink

7.4.1 Ink-jet Printing

In the last two decades ink-jet printing has grown to a major topic in scien-
tific research, especially drop-on-demand (DOD) ink-jet printing systems
[76-78]. DOD ink-jet printing has progressed from printing text and
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graphics, where it started originally, to a tool for (rapid) manufacturing
technology.

During the last years, the fabrication of narrow conductive tracks by
methods of ink-jet printing has been investigated extensively [26, 79-81].
Printing of flexible electronics and minimizing their feature size dramati-
cally lowers the production costs of electronic devices, because material
can be positioned on-demand, which reduces the amount of necessary ma-
terial. The main bottleneck in ink-jet-printed features on flexible (poly-
meric) substrates is the low softening point (glass transition temperature-
T) of the substrate, which limits the processing temperature. The T, of
commonly used polymeric substrates, like poly(ethylene terephthalate)
(PET) or polycarbonate (PC), is below 150°C. Typically, colloidal suspen-
sions of conductive materials need a sintering temperature of >200°C,
which is, hence, not compatible with most polymeric substrates. Feasible
products of flexible electronics include, for example, interconnections for
circuitry on a printed circuit board (PCB) [82], electrodes for thin-film tran-
sistor (TFT) circuits [83], organic light-emitting diodes (OLEDs) [84], or
disposable displays and radio frequency identification (RFID) tags [85, 86].
Furthermore, printing large-area displays is also a possibility [8]. The typical
dimensions of ink-jet-printed features depend on the nozzle diameter and are
usually not below 100 pm [35, 87]. The most obvious way to minimize the
feature size, that is, line width, is by reducing the nozzle diameter [88].
However, this introduces a narrow window with respect to surface tension
and viscosity of the inks and thereby limits the choice of inks that can be
printed. Furthermore, when printing suspensions the particles should be suf-
ficiently smaller than the nozzle diameter; otherwise nozzle clogging occurs.
When using piezoelectric-based DOD ink-jet printers, smaller droplets can
also be produced by modifying the waveform.

Besides a decrease in nozzle size, and thus a higher print resolution, fur-
ther decrease in line diameter was realized by heating the sample holder of
the printer to its maximum temperature (60°C), which stimulates evapora-
tion of the solvent and prevents broadening of the lines [87, 89]. This re-
sulted in the direct ink-jet printing of lines with a diameter of 40 um. The
silver tracks were sintered at 200°C for 1 h, which resulted in a conductiv-
ity of 13-23%, compared to bulk silver. The as-printed narrow silver
tracks can be used in, for example, (plastic) electronic applications such as
radio frequency identification (RFID) tags or electrodes for thin-film tran-
sistor (TFT) circuits.

The NRI has succeeded in developing a new ink-jet, which we call the
super ink-jet, able to form fine patterns less than 1/10th the size of conven-
tional ink-jet patterns [90]. Using a liquid containing metal nanoparticles
as ink, the Super ink-jet forms lines less than 1um thick without any pre-
treatment on the substrate's surface (Fig. 7.13).
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Fig. 7.13. Ultra-fine wiring plotted directly on a glass substrate with a metal
nanopaste using the super ink-jet; (leff) squares 25 um long on each side and
(right) line 3 um wide

Muarta et al. [91] reported the development of a super fine ink-jet sys-
tem which allows arrangements of dots with a minimum size of less than 1
um. Using the ultra-fine silver paste, the authors achieved the direct print
of ultra-fine metallic wire of only a few micrometers in width without any
prepatterning treatment on the substrate. Furthermore, using the transition
metal nano-particles as catalyst-ink, patterned array of carbon nano-tubes
were successfully obtained. A field emission from the patterned carbon
nano-tubes is also confirmed. All these processes can be carried out at at-
mospheric pressure on the desktop without special treatment on the sub-
strate to achieve the ultra-fine line width of about 3.6 pm and line space of
1.4 ym using a silver nanopaste, and circuit pattern using a conducting
polymer, MEH-PPV (Poly[(2-methoxy-5-(2’-ethylhexyloxy))-1,4-
phenylenevinylene]) (see Fig. 7.14).

Fig. 7.14. Fine circuit of conducting polymer (line width 3 um, 10 pum pitch in the
lattice area)
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A major challenge in applying ink-jet processes for direct writing is
formulating suitable inks. The inks must contain the appropriate precur-
sors and a carrier vehicle. In addition, they may contain various binders,
dispersants, and adhesion promoters, depending on the nature of the pre-
cursor and the particular application. In the case of inks for metallization,
the content of the metallic ink must be adjusted to provide the required
resolution, with good adhesion and the desired electronic properties for
the conducting lines. Ink composition is critical because it defines the
way in which the ink can be jetted, the adhesion to the substrate, and the
line resolution and profile, and it can control the mechanism of metal
formation.

Self-aligned printing (SAP) technique is a recently developed bot-
tom-up printing technique which utilizes the unique droplet motion
on heterogeneous surfaces to define subl100-nm critical features and
surpasses the resolution which can commonly be achieved by di-
rect printing by two orders of magnitude. It has been applied to fabri-
cate field-effective transistors (FETs) using conducting polymer elec-
trodes based on poly (3,4-ethylenedioxithiophene) doped with
poly(styrenesulfonate) (PEDOT/PSS) and fabricate FETs with nano
gold inks [92].

7.4.1.1 Sintering

Generally two different techniques, heating and laser, have been used to
sinter printed nanoparticle structures. Conventional radiation—conduction—
convection heating is the most commonly used method, wherein the sinter-
ing temperatures are typically above 200°C [79]. Therefore, many poten-
tially interesting substrate materials, such as thermoplastic polymers or pa-
per, cannot be used. In fact, one of the very few, if not the only, organic
substrate that can be used is (expensive) polyimide (PI). The long sintering
times required — usually 60 min or more — also imply that the technique is
not feasible for fast industrial production. As an alternative, a laser sinter-
ing method was developed [93-95]. The laser follows the conductive
tracks and sinters these selectively, without affecting the substrate. How-
ever, this method is costly and complex from a technical point of view.
Thus, there is a clear need for a fast, simple, and cost-effective technique
that would allow the sintering of the printed structures by the selective
heating of only the printed components. Microwave heating fulfills these
requirements [96].

Niizeki et al. [97] reported a novel coating technology by means of sin-
tering the silver nano-ink by a laser beam. The novelty lies in the use of a
conventional Nd:YAG laser to metallize nanoparticles as an alternative to
furnace sintering. Silver nanoparticles with 5 nm in average diameter dis-
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persed in the silver nano-ink are successfully sintered on the Cu substrate
by this method. Laser sintering proceeds from the paste surface into the Cu
substrate, and the maximum film thickness obtained by laser sintering is
about 0.2 ym. Multi-step sintering by the repletion of spin coating and la-
ser metallization enabled a thicker Ag pad of around 1 um (Fig. 7.15). No
peeling of the laser-sintered Ag film from the substrate was observed. Its
adhesive strength is higher than that of a furnace-sintered sample. The Ag
film thus fabricated can be used as pads for wire bonding, being an alterna-
tive to electroplating.

Fig. 7.15. A cross-sectional image of a five-layered Ag film on a copper substrate

Microwave sintering Microwave heating is widely used for the sintering
of dielectric materials [98] and in synthetic chemistry [99, 100]. It offers
advantages such as uniform, fast, and volumetric heating. Microwave ra-
diation is absorbed due to coupling with charge carriers or rotating dipoles.
At normal incidence, the amplitude is an exponentially decaying function
of the distance, characterized by a penetration depth d ,

d = cg,/2nfe") = (nfuoy™”

where o is the conductance, f the frequency of the microwave radiation,

£" the dielectric loss factor, x the permeability of the material and, &, the
permittivity of free space.
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Highly conductive materials (e.g., metals) can be sintered by micro-
wave radiation [101, 102], but have a very small penetration depth: the
penetration depth at 2.54 GHz for silver, gold, and copper ranges from
1.3 to 1.6 um [103]. The microwave sintering of metals is therefore
non-trivial and can only be successful if the dimension of the object
perpendicular to the plane of incidence is of the same order as the pene-
tration depth. Inkjet printed conductive tracks fulfill this requirement.
On the other hand, the rotational freedom of any dipoles present in
thermoplastic polymers below the glass transition temperature (7)) is
limited, and therefore the absorption of microwave radiation by these
species is negligible.

Perelaer et al. [87] developed a new method for the preparation of con-
ductive silver tracks on a PI polymer substrate by using microwave radia-
tion to sinter the silver nanoparticles. Since the polymer substrate is vir-
tually transparent to microwave radiation, a negligible amount of energy
is absorbed by the substrate, whereas the conducting silver nanoparticles,
with a high dielectric loss factor, absorb the microwaves strongly. The
resistivity of the material as calculated from the resistance and the cross-
sectional area of a line is 3.0 x 107 Q m, which is 5% of the value of
bulk silver. This method shortens the sintering time of silver nanoparti-
cles by a factor of 20. Figure 7.16 shows scanning electron microscopy
(SEM) images of an inkjet-printed silver track on polyimide (PI), before
and after sintering in the microwave reactor. The structure of the unsin-
tered silver tracks is homogeneous at all length scales. The sintered lines
consist of clusters of silver (nano)particles with a diameter of about 500
nm. Since the original size of the nanoparticles ranges from 5 to 10 nm,
the clusters in the sintered tracks must have been formed by melting
these particles after the decomposition of the organic binder around the
nanoparticles.
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Fig. 7.16. SEM images of inkjet-printed silver tracks on polyimide (PI), before and
after sintering in the microwave. (a) Unsintered silver tracks and (b) sintered sil-
ver tracks. The magnification from top to bottom is 4,000x and 20,000x, respectively

7.4.2 Pyrolytic Printing

Oosterhuis et al. [104] reported preliminary results on pyrolytic printing of
conductive inks. Pyrolytic metal printing provides a powerful alternative to
existing printing techniques for metal track production. Existing tech-
niques generally exhibit drawbacks like limited resolution, multiple proc-
ess steps, high heat load on the substrate, or the necessity of chemical
treatments that affect the whole substrate.

Pyrolytic printing starts with the generation of droplets of a solution of
some precursor salt, such as silver nitrate (AgNO,), or copper acetate
(Cu,(CH,COO),). This precursor solution has a viscosity and surface ten-
sion which are mainly defined by the solvent properties. Therefore, any
conventional jetting device that yields mono-disperse droplets can generate
the droplets. A nitrogen flow leads the droplets into a furnace that heats the
droplets, which leads to evaporation of the solvent followed by pyrolysis
of the precursor material. In this way liquid metal particles are generated.
At the outlet of the furnace, aerodynamic focusing assures accurate deposi-
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tion of the molten metal droplets, which yields 20 um wide conductive
metal tracks directly onto the substrate. The process is particularly innova-
tive as it allows a combination of rather high melting point metals with
substrates that are restricted to a low thermal load, such as silver printed on
polymer foil. Furthermore, the combination of a drop-on-demand generator
and aerodynamic focusing yields unprecedented deposition accuracy. Appli-
cations are in the field of dedicated electronic circuits, strain-gauges, RF-ID
tags, electronics on foil, through-silicon vias, OLEDS, and solar cells.

The printing set-up comprises a drop-on-demand jetting device
(http://www.microfab.com/equipment/devices.html) that creates 30-100
um droplets of a 10-20%w/w (mass percentage) aqueous AgNO, solution.
The generated droplets pass through an inspection chamber followed by a
ceramic tube furnace with a temperature up to 1500°C. A nitrogen flow
guides the droplets through the furnace. The substrate located several mil-
limeters below the orifice is placed upon an x—y stage to be able to gener-
ate two-dimensional patterns.

A pyrolytic printing process consists of the following consecutive steps
(Fig. 7.17):

e Droplet generation: The droplet is generated using a mono-disperse
droplet generator. For the printing of two-dimensional or three-
dimensional structures, a drop-on-demand print head is required. For
high-speed production of straight lines, a continuous head may be used.

e Droplet heat-up: Once the droplet is generated, the nitrogen flow carries
it into the furnace where it is heated by infrared radiation.

e Solvent evaporation: Once the droplet temperature approaches the boil-
ing point of the solvent, the solvent will quickly evaporate, until only
solid salt particles remain.

e Pyrolysis: Further heating will cause the salt to melt after which it
reaches the pyrolysis temperature of AgNO,. Then, the reaction AgNO,
(1) — Ag(s) + NO(g) + O,(g) takes place, which yields solid silver.

e Melting silver: Following the pyrolysis step, the solid silver particles are
heated further, up to the melting point of silver. Once molten, the droplet
may be heated further until it leaves the furnace. In this phase, the heat
input needs to be controlled in order to control the droplet temperature on
impact, which highly influences the final track size and quality.

e Focusing: Near the outlet of the furnace, the droplets may deviate from
their initial course as a result of the preceding process steps. Therefore,
aerodynamic focusing is required to (re-)concentrate the droplets in the
center of the printed track. Focusing is achieved by accelerating the
flow through a contraction at the end of the tube. During this accelera-
tion of the gas flow, the droplet velocity also increases as a result of
drag forces.
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Fig. 7.17. Schematic overview of the pyrolytic printing process

Currently, printing with this setup was successful up to the pyrolysis
temperature of AgNO,. A deposition accuracy of 5 um was also demon-
strated. This is illustrated by a printed free-standing pillar of 20 um diame-
ter and 2 mm height (Fig. 7.18a). Silver tracks with full metal conductivity
was successfully printed on SiO, and glass. The track width is 0.3 = 0.1

mm (Fig.7.18b).



7.4 Processing of Nano Ink 341

Fig. 7.18. Experimental printing results. (a) Aerodynamic focusing; a free-
standing pillar could be printed of 2 mm high and 20 um wide. (b) Silver tracks
with full metal-conductivity, printed on SiO, (top) and glass (bottom). The track
width is 0.3 £ 0.1 mm

7.4.3 Gravure Printing

Gravure printing is the inverse of flexo-printing process. Ink is transferred
to a patterned plate (Gravure cylinder), but the plate is designed to hold ink
in the grooves between elevated lines and areas instead of on the highest
points like in flexo-printing. The ink is scraped from the elevated regions
on the printing plate by a doctor blade before the plate contacts the sub-
strate, as illustrated in Fig. 7.19.

The gravure process is typically chosen because of the printing speed
that can be achieved. To transfer ink at high speed, extremely low viscos-
ity is required. Solvents such as toluene, xylene, and alcohols are often
used, sometimes in conjunction with water.
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Fig. 7.19. Schematic set-up of a gravure printing

Among conventional printing processes, gravure printing is the premier
process in terms of high quality and ability to print at very high speeds.
Robustness of its image carrier is also advantageous, contributing to very
good printing stability over time. These advantages of gravure printing
make it a very promising process for electronics manufacture, smart pack-
aging, and RFID [105]. There are specific requirements to be met in order
to achieve the best print quality possible. These include both the substrate
properties (smoothness, compressibility, porosity and ink receptivity, wet-
tability, etc.) and the ink properties (ink chemistry, viscosity, rheological
behavior, solvent evaporation rate, drying, etc.). Furthermore, process pa-
rameters, such as doctor blade angle and pressure, impression pressure,
and speed, have tremendous effect on quality of printed ink films [106]. In
addition, the engraving method used to prepare the image carrier is an im-
portant factor, because ink release from engraved cells will depend on the
width and depth of cells and their overall shape [107].

There are many advantages and challenges of using printing processes
in the manufacture of electronic devices. The main advantages include
high-speed fabrication, low-cost manufacturing, and possibility of using
flexible substrates, less waste, and roll-to-roll capability. On the other
hand, each of the available printing processes has its limitations, such as
resolution, registration, and uniformity of the printed layer. Among print-
ing processes, gravure printing is considered to deliver the highest quality
print and thus it is believed that it also has a big potential in printed elec-
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tronics. Gravure printing and materials are very well established for print-
ing of visual images. However, very little is known about the printability
of materials needed for electronic devices. Therefore, there is a need for
further investigation of conductive inks properties and performance. Work-
ing properties of inks, such as surface tension, rate of evaporation, and
rheology, are very important in the process of evaluating new functional
materials for electronics printing. In addition, the effect of different addi-
tives used in optimization of ink’s press performance on quality and elec-
trical properties of printed layers needs to be evaluated.

Pudas et al. [108] developed a roto-gravure printing technique for print-
ing conductive lines on paper and plastic films. The inks contained metal
particles in an organic medium and were cured in temperatures of 70—
120°C, limited by the substrate durability. The printed conductor line
properties were characterized for different substrates: resistance, yield as a
function of line width, coil inductance, folding endurance, adhesion,
printed antenna properties, and maximum current density. A printed resis-
tance down to 50 m Q/[Jwas obtained, with conductor lines 4—7 um thick.
Minimum line resolution and resistance were affected by smoothness of
substrates. Adhesion properties were adequate for the studied components.

7.5 Applications of Conductive Inks

7.5.1 Die Attach for High Power Devices

For high power applications the thermal impedance of the die attach layer
can play a significant role in the ultimate operating temperature. Therefore,
one would like to use the highest thermal conductivity die attach material
consistent with the overall package manufacturing process. Package manu-
facturing processes are typically below 350°C. This has precluded the use
of high conductivity silver or gold metal pastes for standard die attachment
because they typically require heating the paste to at least 500-600°C in
order to obtain the high thermal conductivities typical of these metal foils.
Polymer-matrix composites (e.g., silver-filled epoxies) have low proc-
essing temperatures and low elastic moduli for low mechanical stresses on
devices, but they have relatively low thermal and electrical conductivities
and low operating temperature (typically lower than 200°C). Soft solders
(e.g., lead—tin or indium-based alloys) are susceptible to fatigue failure un-
der thermal cycling conditions. On the other hand, hard solders (e.g., gold-
based eutectic alloys) and glass matrix composites (e.g., silver-filled
glasses) are used to enable devices to run at higher junction temperatures,



344 7 Conductive Nano-Inks

but their higher elastic moduli and processing temperatures can generate
high mechanical stresses in devices, and these materials also have rela-
tively low thermal and electrical conductivity.

Bai et al. [109] reported a low-temperature (as low as 275°C), pressure-
less (i.e., no externally applied pressure) sintering technology that utilizes
nano-silver paste to provide superior electrical, thermal, and mechanical
properties, and high-temperature capability to device attachments and in-
terconnections. The silver paste was prepared by mixing nanoscale silver
particles with carefully selected organic components which can burn out
within the low-temperature firing range. Once the material is sintered at
275°C it will not melt unless it is heated to 961°C (the melting point of sil-
ver), such that the paste can be used for subsequent die attachments as well
as other interconnections in a packaging process that involves multiple
joining steps. This eliminates the need to design a hierarchy of process
temperatures that is required to accommodate different reflow schedules
for a series of solder alloys. The sintered material showed a thermal con-
ductivity of 2.4 W/K-cm. Results demonstrated the low-temperature silver
sintering as an effective die attach method for high-temperature electronic
packaging.

Figure 7.20 shows microstructure of solder and sintered nano- Ag paste die
attached layers.

Soldered layer Sintered layer

Fap 5% Wi

mn pm (1/1000 of mm)

Fig. 7.20. Microstructure comparison of solder and sintered nano-Ag paste die at-
tach layers: Sintered nano-Ag showed uniformly distributed micron-sized voids;
solder layer showed much larger voids

7.5.2 Printed Low-resistance Metal Conductors for Printed
Electronics

Low-resistance conductors are crucial for the development of ultra-low-
cost electronic systems such as radio frequency identification (RFID) tags.
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Low-resistance conductors are required to enable the fabrication of high-Q
(quality factor) inductors, capacitors, tuned circuits, and interconnects. The
fabrication of these circuits by printing will enable a dramatic reduction in
cost, through the elimination of lithography, vacuum processing, and the
need for high-cost substrates. Conductive inks with organic-encapsulated
metallic nanoparticles (such as Au, Ag, or Cu) or organometallic inks may
be printed and subsequently annealed to form low-resistance conductor
patterns. One of the key challenges is that the conductor fabrication proc-
ess cannot impose excessive heat to the low-cost flexible substrates which
generally cannot withstand high temperatures. Microwave sintering, pyro-
lytic printing, laser sintering, and pressure-assisted sintering [110] all
showed certain promises.

Another trend is to develop novel inks with much lower sintering tem-
peratures. Huang et al. [86] demonstrate a thiol-derivatized gold nanoclus-
ter technology suitable for use in printed circuits on plastic. By reducing
the alkane chain length, the authors were able to significantly lower the
processing temperature requirements necessary to convert solution depos-
ited nanoparticles into low-resistance, continuous films. Using 4- or 6 car-
bon chain length thiols, it is possible to produce Au nanocrystals that an-
neal at plastic-compatible temperatures. Figure 7.21 shows the TEM
images of two type of nano-gold particles fabricated. The anneal condi-
tions are independent of anneal ambient, and low-resistance films are uni-
formly achieved provided a sufficient anneal is used to completely drive
off the encapsulant. There is a trade-off between stability and anneal tem-
perature due to the instability of thiols with short alkane chains. However,
optimization of the process revealed that 1.5 nm gold nanoclusters encap-
sulated with hexanethiol showed good stability and are suitable for use as
printed conductors on plastic. Ink-jet-printed conductor patterns formed on
plastic using this material (sintered at 150°C) resulted in low-resistance
lines with conductivities as high as 70% of bulk gold, attesting to the qual-
ity of this process.
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Fig. 7.21. TEM images of hexanethiol-encapsulated nanocrystals synthesized with
a gold/thiol mole ratio of 1:4 (left) and 1:1/12 (right)

It was also reported that silver ink with a particle size of 5-6 nm can be
sintered to form a solid silver film with a high conductivity at a tempera-
ture of 150°C (see Fig. 7.22). Wang et al. [111] recently studied the sinter-
ing behavior of a silver nano-ink (with silver particle size of 4.6 nm) under
various sintering conditions. The effect of sintering temperature is illus-
trated in Fig. 7.23 for Ag-NP films after 3 min sintering at various tem-
peratures. It was found that the lowest sintering temperature which pro-
vided high-conductivity Ag film is 130°C.

Nano-silver ink
Sintered Ag layer

Sintering

1um

100 nm

Fig. 7.22. Ag layer formed by sintering a nano-silver ink at 150°C
(http://www.nanoparticles.org/pdf/YangZ.pdf)
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Fig. 7.23. The electrical resistance of Ag-NP films (right) sintered at various tempera-
tures for various times, and (/eff) sintered at various temperatures for 3 min [111]

7.5.3 Micro-bump

When droplet becomes smaller, the solvent evaporation rate also increases.
Super fine droplet shows rapid solvent evaporation. Murata et al. [112] ap-
plied this principle to form three-dimensional structures using super fine
droplet nano-inks. A pillar with high aspect ratio could be formed by sim-
ply ejecting super fine droplets at the same spot. In the case of normal ink-
jet process, the liquid spot at the landing point will spread into a large pud-
dle. From scanning electron microscope (SEM) observations, the diameter
of the formed pillar was about 0.6 um. Since the process is quite stable and
reproducible, micro-bump array of 50 um pitch could be fabricated and it
was found that the height is linearly proportional to the ejecting time, and
thus the height of the pillar can be easily controlled by the ejecting time.
The inner structures of the micro-bumps (pillars) were studied by using a
focused ion-beam technique. Figure 7.24 shows cross-section SEM image
of a gold micro-bump which is formed by super fine ink jet and gold
nanopaste. It should be noted that the bump is uniform, high-density gold.
A diameter of about 6 um is difficult to achieve by a conventional stud
bumping techniques and a typical bump pad requires at least a 100 pm’.
Our micron-scale bumps might be useful for high density ultrasonic bond-
ing interconnection. Three-dimensional structures can be formed on any
arbitrary point on a substrate, by simply ejecting super fine droplet at the
same spot. The process is not limited to creating bumps, however. By
moving the inkjet head the authors were able to create more complicated
microstructures. Figure 7.25a shows representative result of cylinder-like
structure formed by super fine ink-jet and a silver nanopaste. The process
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is quite stable and repeatable, thus the cylinder array could be achieved.
Any shape could be controlled by nozzle movement. The micro cylinder
might be useful as micro socket array, Fig. 7.25b shows micro-bump array
of 50 pm pitch. These bumps can be used as micro-plug for the micro-
socket of Fig. 7.25a.

Fig. 7.24. SEM image of a gold micro bump fabricated by super fine ink-jet sys-
tem on Si substrate (leff) and cross-sectional image (right)

Fig. 7.25. SEM image of a micro-plug (a) and micro-socket (b) fabricated by su-
per fine ink-jet system on Si and gold substrates, respectively
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7.5.4 Interconnect for System-in-Package (SiP)

Mintysalo et al. [113] presented a concept of ink-jet deposited system-in-
Package (SiP). The SiP package contains bare ICs and discrete passive
components that are encapsulated with resin mold. Encapsulation material
works as a substrate for interconnections, which are directly deposited on
top of the mold. All connections between the components and connections
to the I/O pins are formed by ink-jetting silver nanoparticle inks. Silver
nanoparticles are sintered in an oven at 220°C and resistivity values lower
than 5 uQ-cm are reported. Precuring of a substrate at a higher temperature
than the sintering temperature of silver nanoparticles decreases the resistiv-
ity of the lines. As a conclusion, the sintering profile needs to be consid-
ered carefully in order to achieve resistance requirements set by the design.
This chapter focuses on interconnections and system integration design as-
pects.

The process of making the SiP module is shown in Fig. 7.26. At the be-
ginning, components are assembled on an adhesive carrier. Contact areas
of the components must be placed toward the carrier. After the component
assembly, the carrier is placed in the molding cast and the epoxy resin is
poured inside the case.

After the molding process, the module is ready for the printing of the
nano-inks. The silver nanopaste used in this study requires sintering tem-
perature of 220-230°C for a period of 1 h [114], which will introduce quite
a tough thermal stress for the components. Thus, material selection must
be considered. In order to reduce heat stresses, more advantage sintering
methods, such as laser or microwave sintering, can be used [87, 115]. Fig-
ure 7.27 shows an example of encapsulated components with first-level in-
terconnections. This module has a size of 17 mm X 17 mm X 1.0 mm, con-
taining 4 bare ICs and over 50 discrete passive components.



350 7 Conductive Nano-Inks

Components placed on
an adhesive carrier

Components encapsulated
by an epoxy resin

Clean the front side of the
module

Selectively print a nano-ink
at pre-determined locations

Fig. 7.26. Process steps of ink-jet-printed system-in-package manufacturing

Fig. 7.27. Encapsulated components and first-level interconnections ink-jetted.
Module has a size of 17 mm X 17 mm X 1 mm
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Chapter 8
Intrinsically Conducting Polymers (ICPs)

8.1 Basics of Intrinsically Conducting Polymers

8.1.1 Introduction

Synthetic polymers, whose long molecules string together hundreds of
identical structural units, have been insulating electric equipment since the
turn of the century. The later fabrication, in the 1970s, of polymers with
usefully high electrical conductivity stirred intense interest in the research
and development community. By now these polymers are showing com-
mercial promise in such areas as power equipment, batteries, microelec-
tronics, shielding against electromagnetic interference, and coatings, not to
mention micromachines and adhesives.

The addition of conducting fillers such as copper and carbon black to con-
ventional polymers has been the primary approach to produce easy-to-process
materials having some measurable electrical conductivity. The cost of the
technique is undoubtedly low, but problems can arise in the form of sur-
face corrosion, uneven mixing, reduced mechanical properties, and incom-
patibility of the filler with the polymer matrix. Careful selection of materi-
als and processing methods for a given application can reduce the
consequences of these problems.

Intrinsically conducting polymers (ICPs) are generally synthetic “met-
als” because they have electrical, magnetic, and optical properties typical
of metals and semiconductors. These characteristics arise from the conju-
gation of their backbone, namely a regular succession of single and double
bonds [1]. This configuration causes the formation of high-energy orbitals
in which electrons are loosely bonded to their corresponding atom. Charge
movement within the material can be induced by the application of an
electric or magnetic field. There are two energy levels, HOMO (highest
occupied molecular orbital, also called valence band) at lower energy,
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which can give up electrons, and the LUMO (lowest unoccupied molecular
orbital, also called conducting band) at higher energy, which can attract
electrons. These bands are separated by an energy gap, also called band
gap, corresponding to the forbidden energy levels. The distance between
the HOMO and LUMO determines the conducting, semiconducting, or in-
sulating character of the material. The conduction mechanism is generated
by the carrier movement (or jump) from the HOMO to the LUMO, which
is easier if the HOMO-LUMO energy gap is small. Actually, most of the
conducting polymers display semi conducting properties, and an oxidizing
doping such as KMnO, or iodine is needed to generate the radical cations,
coupled with the dopant counter anion, the so-called “polarons” to improve
the mobility of charge carriers by decreasing the HOMO to LUMO energy
band gap.

Electrically conducting polymer is composed of macromolecules having
fully conjugated sequences of double bonds along the chains. Conducting
polymers are prepared in two steps, which can be simultaneous or sequen-
tial. First, the polymer is formed from its starting material by a conven-
tional chemical polymerization process. The molecular structure of such
polymers typically has considerable delocalization of electrons along the
polymer chains. This structure is also conducive to formation of energy
bands, from and to which charge carriers can be easily removed or added.

Common classes of organic conductive polymers include poly(acetylene)s,
poly(pyrrole)s, poly(thiophene)s, poly(aniline)s, poly (3,4-ethylene dioxythio-
phene), and poly (phenyl vinylene) as shown in Fig. 8.1. Conductivity in the
simplest semiconducting and metallic organic polymer, polyacetylene, is par-
tially based on sp’ hybridized linear carbon chains. The carbon atom has six
electrons outside the nucleus, of which four are valence electrons; i.e., four
(the 2s and the 2p electrons) take part in chemical bonds. In free space, or
where the potential is spherically symmetric, the 1s and 2s orbitals of the car-
bon atom are filled, and the 2p orbitals are occupied with two electrons. In or-
der to lower the total energy and form spatially directed chemical bonds, in
molecules and crystals, carbon can form two primary hybrid structures tetra-
hedrally directed covalent bonds (sp’ hybridized) as in diamond and saturated
polymers: and hexagonally directed covalent bonds (sp” hybridized) as in
graphite and conjugated polymers.
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Fig. 8.1. Examples of conductive polymers

Traditional polymers such as polyethylenes are electrical insulators.
Since all of the valence electrons are bound in sp’ hybridized covalent
bonds, there are no mobile electrons to participate in electronic trans-
port. Conjugated, conducting polymers are formed from sp” hybridized
carbons. Polyacetylene is the simplest conjugated polymer (CH). In
polyacetylene, the three in-plane sigma orbitals of the sp’ hybridized
carbon create the “backbone”; two of them bonded to the neighboring
carbons and the third sigma orbital bonded to a hydrogen atom. The
fourth electron resides in the Pz orbital, and because of its orthogonal-
ity to the plane defined by the other three sigma bonds it is in first ap-
proximation independent of them. This one-electron picture of the Pz
electron being decoupled from the backbone sigma orbitals gives these
polymers special electronic properties.

Although the 7electrons in polyacetylene are delocalized along the
chain, pristine polyacetylene is not a metal. The polymerization of polya-
cetylene from the monomer acetylene yields a dimerized (bond alternating)
structure. The resulting polymer is insoluble and intractable. Consequently,
the molecular weight cannot be directly determined. Thus, because the
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Staudinger index, N, is unknown, polyacetylene is typically designated as
(CH),. The molecular structure of “real” polyacetylene has alternating single
and double bonds which are, respectively, longer and shorter than the equi-
librium value of the bond length in uniform (CH).. In this structure, the 7
electrons on neighboring carbon atoms form a weak 77 bond resulting in
the bond alternating structure (short bond length associated with and indica-
tive of the pi bond). The bond alternation has been determined from analysis
of X-ray diffraction data and from analysis of nuclear magnetic resonance
data; the shorter bond length is 1.35 A and the longer bond length is 1.45 A.
Such a bond alternating structure doubles the unit cell thereby opening a gap
in the electronic structure. As a result, because of the bond alternating struc-
ture, polyacetylene is a semiconductor in its ground state. Semiconducting
polymers can be doped to sufficiently high carrier densities that metallic
polymers are obtained. The metallic state of doped conjugated polymers
(conducting polymers) is stabilized by interchain interactions sufficiently
strong that the systems are anisotropic three-dimensional metals.

When charge carriers (from the addition or removal of electrons) are
introduced into the conduction or valence bands (see below) the electri-
cal conductivity increases dramatically. The most notable difference
between conductive polymers and inorganic semiconductors is the mo-
bility, which until very recently was dramatically lower in conductive
polymers than their inorganic counterparts, though recent advance-
ments in molecular self-assembly are closing that gap. This low charge
carrier mobility is related to amorphous and disordered nature of the
solid state nanostructure in the conducting polymers. In fact, as with
inorganic amorphous semiconductors, conduction in such relatively
disordered materials is mostly a function of “mobility gaps” with pho-
non-assisted hopping, polaron-assisted tunneling, etc., between local-
ized states.

Typically “doping” the conductive polymers involves actually oxidiz-
ing/reducing of the compound. Conductive organic polymers associated
with a protic solvent may also be “self-doped”. Melanin is the classic ex-
ample of both types of doping, being both an oxidized polyacetylene and
likewise commonly being hydrated.

The conjugated polymers in their undoped, pristine state are semicon-
ductors/insulators. As such the energy gap is around 2 eV and higher and
is too big for a considerable excitation of the charge carriers thermally.
Therefore, the undoped conjugated polymer, such as polythiophene, polya-
cetylene etc., has only a conductivity of around 10" to 10™ S/cm. Upon
doping the conjugated polymers there is a rapid increase of electrical con-
ductivity of several orders of magnitude up to values of around 10" S/cm
even at a very low level of doping such as < 1%. Subsequent doping of the
conducting polymers will result in saturation of the conductivity at values
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around 100-10° S/cm for different polymers [2]. Highest values reported
up to now are for the conductivity of stretch-oriented polyacetylene with
confirmed values of around 10° S/cm [2].

Poly(phenylene vinylene), PPV, is an alternating copolymer of the re-
peat units of polyacetylene and poly(paraphenylene). PPV and its soluble
derivatives have emerged as the prototypical luminescent semiconducting
polymers. Today, poly(3-alkylthiophenes) are the archetypical materials
for solar cells and transistors.

8.1.2 Doping

In silicon semiconductors, a few of the silicon atoms are replaced by
electron-rich (e.g., phosphorus) or electron-poor (e.g. boron) atoms to
create n-type and p-type semiconductors, respectively. It should be
pointed out that all these polymers are semiconductors with a fairly large
bandgap in their pristine or undoped state. Only by doping are they trans-
formed into “synthetic metal”. In contrast, there are two primary methods
of doping a conductive polymer, both through a reduction—oxidation (re-
dox) process. The purpose of doping is to reduce the band gap energy be-
tween HOMO and LUMO and thus make charge carrier movement eas-
ier. The doping agents are incorporated during redox polymerization
reaction. Indeed, the dopant anion is attracted, via local resonance, to the
radical formed during oxidation and acts as a counterion [3]. The radical
cation coupled with the counter anion—dopant combination is called a po-
laron and it represents the actual charge carrier in the conducting poly-
mers. The polaron formation induces a local distortion of the chain [3]
and the formation of energy levels within the band gap. In this way,
charge carriers can move easily from the HOMO to the LUMO, promot-
ing the electron mobility along the molecular chain. For polyacetylene,
solitons also play an important role for converting polyacetylene from
semiconductor to near metallic conductor [4].

The first approach is chemical doping which involves exposing a poly-
mer, such as melanin (typically a thin film), to an oxidant (typically iodine
or bromine) or reductant (far less common, but typically involves alkali
metals such as Li or Na). The second method is electrochemical doping in
which a polymer-coated, working electrode is suspended in an electrolyte
solution in which the polymer is insoluble along with separate counter and
reference electrodes. An electric potential difference is created between the
electrodes which causes a charge (and the appropriate counterion from the
electrolyte) to enter the polymer in the form of electron addition (n doping)
or removal (p doping). Polymers may also be self-doped, e.g., when asso-
ciated with a protonic solvent such as water or an alcohol.
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The reason n-type doping is so much less common is that Earth's at-
mosphere is oxygen rich, which creates an oxidizing environment. An
electron-rich n-type polymer will react immediately with elemental oxy-
gen to de-dope (re-oxidize to the neutral state) the polymer. Thus, chemi-
cal n-type doping has to be done in an environment of inert gas (e.g., ar-
gon). Electrochemical n-type doping is far less common in research,
because it is much more difficult to exclude oxygen from a solvent in a
sealed flask; therefore, although very useful, there are likely to be no
commercialized n-type conductive polymers.

Different polymers and polymer derivatives, doped with a weak oxida-
tion agent or reducing agent resulting in various conjugated polymers, had
brought about the understanding of charge storage and charge transfer
mechanisms. The electrical conductivities of the intrinsically conducting
polymer systems range from those typical of insulators (<10 S/cm) to
those typical of semiconductors such as silicon (~10” S/cm) to those
greater than 10° S/cm [5]. Conductivities of various conducting polymers
are shown in Fig. 8.2. However, the main problems of these polymers are
their processability and stability. The development of highly conducting
polymers with good stability and acceptable processing attributes are the
main focuses of many recent research works.

Conductivity
(S-cm™)
107 ——
108 ——
Copper metal
5 Polyacetylene
10 doped with AsF,
Polyacetylene doped with I,
104 Liquid mercury
108 —
Poly (p-phenylene)
doped with AsF5
102 Poly (pyrrole)
doped with L
10 ——
Polyaniline

(emeraldine)

Fig. 8.2. Logarithmic conductivity ladder of conducting polymers and metals
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The concept of doping is the central theme which distinguished conduct-
ing polymers from all other polymers [6]. Conducting polymers can be
doped by redox reaction or protonation, in which the latter is only applica-
ble to polyaniline (PAni). Figure 8.3 demonstrates the oxidation process of
PPy. Some electrons are removed from polypyrrole (PPy) backbones by
chemical or electrochemical oxidations, leaving positive charges on them.
The resulting radical cations are called polarons, which acts as the charge
carriers. Counterions, X , are also induced close to the polymer chains to
balance the positive charges. Doped conducting polymers are semiconduc-
tors or conductors (~100-105 S/cm). This doping process is reversible, that
is, the doped PPy can be turned into its undoped state by chemical or elec-
trochemical reductions.

For PANI, the doping process is different. PAni structure shown in
Fig. 8.4 is in a totally reduced state [7]. Generally, PAni chains consist
of two types of structural units: Quinod and Benzenoid. These two units
can be transformed into each other by redox. Not all types of doped
PAni are conductors; the protonated PAni is electrically conductive
only when x:y = 1:1 (Benzenoid: Quinod = 3:1). The protonic acid dop-
ing process is illustrated in Scheme 3B. Doping and undoping play key
roles in the sensing mechanism of conducting polymer-based sensors.
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Fig. 8.3. Oxidation doping of PPy
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8.1.3 Polyacetylene

In the early 1970s, Shirakawa et al. [8] succeeded in synthesizing
polyacetylene films with metallic luster, which initiated a new field of
research on conducting polymers. In the late 1970s, it was found that
conductivity of the polyacetylene could be increased dramatically by
chemical doping. Since then, polyacetylene has been studied exten-
sively from scientific and technological viewpoints. Many conjugated
polymers such as polypyrrole, polythiophene, and polyphenylenevi-
nylene have been synthesized and found to be conductive upon dop-
ing.

Among all the conducting polymers, polyacetylene is the simplest conju-
gated polymer and has been of primary interest. The attainable conductivity
of this polymer has been rising steadily through the improvement synthesis
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and doping techniques. Although a vast amount of information of the
polymer has been accumulated, the conductivity mechanism, especially
for the heavily doped polymers, is far from being well understood.
This is due to the complexity of the conduction process in the poly-
meric system, where macromolecular, intermolecular, intermetallic
domain, and interfibrillar processes all contribute somewhat to the con-
ductivity. Activation type of temperature dependence of the conductiv-
ity, which is commonly observed for majority of the doped conducting
polymers, suggests that the intermolecular and/or intermetallic domain
processes still play a major role in the measured conductivity [9]. In
such a system, metallic conductivity appears difficult to correlate with
DC conductivity, as the hoping process between localized states domi-
nates essentially the carrier transport.

In early 1980s, the observed conductivity range of polyacetylene
was 10°-10° S/cm [10]. The conductivity of polyacetylene has in-
creased steadily with the improvement of the polymerization tech-
niques. By polymerizing the acetylene in oriented liquid crystals,
Akagi et al. [11], Ribet et al. [12], and Aldissi et al. [13] have
achieved highly oriented polyacetylene, which exhibited a conductiv-
ity of more than 10'S/cm along the orientation (6}). On the other
hand, Schimmel et al. [14] prepared a highly stretchable polyacety-
lene by using the Shirakawa catalyst aged at 120° C and silicone oil as
solvent, and attained a conductivity of about 10" S/cm. Thereafter,
Naarmann and Thcophilou succeeded in preparing metallic conductive
polyacetylene yielding a conductivity of over 10’ S/cm by their im-
proved procedure, the so-called adding reducing agent (ARA) method.
Moreover, Tsukamoto et al. [15] obtained metallic-conductive polya-
cetylene by making some modifications on Naarmann and Thcophi-
lou’s method.

8.2 Applications of Conducting Polymers

8.2.1 Lithography

8.2.1.1 Background

Lithographic techniques delineate the intricate patterns necessary to form
the doped regions of silicon on a chip or interconnections on a substrate
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[16, 17]. Lithography relies on radiation-sensitive photoresist which, when
irradiated through a quartz/chrome mask containing the pattern to be trans-
ferred undergo chain scissioning (positive tone), cross-linking (negative
tone), de protection, or molecular rearrangement, thereby creating a differ-
ence in solubility between the irradiated or exposed areas and the non-
irradiated or unexposed areas of the polymer. In a subsequent development
step, the more soluble regions of the resist are selectively removed. This
pattern is subsequently transferred to the underlying substrate (e.g., silicon
dioxide, silicon nitride, silicon, or metal) by various etching processes, fol-
lowed by removal of the photoresist [18].

Photoresists may be patterned with photons at different wavelengths
(365 nm, 248 nm, 193 nm), electron beams, X-rays, and ion beams [19].
Photolithography has been the dominant technology in the industry to date.
However, electron-beam (e-beam) technology is used to fabricate masks
for photolithography and for high-resolution, low-volume specialty chips,
and it is currently being considered as a next-generation projection lithog-
raphy option for semiconductor device fabrication [20]. The dimensions
that must be delineated are rapidly decreasing. As the industry continues to
require improved resolution, new materials, processes, and tools must
evolve to sustain this trend.

8.2.1.2 Charge Dissipators for Electron-Beam Lithography

E-beam lithography is a direct-write method in which a focused beam of
electrons is directly scanned over the resist; no mask is required because
the pattern is computer generated. It is a technology capable of extremely
high resolution, since the beam of electrons can be focused to tens of na-
nometers, and capable also of excellent alignment of level-to-level pattern
overlays. However, because it is a step and repeat process which is time
consuming, coupled with the high cost of the e-beam equipment, E-beam
lithography is a high cost lithography process when compared to the gen-
eral flood exposure process.

During the e-beam patterning process, charging of the resist can be
problematic [21, 22]. The trapped charge and surface charge can deflect
the path of the electron beam and result in image distortion as well as er-
rors in level-to-level registration. To circumvent this problem, conducting
materials which function as discharge layers are incorporated into resist
systems as coatings above or below the imaging resist. Indium-tin-oxide
films, amorphous carbon films produced by plasma chemical vapor depo-
sition, and thin metal coatings can eliminate charging. However, these
solutions are not ideal, since evaporative processes are needed to deposit
the films. The actual conditions of evaporation may generate heat or stray
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irradiation, degrading the lithographic performance of the resist. In addi-
tion, the subsequent removal of these layers is difficult if not impossible.

The conducting, water-soluble ammonium poly(p-styrenesulfonate) [23,
24] has also been reported as a charge dissipator for e-beam lithography. It
has the advantage of ease of processability, since it can be spin applied.
However, its conductivity is low, and thus its effectiveness at eliminating
resist charging is marginal [25].

Intrinsically conducting polymers, particularly the soluble derivatives,
are attractive alternative charge dissipators for e-beam lithography. These
materials combine high conductivity with ease of processability. The first
conducting polymer to be evaluated in this type of application is polyani-
line. These materials are generally doped with protonic acids such as
aqueous hydrochloric acid (HCI) to give a conductivity of the order of 1
S/cm [26, 27]. Polyanilines are the preferred conducting polymer system
for many applications, since this family of polymers offers a number of
advantages over other conducting polymers. They are generally soluble
[28-32], environmentally stable polymers that are fabricated by a one-step
synthesis involving inexpensive raw materials [33]. They offer extensive
chemical versatility, allowing the properties of the polymer to be tuned to
more appropriately meet the needs of a given application. Indeed, many
polyaniline derivatives exist today as a result of chemical modification of
their polymer backbone [34—40], the introduction of dopant [32, 41-44], or
changes in their oxidation state [45, 46].

When polyaniline was first evaluated as an e-beam discharge layer, the
polymer was incorporated into a multilayer resist system (Fig. 8.5) as a
conducting interlayer between the imaging resist and a planarizing under-
layer. It has been demonstrated that polyaniline is very effective at elimi-
nating resist charging, even though it is used as a thin interlayer between
thick insulating layers in this nongrounded configuration; however, the
silicon wafer substrate is grounded with connections made at the top and
bottom surfaces of the wafer. The polyaniline functions by bleeding off
charges from the resist and preventing charge build-up in the resist layer,
which otherwise deflects the e-beam and creates placement errors.

In this first evaluation of polyaniline as a charge dissipator in resist sys-
tems, the polymer was processed in two steps. The base form of the poly-
aniline, which is generally the more soluble, was first spin -applied onto a
surface. The sample was then converted in to the conducting form by dip-
ping it into an aqueous acid solution. The doping reaction takes several
hours to ensure the diffusion of the dopant into the bulk of the film. This
process is not desirable because it increases the number of steps and pro-
longs the exposure of substrates to acid solutions, posing contamination,
reliability, and corrosion concerns.
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Fig. 8.5. Multilayer photoresist system incorporating polyaniline as a conducting
interlayer

In a subsequent study [47], a simplified one-step process for applying
the polyaniline to resist systems was reported. A method of inducing the
doping in situ in the polymer was developed, thereby eliminating the need
for external acid solutions. This was accomplished by incorporating salts
in the polymer which would decompose upon irradiation or thermal treat-
ment to generate the active dopant species, i.e., a protonic acid, in situ in
the material [47-49].

In the studies described thus far, the polyaniline is incorporated below
the imaging resist. In these systems, once the resist is exposed and devel-
oped, the polyaniline remains in the open areas, as shown in Fig. 8.6a. To
transfer the pattern to the underlying substrate, the exposed polyaniline is
removed by reactive ion etching (RIE) with oxygen.

Although the method of utilizing polyaniline below the resist works
quite well, an easier and more optimum approach is to apply the conduct-
ing layer on top of the resist and to have the conductor removed simulta-
neously with the development of the resist. This configuration and process
are depicted in Fig. 8.6b. Because the conductor in this case is applied di-
rectly on the resist, it must meet certain requirements. First, the solvent
used to coat the conducting polymer must not dissolve the resist nor induce
any interfacial problems. The conducting polymer must not degrade the
lithographic performance of the resist. It should not introduce any con-
tamination. In addition, it should be cleanly removed, and if possible, dur-
ing the development of the resist. Since most resists currently used in the
industry are developed in aqueous systems, the conducting polymer must
be soluble in these systems.
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Fig. 8.6. (a) Multilayer resist structure incorporating polyaniline as an interlayer.
After resist is exposed and developed, polyaniline remains in open areas. Etching
of polyaniline is required to transfer image. (b) Multilayer resist structure in which
the conducting polymer is applied as a topcoat discharge layer. The conducting
polymer is removed during resist develop

In recent years, a number of polyaniline derivatives have been devel-
oped which are soluble in the conducting form. A few of these derivatives
are soluble in water [34, 44, 50, 51]. One method of introducing water
solubility has been the incorporation of sulfonate groups onto the polymer
backbone.

Another conducting polymer that has been of interest for charge dissipa-
tion in e-beam lithography is the water-soluble, self-doped polythiophenes
such as the sulfonated derivatives [52-54].

As the microelectronics industry continues to move toward increased
circuit density, with a continuous decrease in device geometries, higher
precision in e-beam writing will be required. Any surface charge on the re-
sist can reduce the precision of the writing. Thus, discharge layers will
probably be necessary in the future. The water-soluble conducting poly-
mers have been shown to offer not only an effective approach to eliminat-
ing resist charging, but also much simpler processing than do currently
used materials such as metal coatings.

8.2.1.3 Conducting Resists

In the applications discussed in the previous sections, the conducting
polymers function as added charge-dissipative layers which are subse-
quently removed. The resists which are used to delineate the circuitry pat-
terns are insulators. If the resists were conducting, there would be no need
for an additional dissipative layer — only one polymer coating would be
necessary. A sensitive, high-resolution, water-developable conducting re-
sist would offer significant process simplification.
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Recently there has been considerable effort on developing conduct-
ing resists. The first report [48] of such a polymer was based on the
radiation-induced doping of the unsubstituted polyaniline base with
onium salts. These salts have been shown to decompose readily upon
irradiation to generate protonic acids. The polyaniline and the onium
salt (e.g., triphenylsulfonium hexafluoroantimonate) are dissolved in
N-methylpryolidone (NMP) and processed into a film. Upon exposure
of the film to ultraviolet radiation or to an e-beam, the generated acid
dopes the polymer. Since the doped polymer is no longer soluble, a
solubility difference is created between exposed and unexposed re-
gions. Thus, a negative conducting resist developed in a mixture of
NMP/diglyme was attained [47-49]. Using an e-beam, 0.25-mm-wide
conducting lines in a 0.25-mm-thick film.

A water-developable, negative conducting resist was more recently
reported [44]. Cross-linkable functionality was incorporated into the
polyaniline backbone so that, upon e-beam irradiation, the polyaniline
cross-linked and became water-insoluble. Images of conducting lines
1.0 mm wide in a 0.75-mm-thick film, which were patterned with an
e-beam at a dose of 200 mC/cm’, were then developed with water
(Fig. 8.7). Lines of 250 nm wide were also delineated. This resist is
quite promising because it is a water-developable conducting resist,
but its lithographic performance requires significant improvement.
Much higher sensitivity and resolution are required.
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Fig. 8.7. Conducting polyaniline lines (1.0 um wide) in a 0.75 um thick film pat-
terned with a e-beam irradiation [44]

Conducting resists have also been reported with polythiophenes. One
of the first examples [55, 56] was based on poly(3-octylthiophene)
(P30OT). The nondoped form of the polymer was combined with a cross-linking
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reagent, ethylene 1,2-bis(4-azido-2,3,5,6-tetrafluorobenzoate). Upon ex-
posure to deep UV, cross-linking through the octyl side chain was in-
duced. This system cross-linked upon e-beam irradiation as well. In addi-
tion, the polymer without the cross-linker was also noted to cross-link
with e-beam irradiation.

An extension of the substituted thiophene work involved the incorpo-
ration of methacrylate functionality onto the thiophene backbone [57].
Methacrylates are widely known to undergo free-radical polymerizations.
Poly(3-2-(methacryloyloxyethyl)thiophene) and copolymers with other
substituted thiophenes with the basic structure depicted as Fig. 8.8 were
synthesized. The polymers undergo cross-linking through the methacry-
late side chains upon irradiation. Negative images developed in organic
solvents were obtained, and 3-mm-wide lines in a 75-nm-thick film were
written. The resist had good sensitivity (14 mJ/cm’) at a wavelength of
313 nm [57]. In this system, as in the previous polythiophene examples,
the imaged patterns must subsequently be doped to make the patterns
conducting.
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Fig. 8.8. Polythiophene—methacrylate structure (from [57])

Methods of imaging conducting polymers either directly in the conduct-
ing form or in the precursor, nondoped form have been developed. These
methods are appropriate in applications in which the conducting polymer
must be patterned to a certain geometry. However, for these imageable
conducting polymer methods to be utilized in lithography, the lithographic
performance of the conducting resists must be improved, because they are
currently not competitive with conventional resists in terms of resolution,
sensitivity, and contrast. Further work in this area is required to bring the
conducting polymer-based resists closer in performance to conventional
resists.
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8.3 Metallization

In microelectronics, the term metallization generally refers to a patterned
film of conducting material deposited on a substrate to form interconnec-
tions between electronic components. Over the last few years, conducting
polymers have been demonstrated to provide a new route to metallization,
particularly in printed circuit board (PCB) technology [58, 59]. In general,
conducting polymers can be utilized for both electrolytic and electroless
metallization. The conducting polymers that have been of interest in this
area include polyaniline, polypyrrole, and polythiophene.

The complexity of PCBs [60-62] varies from single-sided boards, where
circuitry is found on only one side, to double-sided boards, to boards com-
prising multiple layers of circuitry. The degree of complexity depends on
the specific interconnection requirements for a given product. Connections
between the two sides of a board and layer-to-layer connections are made
with copper-plated throughholes (PTHs), allowing greater circuit density
because they provide cross-over capability. A circuit crosses over another
by simply entering a PTH, continuing on the other side, and so on.

The through holes are drilled into the laminate substrate and are then
copper-plated. Figure 8.9 depicts two common metallization schemes for
PCBs [60-62]. In one method (Fig. 8.9a), a conducting “strike” layer (gen-
erally a thin layer of copper) is deposited by electroless plating. This cop-
per layer renders the surface sufficiently conducting to allow a thicker
copper layer to be electrolytically deposited in selected regions defined by
a photoresist process. In an alternate method (Fig. 8.9 b), an all-electroless
process is used. The current processes have certain disadvantages. Elec-
troless deposition requires the use of expensive noble metal salts, such as
PdCl,, as seeds. The salts are applied to the PCB surface followed by re-
duction of the noble metal to the zero-valent state. The zero-valent noble
metal particles are the active sites for heterogeneous copper reduction in
electroless plating.

Electroless baths are generally unstable and require close monitoring.
The baths can fluctuate between being too stable, resulting in PTH voids,
and being too active, resulting in homogeneous decomposition of the bath.
Formaldehyde, the most commonly used reducing agent in electroless
baths, is toxic and poses environmental concerns.
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Fig. 8.9. Two types of metallization schemes for PCBs: (a) Initial conducting
strike layer deposition followed by electrolytic pattern plating; (b) All-electroless
process. A/E/P stands for application, exposure, and development

An alternative to current methods is the use of a conducting polymer as
an electrode for direct electrolytic metallization of copper. In one study
[58], a PCB was coated with a 1 um-thick layer of polyaniline applied
from an aqueous acetic acid solution. The polyaniline-coated board was
electrolytically copper plated. The copper started to plate on the hole wall
from the two contact sides and grew inward until the copper front met at
the center of the hole wall. As the plating process continued, a thicker, uni-
form copper coating was deposited on the polyaniline surface (Fig. 8.10).
Today, as a result of the many soluble polyaniline derivatives that have
been developed, a variety of solvents including water can be used to apply
the polymer.
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Fig. 8.10. Micrograph depicting a cross-section of a polyaniline through hole that
has a continuous copper deposit (from [58])

Another variation to the use of conducting polymers for metallization
was based on spontaneous noble metal deposition induced by a conducting
polymer [58]. It was found that polyaniline can spontaneously reduce no-
ble metal ions such as Pd" and Ag'" to their zero-valent state upon immer-
sion of the polymer in an aqueous solution of the corresponding metal salt.
Thin films of Pd and Ag deposit on the polymer surface without an exter-
nal reducing agent. While this approach does not preclude the use of a
precious metal, it does eliminate the need for subsequent activation of the
metal. The Pd-coated polyaniline can be used for subsequent electrolytic as
well as electroless metallization.

It should be pointed out that the use of imageable conducting polymers
described in the previous section is applicable to metallization. A conduct-
ing polymer could be applied to the circuit board surface and directly im-
aged, thereby eliminating an additional photoresist process. Electroplating
could then occur selectively on the patterned conducting polymer.

8.4 Corrosion Protection of Metals

Metals such as copper (Cu) and silver (Ag) are widely used in microelec-
tronics for wiring and EMI shielding. They readily corrode in a variety of
ambients [63-66]. In oxygen-saturated water, Ag and Cu dissolve with a
measurable corrosion rate of about 0.002 and 0.2 nm/min, as determined
from the potentiodynamic polarization curves [64, 65, 67]. In the presence
of an applied potential and humidity, these metals dissolve from the more
electrically positive metallic part of the device and plate at the more nega-
tive part as dendrites, which can cause shorts. In addition, with increasing
line density and decreasing dimensions, ion accumulation alone without
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dendrite formation can destroy the designed electrical performance of the
product. Inhibitors such as benzotriazole (BTA), a common used organic
soldering preservative (OSP) on PCB, provide excellent corrosion protec-
tion for Cu and Ag metals. However, these azole-type inhibitors do not
provide protection at high temperature (i.e., in a soldering application), nor
do they protect against an applied potential [64, 65]. Therefore, new mate-
rials are needed to protect Ag and Cu against corrosion and dissolution,
particularly at high temperatures and in the presence of an applied poten-
tial.

For more than a decade, the use of polyaniline for corrosion protection
of metals, such as stainless steel, has been investigated. In the first study
by DeBerry [68], polyaniline was electrochemically deposited on ferritic
stainless steels and was found to provide anodic protection that signifi-
cantly reduced corrosion rates in acid solutions. Numerous studies since
then have confirmed the corrosion-protective properties of polyanilines
[67, 69-73].

Non-electrochemical methods of applying polyaniline have been dem-
onstrated. In one recent study, dispersions based on doped polyaniline pas-
sivated mild steel, stainless steel, and copper [71].

The use of polyaniline to protect Cu and Ag at high temperature and un-
der an applied potential, which is of interest to the microelectronics indus-
try, was extensively studied by Brusic et al. [64, 65, 67]. A number of
soluble polyanilines were evaluated in both the nondoped and doped
forms. These materials were tested by two procedures which were de-
signed to closely simulate conditions to which these metals may be ex-
posed during actual use in an electronic product (as in, for example, a
PCB). In most cases, the corrosive environment would vary depending on
the relative humidity, i.e., the amount of adsorbed water on the surface.

Soluble poly-o-phenetidine, particularly in the nondoped form, which is
highly soluble in a variety of organic solvents, was found to provide excel-
lent protection for Cu and Ag and was superior to the unsubstituted poly-
aniline base. Homogeneous and adherent films 184, 339, and 477 nm thick
were spin applied onto Ag and Cu surfaces from an NMP or gamma-
butyrolactone solution and evaluated. Even the thinnest film provided a
perfect barrier to oxygen, since the electrochemical data indicate no cur-
rent dependence attributable to oxygen reduction. Oxygen reduction (gen-
erally the main cause of Cu and Ag corrosion) is completely inhibited. The
anodic current metal dissolution is greatly reduced by a factor which in-
creases with film thickness. The protection is substantial, especially at high
potentials, where Cu dissolution is about four orders of magnitude lower
than that measured on bare Cu. Similar results were observed with Ag.



380 8 Intrinsically Conducting Polymers (ICPs)

In terms of dendrite formation, it was found that poly-o-phenetidine
provided exceptional protection. Bare Cu and Ag were observed to
form dendrites within seconds of an applied potential, as evidenced by
shorting of the lines. BTA was found to be ineffective, since BTA
protected metal lines formed dendrites within seconds as well. Metal
lines that were coated with poly-o-phenetidine-base passivation did
not form dendrites, even after 30 min of applied potential of 5 V. The
coated lines were also tested at elevated temperature (220°C for 30
min); dendrites were not formed under these conditions. A tempera-
ture/humidity study was performed in which the poly-o-phenetidine-
coated metal was stored for 1,000 h at 85°C and 80% relative humid-
ity; again, no dendrites were observed. In a more drastic test, a 5-V
potential was applied to the coated metal while at 85°C and at 80%
relative humidity for 1,000 h. No failure was observed under these
conditions as well.

The poly-o-phenetidine provides excellent corrosion protection for
Cu and Ag at elevated temperatures as well as under an applied poten-
tial. The superior protection offered by this polyaniline derivative
may stem from its excellent coverage and adhesion to the metal sur-
face. It has good solubility and forms very uniform films. In addition,
the ethoxy group can complex with the metal and enhance its adhe-
sion characteristics. Indeed, peel test results show adhesion strength
in excess of 60 g/mm [67]. Generally, values greater than 50 g/mm for
polymer-to-metal adhesion are considered to be excellent.

8.5 Electrostatic Discharge (ESD) Protection for Electronic
Components

Electrostatic charge (ESC) and electrostatic discharge (ESD) constitute
a serious and expensive problem for many industries — in particular for
microelectronics [74]. It has been estimated that $15 billion a year is at-
tributed by the US electronics industry to ESD damage alone.

Electrostatic charge can accumulate to thousands of volts. The static
charge can attract airborne particles, as is often observed on cathode
ray tubes (CRTs). This becomes a significant contamination concern if
particles are attracted to critical surfaces such as device wafers. The ac-
cumulated charge will eventually discharge in the form of a “lightning
bolt” which can destroy devices on ICs. As IC circuit density continues
to increase and the area and thickness of the active device elements
continue to shrink, device sensitivity to the destructive effects of ESD
will continue to increase.
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To protect devices against ESC and ESD, conducting materials are
used extensively in clean rooms during their manufacture. In addition,
conductors are incorporated into plastic packages which are used to
transport sensitive electronic components such as chips, modules, and
PCBs. The materials currently used include ionic conductors, carbon-
or metal-filled resins, and, in certain cases, metal coatings. The use of
ionic conductors is not a reliable method for ESD protection. Electrical
conductors, on the other hand, are stable systems with conductivities
that are not humidity dependent. However, the use of these materials is
a more expensive alternative. Carbon-filled systems pose contamination
concerns because of sloughing of the carbon particles. In addition, rela-
tively high loading levels are required to attain a given level of conduc-
tivity. Such high loading can degrade the mechanical/physical proper-
ties of the host polymer. With high loadings, recyclability of the plastic
carriers becomes more difficult.

Conducting polymers offer a new alternative for ESD protection, with
numerous advantages over current materials. The conductivity of such
polymers can be tuned, can easily meet the high end of the dissipative
range, and is stable in comparison to ionic conductors. By appropriate de-
sign of the conducting polymer, contamination concerns can be eliminated.
In addition, conducting polymers can offer a high degree of transparency.
Polyaniline, polypyrrole, and, more recently, polythiophene have been the
predominant conducting polymers of interest for ESD protection. These
polymers have been used as fillers in a number of host resins. In addition,
coating formulations have been developed which can be applied directly
onto plastic surfaces.

Pyrrole has been in situ polymerized onto the surface of textile fabrics
[75, 76]. Polyaniline in the form of a dispersible powder has been blended
with a number of thermoplastic and thermoset resins, resulting in blends
which have excellent ESD properties [77-80]. Soluble polyanilines have
also been blended with appropriate polymers [81, 82]. In the latter sys-
tems, very low loadings have been reported to be necessary to reach a cer-
tain level of conductivity.

8.6 Field-Effect Transistors (FET)

The field-effect transistor (FET) is a type of transistor that relies on an
electric field to control the shape and hence the conductivity of a “chan-
nel” of one type of charge carrier in a semiconductor material. FETs
are sometimes called unipolar transistors to contrast their single-carrier-
type operation with the dual-carrier-type operation of bipolar (junction)
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transistors (BJT). An organic field-effect transistor (OFET) is a field-
effect transistor using an organic semiconductor (such as conducting
polymers) in its channel. OFETSs can be prepared either by vacuum evapo-
ration of small molecules, or by solution-casting of polymers or small
molecules. These devices have been developed to realize low-cost, large-
area electronic products.

Xue et al. [83] fabricated two polymer field-effect transistors
(FET) fabricated by both spin-coating and ink-jet-printing techniques
using conducting polymer polypyrrole (PPy) as a semiconductor ma-
terial. These thin film polymer field-effect transistors operate in the
depletion mode. The measured turn-off threshold voltage is around 20
V for both the spin-coated and ink-jet-printed PPy FET transistors.
The device performance of the spin-coated transistors is slightly bet-
ter than that of the ink-jet printed transistors. This is mainly due to
high surface roughness of the printed polymer film and printed dot
boundaries, leading to low charge carrier mobility in the printed
polymer FET transistors.

Covington et al. [84] demonstrated the fabrication of polymer FET for
gas sensor applications. The development of ultra-low power CMOS
compatible gas sensors has been the goal of many research groups for a
number of years. Such sensors benefit from both a low fabrication cost
and an ease of integration with any associated transducer or signal proc-
essing circuitry. A sensor with these attributes consists of a conducting
polymer gate which operates at ambient temperature. Both electrochemi-
cally deposited and polymer composite materials have been deposited to
form the gate electrode of an n-channel enhanced MOSFET (ECFET and
PCFET, respectively). The authors presented the first full characteriza-
tion of these sensors in terms of their response to pulses of ethanol and
toluene vapor in air. In addition, environmental effects of temperature
and humidity on both the baseline signal (i.e., zero vapor) and vapor re-
sponse were investigated. The PCFET and ECFET vapor sensitivities
(operating at constant current) were found to be up to 5.5 uV/ppm and —
2.3 uV/ppm for toluene and 0.6 uV/ppm and 4.5 uV/ppm for ethanol, re-
spectively. The relative selectivity of the sensors was observed to be up
to 564 for these two organics, with an observed sign change with certain
polymers. In addition, the detection limits were estimated to be below 1
ppm of toluene and ethanol vapor in air.

Ashizawa et al. [85] fabricated a metal-insulator—semiconductor field-
effect transistor (MISFET) using poly(3,4-ethylenedioxythiophene)
doped with poly(4-styrenesulfonate) as an active channel by multiple line
patterning, one of the most simple, rapid, and inexpensive methods capa-
ble of making patterns of conducting polymers, insulators, and metals us-
ing a standard laser printer. The MISFET operated both in the depletion
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and enhancement modes in response to positive and negative gate volt-
ages, respectively, where the gate current was crucial to the performance
of the device. Furthermore, a novel device, metal-semiconductor field-
effect transistor (MESFET) using a Schottky barrier formed at the inter-
face between aluminum and PEDOT/PSS instead of the polymer insulator
was fabricated.

Liu et al. [86] fabricated an all-polymer field-effect transistor (FET) us-
ing an ink-jet printing technique. Poly(3,4-ethylenedioxythiophene) works
as the source/drain/gate electrode material because of its good conductiv-
ity. Polypyrrole acts as the semiconducting layer. Poly(vinyl pyrrolidone),
an insulating polymer with a dielectric constant of 60, operates as the di-
electric layer. All the polymers were diluted with deionized water and
printed with a piezoelectric ink-jet printing system. It was shown that the
fabricated device functions at a depletion mode with low operation voltage
and has a field-effect mobility of 0.1 cm’- V™' - s™', an on/off ratio of 2.9 x
10°, and a sub-threshold slope of 2.81 V - decade .

8.7 Sensors

The electronic nose was developed in order to mimic human olfaction that
functions as a non-separative mechanism, i.e., an odor/flavor is perceived
as a global fingerprint. Electronic noses include three major parts: a sam-
ple delivery system, a detection system, and a computing system.

The sample delivery system enables the generation of the headspace
(volatile compounds) of a sample, which is the fraction analyzed. The sys-
tem then injects this headspace into the detection system of the electronic
nose. The sample delivery system is essential to guarantee constant operat-
ing conditions.

The detection system, which consists of a sensor set, is the “reactive”
part of the instrument. When in contact with volatile compounds, the
sensors react, which means they experience a change of electrical prop-
erties. Each sensor is sensitive to all volatile molecules but each in their
specific way. Most electronic noses use sensor arrays that react to vola-
tile compounds on contact: the adsorption of volatile compounds on the
sensor surface causes a physical change of the sensor. A specific re-
sponse is recorded by the electronic interface transforming the signal
into a digital value. Recorded data are then computed based on statisti-
cal models.

The more commonly used sensors include metal-oxide semiconductors
(MOS), conducting polymers (CP), quartz crystal microbalance (QCM),
surface acoustic wave (SAW), and field-effect transistors (MOSFET).
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The physical properties of conducting polymers strongly depend on
their doping levels. Fortunately, the doping levels of conducting polymers
can be easily changed by chemical reactions with many analytes at room
temperature, and this provides a simple technique to detect the analytes.
Most of the conducting polymers are doped/undoped by redox reactions;
therefore, their doping level can be altered by transferring electrons from
or to the analytes. Electron transferring can cause the changes in resistance
and work function of the sensing material. The work function of a conduct-
ing polymer is defined as the minimal energy needed to remove an elec-
tron from bulk to vacuum energy level. This process occurred when PPy,
PTh, and in some cases PAni films were exposed in NH,, NO,, I, H.S, and
other redox-active gases [87-95]. Electron acceptors, such as NO, and I,
can remove electrons from the aromatic rings of conducting polymers.
When this occurs at a p-type conducting polymer, the doping level as well
as the electric conductance of the conducting polymer is enhanced. An op-
posite process will occur when detecting an electrodonating gas. However,
this mechanism has not been understood clearly. Except for the pure redox
reactions, partial charge transferring also leads to an alternation in the con-
ductivity of a conducting polymer [96]. In some cases, a catalyst incorpo-
rated in to the conducting polymer film can help in detecting some inert
analytes. Athawale et al. prepared nanocomposite of Pd/PAni and found its
electrical resistance responses rapidly and reversibly in the presence of
methanol [97].

8.7.1 Film Sensors

Bai et al. [7] reviewed the gas sensors fabricated by using conducting
polymers such as polyaniline (PAni), polypyrrole (PPy), and poly (3,4-
ethylenedioxythiophene) (PEDOT) as the active layers. The conducting
polymer films were fabricated using electrochemical deposition, dip-
coating, spin coating, etc. Various sensor configurations including
chemiresistor and transistor and diode sensors were discussed. Figure 8.11
shows a common type of chemiresistor which can be fabricated through a
cheap and convenient process. A chemiresistor is a resistor, whose electric
resistance is sensitive to the chemical environment [84]. Two types of
conducting polymer transistor, classified by whether the current flow
through the polymer [98, 99], were used to detect gases as illustrated in
Fig. 8.11. Figure 8.12a shows the configuration of a thin film transistor
(TFT), whose active layer is made of conducting polymer, and Fig. 8.12b
represents the structure of insulated gate field-effect transistor (IGFET),
whose gate electrode is made of conducting polymer and the current flows
through the other semiconducting layer, e. g. silicon.
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Fig. 8.12. Configuration of TFT (A) and IGFET (B)

Shrivas et al. [100] studied toxic gas sensing property by polyani-
line thin film conducting polymer for ammonia gas. In this work, the
precipitate of the conducting polymer has been synthesized by chemi-
cal method. The conducting polymer film which acts as an active
layer of sensor was prepared with the help of the precipitate (of the
conducting polymer) by spin-coating technique. The deposited films
were characterized by FT-IR spectroscopy and four-probe method.
The study indicates that the resistance of the film decreases with the
increase in concentration of ammonia at the known volume.

8.7.2 Conducting Polymer Nanofibers for Gas Sensor

Conducting polymer nanofibers are promising one-dimensional nanos-
tructured materials due to their chemical doping specificities, adjust-
able transport properties, large surface areas, light weights, low cost, easy
processing, and scalable productions. The nanofibrillar morphology
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significantly improves the performance of conducting polymer in many
conventional applications involving polymer interactions with its environ-
ment. This leads to much faster and more responsive chemical sensors.
Such nanostructured materials are very promising in applications including
chemical sensors [98, 101, 102], biosensing [103], nanoelectronics, cataly-
sis, and scaffolds for tissue engineering.

Wei et al. [104] developed a template-free solution method in which the
diameter of the tube could be controlled by the dopant functionality and
amount. Zhang et al. [105] described a nanofiber seeding method for syn-
thesizing bulk quantities of nanofibers of PAni. Furthermore, Chiou et al.
[106] reported a simple and scalable approach to produce polyaniline nan-
ofibers in dilute chemical polymerization without the aid of specific tem-
plates. The high quality, small diameter PAni nanofibers were produced in
large quantities.

Huang et al. [107, 108] recently developed two facile approaches—
interfacial polymerization and rapidly mixed reactions—that readily pro-
duce high-quality nanofibers (Fig. 8.13). In a typical PAni chemiresistor, a
thin film of PAni is coated (usually by spin coating or drop casting) on
electrodes as the sensitive layer for chemical vapors. On exposure to
chemical vapors, a change in the film resistance can be readily recorded by
a computer-controlled circuit. The performance of such chemiresistors is
determined by the interactions between vapor molecules and polymer.
Poor diffusion of the vapor molecules can readily outweigh any improve-
ments made to the polymer chains since most of the material other than the
limited number of surface sites is unavailable for interacting with the va-
por, thus degrading sensitivity. An immediate advantage of using nanofi-
bers of PAni is that they shrink the diffusional path length for vapor mole-
cules from the thickness of the film to the diameter of the nanofibers. For
example, improvements in both sensitivity and time response of many or-
ders of magnitude are now observed using the nanofibers [107, 109]. A
great variety of chemical vapors including hydrochloric acid, ammonia,
organic amines, hydrazine, chloroform, methanol, and hydrogen sulfide
have been tested and categorized. Five different mechanisms have been
elucidated [110]. For each mechanistic type, significantly enhanced per-
formance of nanofiber films over conventional materials is observed. The
three-dimensional open structure of the nanofiber films also leads to some
novel sensing properties. For example, for conventional film sensors, the
response is strongly affected by the film thickness; however, the response
of the porous nanofiber films is essentially thickness independent [107, 109].



8.2 Applications of Conducting Polymers 387

Fig. 8.13. Pure polyaniline nanofibers can also be made by rapidly mixed reac-
tions. In a typical reaction: (a) the initiator and monomer solutions in 1 M HCI are
rapidly mixed together all at once. Therefore (b, ¢) the initiator molecules are de-
pleted during the formation of nanofibers, disabling further polymerization leading
to overgrowth. (d) A typical scanning electron microscopy (SEM) image of nano-
fibers prepared in this manner (Adapted from ref. [111])

Cai et al. [112] synthesized nanostructured conducting polymers using
dilute chemical polymerization method, a template-free approach, to ob-
tain nanofibers of PAni. The aqueous solution of nanofibers shows a stable
colloid dispersion, which is spread into an interdigitated electrode resulting
a porous film for DC test; the film is also embed into a cavity element for
RF analyzer. In the presence of specific chemical reagents, the conducting
polymer materials will undergo conductivity changes to several orders of
magnitude, which finally induce the change of film resistance and RF con-
ductivity for sensing. The sensor response is strongly dependent upon the
film morphology, porosity, and humidity. The devices show a quick re-
sponse (i.e., less than 60 s in 100 ppm concentration) and are significantly
sensitive to various chemical gases (e.g., HCI and NH,) at the concentra-
tions of 10-1000 ppm. Such novel emerging chemoresistive RF technol-
ogy will potentially open the challenge for the remote wireless detection of
explosives and other chemical agents.

8.7.3. Biosensor

A basic requirement for a chemical or biological sensor is to convert a mo-
lecular binding event into a measurable signal. Conducting polymers are
attractive for sensor applications because they can directly convert the
binding event into an electrical signal. In addition they can be modified
chemically with appropriate functional groups for specific recognition and
detection of different analytes and scaled all the way down to the nano-
scale or even a single-molecule dimension, which provides one with a
unique opportunity to study molecular binding events on the nanoscale.
Because of these unique properties, many groups have applied conducting
polymers to chemical and biosensors [113-115].
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Forzani et al. [116] presented different chemical sensor applications
based on nanoscale functionalized conducting polymer junction arrays.
Each junction is formed by bridging a pair of gold electrodes separated
with a small gap 20-60 nm with polyanilines or PEDOT functionalized
with enzymes, oligopeptides, or oligonucleotides for detection of glucose,
heavy metal ions, nerve agent simulants, or RNA sequences (Fig. 8.14).
When an analyte binds the polymer nanojunction modified with the selec-
tive recognizing element, it induces a change in the conductance via
changes in polymer conformation, local pH, or charge distribution. Unique
features of the nanojunction array sensors include:

(1) By reducing the junctions down to nanoscale, the conductance of
even a poorly conductive polymer is measurable. This is important because
a polymer is often much less conductive once a molecular probe is at-
tached to it, which makes the conductance measurement difficult if one
uses films or micron-scale junctions. This is also significant for polymers,
e.g., polyaniline that are poorly conductive under physiological conditions
near neutral pH.

(2) The nanojunctions have a large surface to volume ratio which rises
to extremely high sensitivity and fast response time.

(3) The reduced dimension requires only small amounts of probes and
samples and promises a highly integrated device.

(4) When oligopeptides are used as probes, the number of different
oligopeptides that can be attached is virtually unlimited by choosing
different amino acid sequences which allows one to tune the specificity
of the sensor via the combinatorial chemistry approach.

Recognizing element
o on the polymer
2..|:I. ° nanojur?ctisfm

Conducting polymer F5

Fig. 8.14. SEM image of a polymer nanojunction and schematic of a recognizing
element-modified polymer nanojunction for sensing applications (from [116])
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A critical step in the development of biosensors based on ICPs is
achieving the immobilization of biological molecules without a signifi-
cant change in their properties. In the case of DNA immobilization,
widely used methods are electrostatic entrapment [117, 118] and cova-
lent attachment [119-121]. Polypyrrole and polythiophene are com-
monly used ICPs for DNA sensor preparation. Garnier et al. developed
a process of functionalizing a conjugated polymer which involves the
preparation of a precursor polymer film bearing a leaving group, such
as an activated ester, at its 3-position, which can be substituted by an
appropriate functional group [122]. Other different functionalized pyr-
role and thiophene monomers were used in the preparation of DNA
sensors [123—-125]. Recently, Peng et al. [126] prepared DNA sensors
based on functionalized polypyrrole and polythiophene films and their
performances were studied by electrochemical impedance spectroscopy
(EIS). Conducting polymers of functionalized monomers of PAA,
PPDA, and 3-((2:2",5":2"'-terthiophene)-3’’-yl) acrylic acid (TAA)
were synthesized for this purpose. The results implied that polypyrrole
functionalized with longer unsaturated carbon side chains provides bet-
ter DNA-sensing properties. The sensor based on poly(TAA) shows a
qualitatively different response compared with polypyrrole sensors. It
was shown that this difference was caused by differences in dominant
ion movement at the interface of film and electrolyte.

8.7.4 Chemical Sensor

Li et al. [127] studied the sensors based on arrays of regioregular polythio-
phenes (rr-PTs), which has an air-stable conducting property that makes
them suitable as chemiresistive sensing materials. Their solubility in a va-
riety of organic solvents also enables them to be ink-jet printed for device
fabrication; chemiresistors were demonstrated to be viable options for de-
tection and discrimination of volatile organic compounds (VOCs). The
family of rr-PT-based conductive polymers and copolymers with various
side chains and end groups were synthesized and tested. Their responses
showed a variety of distinct new patterns that might significantly enhance
sensor discrimination capability between VOCs. Possible sensing mecha-
nisms and interactions between the VOC vapors and the variety of rr-PT
chemistries that might account for the observed electrical property changes
were described. This work provides the foundation for further research and
development to design chemical structures to optimally respond to a given
analyte.
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8.8 Microfluid Pump

Methods for manipulation of fluid in the micro-scale are widely used in
areas ranging from chemistry, biology to materials science. For a micro-
fluidic analytical system, the main function is to provide a manifold of
interconnecting channels to control the reagent/sample delivery and ana-
lyte detection within a single integrated platform. The basic building
blocks consist of channels in which the fluid flows, valves which control
the direction of flow, and one or more pumps that provide the driving
force to move the fluid. Numerous microfluidic devices such as microflu-
idic chips, flow sensors, microvalves, and micropumps have been re-
ported [128, 129].

For driving the liquid movement, well-known methods include piezo-
electric [130], thermopneumatic [131], electrostatic [132], and electro-
magnetic actuation [133]. Besides the mechanically driven reciprocating
micropump, there are continuous flow-type micro-pumps based on elec-
tro-osmosis (EO), electrohydrodynamics (EHD), and magnetichydrody-
namics (MHD). While there are many micropump designs available for
micro-nano-scale liquid delivery, they generally require high operation
voltages and high running current and therefore are very power hungry
[134-138].

Kim et al. [139] reported the development of a micropump for small-
volume fluid delivery. The pump has small size and low power, and poten-
tially can be easily integrated into microfluidic devices for, e.g., lab-on-a-
chip applications. This design employs polypyrrole (PPy) as the electro-
chemical actuator to produce the mechanical movements required for the
pumping action.

Figure 8.15 illustrates the typical configuration of such a micropump
which is composed of a sealed pump chamber, a diaphragm, and check
valves for controlling fluid inlet and outlet. Reciprocating movement of the
diaphragm generates a two-mode pump cycle that results in a periodic vol-
ume change that creates positive and negative pressures in the pump
chamber. During the prime mode, a negative pressure is generated by the
upward movement of the diaphragm to close the outlet check valve and lift
the inlet check valve to suck fluid into the pump chamber. During the fol-
lowing pump mode, the downward diaphragm movement generates posi-
tive pressure to force the inlet check valve to close and push the outlet
check valve to open and excrete fluid into the outlet. Hence, the actuator
diaphragm provides driving force for the fluid movement and the check
valves at the inlet and outlet direct the flow to create a continuous flow in
one specific direction.

The diaphragm employed was a conductive polymer membrane/
polydimethylsiloxane (PDMS) bilayer membrane which can be electro-
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chemically actuated to provide the mechanical movements. Inherently
conductive polymers such as polypyrrole (PPy) undergo reversible volume
change during electrochemical redox reactions as a result of inser-
tion/removal of either dopant ions or the solvated counterions that are pre-
sent in the immediate environment to maintain electrical balance [140].
When specific voltages are applied alternatively across the PPy membrane,
the membrane deforms to a convex and concave form to drive the dia-
phragm to perform continuous push and pull actions. This bending-type
actuator produces large deformations, but the generated pressure is rela-
tively small compared to a conventional solenoid pump. For this reason,
custom-designed check valves were fabricated that would operate effec-
tively at low actuation pressures. It was demonstrated that the fabricated
actuator pump was capable of producing a maximum flow rate of 52
pL/min and a nominal minimum flow rate of 18 uL/min when operated at
+1.5 V power supply. The back pressure it generates is 11mBar. This de-
vice consumes very low power, 55 mW/stroke.

Ppy membrane

Pump chamber

Holder for
check valve

Cavities for che
valve holders

Inlet/outlet

channels

Bottom layer

Fig. 8.15. Scheme of the pump assembly (from [139])

Wau et al. [140] developed a low voltage fluid movement system for mi-
crofluidic channels utilizing the electromechanical actuation properties of
polypyrrole. A confined concentric arrangement of polypyrrole actuators is
used to induce fluid movement through an inner channel in a single unit.
Series connection of these units and appropriate electrical connection/
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stimulation induces a novel peristaltic action that enables fluids to be
pumped in a predetermined direction. Flow rates of up to 2.5 pl/min can be
achieved against a back pressure of 50 mbar, which is sufficient to enable
fluid movement in a glass capillary channel (diameter: 266 pm, length:
12.8 cm). The mechanism of fluid movement enables the use of low volt-
age devices (1 V) to drive fluid with an average power requirement of
8.7 mW.

8.9. Shielding of Electromagnetic Interference (EMI)

EMI (electromagnetic interference) can be defined as spurious voltages
and currents induced in electronic circuitry by external sources. In recent
years, EMI problem or electromagnetic pollution has received wide atten-
tion because of the malfunctioning of the electronic equipments from the
radiations generated from the source or emanating from other electronic
equipments. Research in the past decade has established the ability of
polymer composites made with electrically conducting polymers to be
suitable as a shield against the electromagnetic interference [77, 141-144].

So far conducting composites were made by adding metallic fillers,
C-black, or metallic powders. However because of certain disadvantages
like labour intensity, relatively high cost, and time consumption besides
the galvanic corrosion phenomenon observed when dissimilar metals are
joined, conducting polymer composites were being made which were
found suitable for EMI shielding and for the dissipation of electrostatic
charge.

Conducting polyaniline forms an important family of electronic poly-
mers with a developed potential application for a number of areas because
of their flexible chemistry, processibility, environmental stability, and ease
of forming composites. The electromagnetic interference shielding effec-
tiveness of conducting polyaniline (PANI) — ABS composites was studied
at 101 GHz. It was observed that shielding effectiveness of the PANI-ABS
composites increases with the increase in the loading levels of the conduct-
ing polymer doped with hybrid dopants. The lower loading of PANI doped
with hybrid dopants in the molded conducting composites can be effec-
tively used for the dissipation of electrostatic charge. However, with
higher loadings, a shielding effectiveness of 60 dB has been achieved
which makes the conducting composites a potential EMI shielding material
for its application in encapsulation of electronic equipments in electronic
and in high tech applications.
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Koul et al. [145] studied the electromagnetic interference shielding ef-
fectiveness of conducting PANI-ABS composites at 101 GHz. It was ob-
served that shielding effectiveness of the composites increases with the
increase in the loading levels of the conducting polymer doped with hy-
brid dopants. The lower loading of PAni doped with hybrid dopants in
the moulded conducting composites can be effectively used for the dissi-
pation of electrostatic charge. However, with higher loadings, a shielding
effectiveness of 60 dB has been achieved which makes the conducting
composites a potential EMI shielding material for its application in en-
capsulation of electronic equipments in electronic and in high tech appli-
cations.

Kim et al. [146] prepared intrinsically conducting polymer(ICP)/PET
textile composites by chemical and electrochemical polymerization of ICP
on a PET fabric in sequence, and investigated the effects of the chemical
or electrochemical polymerization conditions on the properties of resulting
composites such as electrical conductivity and electromagnetic interfer-
ence shielding effectiveness (EMI SE). The ICP/PET composite prepared
in this study was highly electrically conducting, showing 0.3 Q-cm of the
specific volume resistivity and about 35 dB of EMI SE (shielding effi-
ciency) over a wide frequency range.

ICPs are new alternative candidates for EMI shielding applications due
to their lightweight, corrosion resistance, ease of processing, and tunable
conductivities when compared with typical metals. More importantly, the
dominant shielding characteristic of absorption other than that of reflection
for metals render ICPs more promising materials in applications requiring
not only high EMI shielding effectiveness but also shielding by absorption,
such as in stealth technology [147].

8.10 Nanofiber-Based Nanocomposites And Devices

Owing to the redox-active nature of polyaniline, metal nanoparticles
can be deposited on polyaniline nanofibers through a direct reaction be-
tween polyaniline nanofibers and oxidizing metal ions, such as Au™ and
Ag" [108]. The nanofibers can serve as a template to guide the growth
of metal nanoparticles and/or confine them in the polymer matrix [108].
The uniform diameters of the nanofibers lead to relatively narrow size
distributions of the metal nanoparticles. For example, treating de-doped
polyaniline nanofibers with a 10 mM AgNO, solution at room tempera-
ture (~25°C) readily yields Ag nanoparticle-decorated nanofibers in a
dot-ON-fiber fashion (Fig. 8.16b). When the same reaction was re-
fluxed in water at ~100°C, three morphologies — dot-ON-fiber, dot-IN-
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fiber, and silver shells on nanofibers — were obtained (Fig. 8.16c, d). This
can be explained by understanding the diffusion and chemical processes
occurring during the reaction (Fig. 8.16a). At reflux temperature, the
rates of both the reduction reaction with polyaniline and the diffusion of
Ag" into the nanofibers are enhanced; hence, some Ag+ may be
forced into the nanofibers before the reaction is complete. Therefore,
both dot-ON-fiber and dot-IN-fiber structures are obtained. The Ag
nanoparticles outside the nanofiber can merge into neighboring particles
and form a continuous shell on the nanofiber due to Ostwald ripening.
Under properly designed reaction conditions, it should be possible to
have either the diffusion or the reaction overwhelm the other, leading to
pure dot-ON-fiber or dot-IN-fiber types of Ag—polyaniline composites.
Such composites should be promising materials for biosensing, catalysis,
and nanoelectronics.

Huang et al. [108] obtained pure dot-ON-fiber and dot-IN-fiber types
of Au—polyaniline nanocomposites, respectively. As shown in Fig. 8.17,
an interesting electrical bistability (Fig. 8.17d) has been discovered for
the dot-IN-fiber type of nanocomposite (Fig. 8.17a, b). When the poten-
tial across the sandwich-type device (Fig. 8.17¢) is increased to +3 V, an
abrupt increase in current is observed. This changes the device from a
low-conductivity OFF state to a high-conductivity ON state (Fig. 8.17d,
curve A). The device is stable in the ON state when the potential is low-
ered back to 0 V (Fig. 8.17d, curve B). The high conductivity of the ON
state can be changed back to the OFF state by applying a reverse bias of
—5 V. The device is then stable in the OFF state until +3 V is applied, at
which point it returns to the ON state (Fig. 8.17d, curve C). This electri-
cal bistability can potentially be used to construct polyaniline-based non-
volatile memory devices (PANI-MEM). Such devices are found to have
nanosecond switching times (Fig. 8.17e), high on/off ratios, and poten-
tially low manufacturing costs, making them promising for faster and
less expensive nonvolatile data storage media than what is currently
available (e.g., flash memory).
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Room temperature reaction Reflux reaction

Fig. 8.16. Polyaniline nanofibers can guide the deposition of metal nanoparticles.
(a) Schematic showing two types of Ag—polyaniline composites obtained at ~25°C
and under reflux conditions (~100°C, in water), respectively. (b) At room tem-
perature, Ag nanoparticles (20-30 nm) are deposited on the nanofibers. (¢, d) At
boiling temperature, continuous Ag coating outside the nanofibers as well as small
Ag nanoparticles (<10 nm) [108]

Fig. 8.17. Au—polyaniline nanocomposite (a, b) is a promising material for mak-
ing ultra-fast nonvolatile memory devices (c). (¢) A schematic showing the sand-
wich type of device structure. (d) I-V characteristics of the polyaniline nanofi-
ber/Au nanoparticle device. The potential is scanned from (A) O to +4 V, (B) +4 to
0V, and (C) 0 to +4 V. (e) I-V characteristics of the OFF and the ON states of the
device before and after the application of a voltage pulse of 4 V with a width of 25
ns as shown in the inset (Adapted from ref. [108])
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Fig. 8.17. (Continued)

8.11 Polymer Light-Emitting Diodes (PLEDs)

Conjugated polymers derive their semiconducting properties from having
delocalized z-electron bonding along the polymer chain. The 7= bonding
and 7 * antibonding orbitals form delocalized valence and conduction
wavefunctions, which support mobile charge carriers. Electroluminescence
from conjugated polymers was first reported [148] using poly(phenylene
vinylene) (PPV) as the single semiconductor layer between metallic elec-
trodes, as is illustrated in Fig. 8.18.

poly-(p-phenylenevinylene)

i . m aluminum, magnesium
Indium-tin n or calcium

oxide

External
circuit

glass substrate

Fig. 8.18. Structure of a polymer LED fabricated with poly(phenylenevinylene)
(PPV) as the active semiconductor
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In this structure, the indium—tin oxide (ITO) layer functions as a trans-
parent electrode and allows the light generated within the diode to leave
the device. The top electrode is conveniently formed by thermal evapora-
tion of a metal. LED operation is achieved when the diode is biased suffi-
ciently to achieve injection of positive and negative charge carriers from
opposite electrodes. Capture of oppositely charged carriers within the re-
gion of the polymer layer can then result in photon emission.

Diodes of this type can be readily fabricated by solution processing the
semiconducting polymer onto the ITO-coated glass, even though the film
thickness is no more than typically 100 nm. Spin coating from solution has
been demonstrated to be capable of producing highly uniform layer thick-
ness, with no more than a few Angstrom thickness spread over several
square centimeters. Electrodes are chosen to facilitate charge injection;
ITO has a relatively high work function and is therefore suitable for use as
a hole-injecting electrode, and low work-function metals such as Al, Mg,
or Ca are suitable for injection of electrons.

PPV has an energy gap between 7 and 7 * states of about 2.5 eV and
produces yellow-green luminescence in a band below this energy, with the
same spectrum as that produced by photoexcitation. Note that it shows
broadening due to vibronic coupling, as is characteristic for optical transi-
tions in molecular semiconductors where the excited state is confined to
the molecular unit and is described as an exciton.

The levels of efficiency of the first, simple LEDs based on PPV, which
were fabricated with aluminum negative electrodes, were relatively low, of
order 0.01% photon generated within the device per electron injected.
These values have risen rapidly over the past 5 years as improved under-
standing of the operation of these devices, aided in considerable measure
by parallel developments made with sublimed molecular film devices
[149], has allowed considerable optimization of the device characteristics.
More recently, much higher efficiencies have been reported for diodes
made with similar structures to that shown in Fig. 8.19, but with a layer of
poly(dioxyethylene thienylene) doped with polystyrene sulfonic acid (see
Fig. 8.19) between ITO and emissive polymer layers. Efficiencies in the
green part of the spectrum up to 22 lumen/W for emissive polymers based
on polyfluorene [150]. Such devices are well matched to drive from stan-
dard silicon circuits, showing typical display brightness (100 cd/m”) below
3V.
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Fig. 8.19. Schematic of the energy levels for a polymer LED formed with a
layer of the conducting polymer system PEDOT-PSS, which acts as hole-
injecting electrode, formed on glass coated with indium—tin oxide (ITO).
The cathode is formed with vacuum-sublimed calcium. The figure shows en-
ergies for the metal work-functions, and for the ionization potential and
electron affinity for the semiconducting polymer (Adapted from ref. [150])

There has been very considerable progress made with chemical modifi-
cation of conjugated polymers to tune color of emission so that full-color
displays can be fabricated. Blue emission is achieved in a wide range of
polymers, including the poly(fluorene)s (see, e.g., [151]), and red-emitting
polymers have been developed by the Dow Chemical Company and others.
In general, blue-emitting materials suffer from the tendency to form aggre-
gate states which show red-shifted emission, and it is generally found that
this effect is enhanced for electroluminescence in comparison with photo-
luminescence.

There is much interest in understanding what determines the limit to
LED efficiency. The internal quantum efficiency, 7., 1S usually ex-
pressed as the product of the efficiency of electron—hole capture within the
semiconductor layers, y, the fraction of excitons produced as singlets
(rather than triplets), r_, the fraction of singlet excitons which decay radia-

st

tively; g (which is often set equal to the photoluminescence quantum effi-
CIeNCY), yrma = ¥ 9

The process of double-charge injection, the requirement to balance
electron and hole currents, and the requirement to achieve electron—
hole recombination within the active semiconductor layer (and appro-
priately spaced away from the electrodes) have proved to be more trac-
table to engineering of electrodes and semiconducting polymers than
was earlier considered feasible, and it seems that the value of Y is
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close to 100% for the better-performing devices now made. As dis-
cussed below, one important approach is to construct heterostructure
architectures, with two polymers used to transport either electrons or
holes, with recombination forced to occur close to the heterojunction
[152]. There has also been much work on the improvement of the
process of charge injection at the two electrodes, and devices which
retain the simple single-semiconductor layer architecture can also
show very high efficiencies [153]. One approach to this is to arrange
that the barrier for hole injection, which is shown as a single discon-
tinuous step in Fig. 8.19, is formed by a graded-composition of self-
assembled polymer bilayers, so that the barrier for injection takes the
form of a series of smaller steps.

Radiative decay rates for singlet excitons in semiconducting poly-
mers are now relatively high in many of the materials used in LEDs,
often above 50%. Though this is now well accepted, there had been
considerable concern that intermolecular interactions would lead to
solid-state quenching (through, for example, the formation of Davydov-
split intermolecular excitons), and the reasons why this is not found for
the polymers are being investigated. The third term that enters the ex-
pression for the internal quantum efficiency is the fraction of excitons
that form as emissive singlet excitons. It had generally been assumed
that this would be set by spin statistics, with 25% of electron—hole pairs
forming singlets and 75% forming triplets. Given that the exchange en-
ergy for these materials is large (>0.5 eV), intersystem crossing is un-
important, so this would limit device efficiency to 25% of the product
of y and q. However, experiments now show that this value can be con-
siderably higher of order 45% [153, 154], and there is considerable in-
terest in identifying possible models for spin-dependent electron—hole
recombination [155].

The external quantum efficiency depends on the out-coupling light
generated in the device in the forward direction, and is modeled and
measured for devices that are made as described above to be as high
as 1.2/n> where n is the substrate refractive index (this is the case
when the radiative dipole moments lie parallel to the plane of the de-
vice, as is found for many of the spin-coated polymer semiconductors)
[156].

8.11.1 Polymer Displays

The obvious attraction of these solution-processed polymer LEDs is that
they can be coated over large areas, so that arrays of devices can be con-
veniently assembled. Passive-matrix addressing provides a particularly
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convenient arrangement for assembling a display. For this, the bottom
electrode (ITO) is arranged as a series of columns, the polymer layers are
deposited by spin-coating and do not require lateral patterning (since
cross-talk via these polymer layers can be arranged to be unimportant), and
the cathode electrode is arranged as a series of rows. Addressing is done
by powering each row in sequence, while holding the column voltages as
required. The rectifying characteristics of these diodes remove cross-talk
and give good performance for displays with no more than “intermediate”
information content, e.g., 1/4 VGA (320 x 240 pixels).

Beyond this, the need to drive each row for shorter times to higher peak
currents becomes limiting, and there is now interest in using the active-
matrix schemes used for high-quality liquid crystal displays (LCDs). These
use amorphous silicon thin-film transistor circuits to provide a latch circuit
at each pixel, which maintains the correct potential at the liquid crystal cell
throughout the refresh cycle. To extend this drive scheme to the organic
LEDs requires that the transistor circuit be able to drive current through
the LED, and this is not easily accomplished with amorphous silicon tran-
sistors because carrier mobilities are low. However, amorphous silicon can
be re-crystallized in situ, particularly by laser annealing, to form poly-
crystalline silicon, and this shows much improved mobilities for the field-
effect charges, and hence improved speed and current-carrying capacity.
This has been developed for the LCD displays in order to allow the address
decoding to be performed by circuitry on the glass substrate, but turns out
to be well matched for the polymer LEDs [157].

The final step in producing a full-color display is the patterning of red,
green, and blue pixels onto such an active-matrix array. One particularly
attractive approach is to print the three polymer systems required for each
color directly in place onto the back plane, and in this way avoid the need
to employ photolithographic processes. Ink-jet printing is particularly suit-
able for this and is now demonstrated [157].

8.11.2 Heterojunctions

The use of heterojunctions formed between dissimilar semiconducting
polymers has proved to be very powerful, both in applications for LEDs
and also for photovoltaic devices. A schematic view of such a heterojunc-
tion is shown in Fig. 8.20. In this scheme, two polymers with similar en-
ergy gaps differ in their electronegativities, with CN-PPV selected as a
high electron-affinity material, and the two PPVs selected as low ioniza-
tion potential materials. The offset in band-edge positions is about 0.5 eV
for these systems (larger for the dialkoxy—PPV, MEH-PPV than for the
unsubstituted PPV). The energetics of charges and of excitons in the vicin-
ity of such a heterojunction have been modeled by the Mons group and
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compared with experiments on model junctions [158]. What is found is
that when the band-edge offsets are larger than the binding energy of the
intrachain singlet exciton, such an exciton is ionized to place the electron
on the CN-PPV and the hole on the PPV. This then gives useful photovoltaic
operation, particularly when the two polymers are mixed together to form a
large surface area heterojunction device. This is achieved between CN-PPV as
shown in Fig. 8.20 and the dialkoxy-substituted PPV, MEH-PPV [159]. Effi-
ciencies of such devices have been raised to relatively high values, with quan-
tum efficiencies toward 30% and energy conversion efficiencies of order 2% in
AM 1.5 conditions [160, 161].

In contrast, when the band-edge offset is smaller than the singlet exciton
binding energy, the exciton is still stable at the heterojunction (though it
will move to the lower energy gap side of the junction), and there is little
charge generation. This is the case for the heterojunction formed between
PPV without the dialkoxy substitution and CN-PPV, and such structures
are very effective for use in LEDs, in which electrons and holes are trans-
ported from either side of the device, and are trapped at the heterojunction,
allowing very efficient electron—hole capture.
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Fig. 8.20. Schematic of a heterojunction formed between two semiconducting
polymers. As discussed in the text, the offset in band-edge position is sufficient to
cause exciton ionization in the case of MEH-PPV versus CN-PPV, so that photo-
voltaic operation is achieved, whereas for the junction formed between PPV and
CN-PPV, exciton energy transfer to the lower-gap material, CN-PPV, occurs
(Adapted from ref. [158])
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8.12 Solar Cells

Polymer solar cells are a type of organic solar cell (also called plastic solar
cell) that produce electricity from sunlight using polymers. It is a relatively
novel technology, being researched by universities, national laboratories,
and industries around the world.

Currently, many solar cells in the world are made from a refined,
highly purified silicon crystal, both crystalline and amorphous similar
to those used in the manufacture of integrated circuits. The high cost of
these silicon solar cells and their complex production process has gen-
erated interest in developing alternative photovoltaic technologies.
Compared to silicon-based devices, polymer solar cells are lightweight
(which is important for small autonomous sensors), disposable, inex-
pensive to fabricate (sometimes using printed electronics), flexible,
customizable on the molecular level, and have lower potential for nega-
tive environmental impact.

The following discussion is based primarily on Mayer et al.'s review
cited below. Organic photovoltaics (PV) are comprised of electron donor
and electron acceptor materials rather than semiconductor p—n junctions.
The molecules forming the electron donor region of organic PV cells,
where exciton electron—hole pairs are generated, are generally conjugated
polymers possessing delocalized w electrons that result from carbon p or-
bital hybridization. These & electrons can be excited by light in or near the
visible part of the spectrum from the molecule's highest occupied molecu-
lar orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
denoted by a m — n* charge transition. The energy bandgap between these
orbitals determines which wavelength of light can be absorbed.

Unlike in an inorganic crystalline PV cell material, with its band struc-
ture and delocalized electrons, excitons in organic photovoltaics are
strongly bound with an energy between 0.1 and 1.4 eV. This strong bind-
ing occurs because electronic wavefunctions in organic molecules are
more localized, and electrostatic attraction can thus keep the electron and
hole together as an exciton. The electron and hole can be dissociated by
providing an interface across which the chemical potential of electrons de-
creases. The material that absorbed the photon is the donor, and the mate-
rial acquiring the electron is called the acceptor. After dissociation has
taken place, the electron and hole may still be joined as a geminate pair
and an electric field is then required to separate them.

After exciton dissociation, the electron and hole must be collected at
contacts. However, charge carrier mobility now begins to play a major
role: if mobility is not sufficiently high, the carriers will not reach the con-
tacts and will instead recombine at trap sites or remain in the device as un-
desirable space charges that oppose the drift of new carriers. The latter
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problem can occur if electron and hole mobilities are highly imbalanced,
such that one species is much more mobile than the other. In that case,
space-charge limited photocurrent (SCLP) hampers device performance.

As an example of the processes involved in device operation, organic
photovoltaics can be fabricated with an active polymer and a fullerene
(C,)-based electron acceptor. The illumination of this system by visible
light leads to electron transfer from the polymer chain to a fullerene mole-
cule. As a result, the formation of a photoinduced [quasiparticle] or pola-
ron (P+) occurs on the polymer chain and the fullerene becomes an ion-
radical C,- . Polarons are highly mobile along the length of the polymer
chain and can diffuse away. Both the polaron and ion-radical possess spin
S =12, so the charge photoinduction and separation processes can be con-
trolled by the electron paramagnetic resonance method.

The simplest architecture that may be used for an organic PV device is a
planar heterojunction. A film of active polymer (donor) and a film of elec-
tron acceptor are sandwiched between contacts in a planar configuration.
Excitons created in the donor region may diffuse to the junction and sepa-
rate, with the hole remaining behind and the electron passing into the ac-
ceptor. However, planar heterojunctions are inherently inefficient; because
charge carriers have diffusion lengths of just 3—10 nm in typical organic
semiconductors, planar cells must be thin to enable successful diffusion to
contacts, but the thinner the cell, the less light it can absorb.

Bulk heterojunctions (BHJs) address this shortcoming. In a BHJ, the
electron donor and acceptor materials are blended together and cast as a
mixture that then phase-separates. Regions of each material in the device
are separated by only several nanometers, a distance optimized for carrier
diffusion. Although devices based on BHJs are a significant improvement
over planar designs, BHJs require sensitive control over materials mor-
phology on the nanoscale. A great number of variables, including choice of
materials, solvents, and the donor—acceptor weight ratio can dramatically
affect the BHJ structure that results. These factors can make rationally op-
timizing BHJs difficult.

The next logical step beyond BHJs are ordered nanomaterials for solar
cells or ordered heterojunctions (OHIJs). This paradigm eliminates much of
the variability associated with BHJs. OHJs are generally hybrids of or-
dered inorganic materials and organic active regions. For example, a
photovoltaic polymer can be deposited into pores in a ceramic such as
TiO,. Holes still must diffuse along the length of the pore through the
polymer to a contact, so OHJs do have thickness limitations. Mitigating the
hole mobility bottleneck will thus be key to further enhancing OHJ device
performance, but controlling morphology inside the confines of the pores
is challenging.
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Engineers at the University of California, San Diego (UCSD) have em-
ployed ‘“nanowires” to boost the efficiency of organic solar cells
(http://ucsdnews.ucsd.edu/newsrel/science/05-08Nanowires.asp). Indium
phosphide (InP) nanowires can serve as electron superhighways that carry
electrons kicked loose by photons of light directly to the device’s electron-
attracting electrode — and this scenario could boost thin-film solar cell effi-
ciency. The new design (shown in Fig. 8.21) increases the number of electrons
that make it from the light-absorbing polymer to an electrode. By reducing
electron—hole recombination, the UC San Diego engineers have dem-
onstrated a way to increase the efficiency with which sunlight can be
converted in to electricity in thin-film photovoltaics. Recently, Grimes
et al. [162] at Penn State University show that using Foster-type resonance
energy transfer can improve the efficiency of the solar cell by extending
the sun light beyond the present UV/Vis regime (350-650 nm) into the
near IR regime (>650 nm) which can enhance the solar harvest efficiency
by utilizing a ruthenium polypyridine complex acceptor anchored to the
surface of the TiO, nanowires.
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Fig. 8.21. Schematic of the nanowire—polymer hybrid device created by UC San
Diego engineers and described in the Journal of Nano Letters

8.13 Three-Dimensional Interconnect

By the use of templates like porous membranes during polymerization,
conducting molecular wires can be formed with highly anisotropic proper-
ties which might be used as interconnecting layers in a three-dimensional
(3D)-chip stacking (Fig. 8.22). Ackermann et al. reported preliminary re-
sults on forming polypyrrole (PPy) molecular wires in isolating porous
polycarbonate membranes as self-supporting layers using directional elec-
trochemical polymerization (DEP) technique. The DEP process which had
a structured cathode turned out to be a powerful technique to perform a
micropatterning of the membrane with polymer wires. The DEP-processed
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polymer micro-wires demonstrated a conductivity of 0.5 S/cm, but without
any cross-talk, which is very important for a perfect signal transfer in the
3D-chip stacking.

metal
connector

organic
conducting
fibrils integrated
circuit

silicon wafer

Fig. 8.22. Cortex 3D-chip stacking with chip interconnections accomplished by
organic conducting fibrils (from [162])

8.14 Conducting Polymer Artificial Muscles

Although the use of conducting polymers as artificial muscles was first
demonstrated by Baughman and co-workers in 1990 [163], advances in
performance have been continuously made until now and further im-
provements are both desirable and achievable. These conducting poly-
mer artificial muscles use the dimensional changes resulting from elec-
trochemical ion insertion and deinsertion, possibly along with
associated solvating species. Since both electrodes can comprise con-
ducting polymers, both can be used as artificial muscles. Depending
upon the conducting polymer/electrolyte system used, the initial state,
and the rate of potential change used for actuation, electron insertion
into one electrode can be accompanied by a volume increase as cations
are inserted or a volume decrease as anions are removed. Similar proc-
esses can occur at the counter electrode. This feature, as well as possi-
ble time-dependent changes of the intercalated/deintercalated species,
can complicate the control of actuation [164, 165]. Expansion appears
to be primarily perpendicular to the polymer chain orientation for ori-
ented polymers, suggesting to the first order that ions and accompany-
ing solvent are slotted between chains [166, 167]. The polymers most
often used in actuation are polypyrrole, polyaniline, and polythiophene
derivatives. Rates of actuation tend to be low (<<1%/s) because of the
relatively slow transport of ions within the polymer and the large de-
gree of doping sometimes used [168], but they can exceed 10%/s using



406 8 Intrinsically Conducting Polymers (ICPs)

metal contacts, porous polymers, fast charging methods, or thin films
and fibers [169-171]. High-quality electrochemically grown films and so-
lution-spun fibers have tensile strengths on the order of 100 MPa or higher,
and adding carbon nanotubes (CNTs) can further increase strength and re-
duce problematic creep [172]. Work densities [173] approach 100 MJ/m’.
Operating voltages are ~2 V, though higher voltages of up to 10 V are
sometimes used to increase actuation rate. Such high voltages will ulti-
mately cause degradation of the electrolyte and/or polymer unless the volt-
age profile as a function of time is properly provided [169], so that excess
voltage over the redox stability range is resistively dissipated at the begin-
ning of a voltage pulse and the applied voltage is progressively decreased
as the current decreases.

The advantage of conducting polymers over electronic electric electro-
active polymers (EAPs) is their low operating voltage. They feature higher
strains and low cost. But the electromechanical coupling is low (<1%).
Much of the input electrical energy can be recovered, but the need to shunt
relatively large amounts of electrical energy can slow actuation and push
the limits of power supplies, making large-scale applications (e.g. robotic
arms) challenging. One promising means of improving coupling is to de-
sign conjugated molecules that fold and expand in response to changes in
oxidation state, bringing artificial muscle a little closer to the elegance of
real muscle [174]. Applications being considered include blood vessel re-
connection, dynamic Braille displays, valves, and actuated catheters [175].

8.15 ICP as Interconnect Materials

Lam et al. [176] studied the possibilities of employing intrinsically con-
ducting polymers (ICPs) in place of electrical conductive-polymer com-
posites (ECPs) for applications involving electrical contacts and reported a
preliminary investigation made on two types of ICPs namely poly(3,4-
ethylenedioxythiophene) (PEDOT) and polyaniline (PANI). The ICPs
were doped with different ratios of solvents and prepared under certain
conditions to achieve improvements in the mechanical structure, processi-
bility, and conductivity. Experiments were carried out to measure the con-
tact resistances using four-wire resistance measurement techniques while
subjected to a normal force. In this primary study, the optimum conductiv-
ity levels for the ICPs were found in the 10” Scm™' range. Although these
values are comparatively low with respect to extrinsic conducting poly-
mers and metals, ICPs have shown initial potentials in conductivity en-
hancement and possible implementations as an electrical contact or con-
ductive coating.
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Conductive polymer blends and composites can be prepared by combin-
ing an insulating polymer or copolymer with an intrinsically conductive
polymer, such as polypyrrole, polythiophene, and polyaniline. Cooper and
Vincent [177] prepared electrically conductive films by casting mixed dis-
persion of Emeraldine Salt (ES) particles (needles) with film-forming latex
particles. They studied the effects of concentration of the conducting parti-
cles on the conductivity of resulting films and concluded that the percola-
tion threshold was ~20wt% in the case of ES particles.

Sancaktar et al. [178] conducted study on ES-filled composite adhesive.
Data illustrated the effect of filler loading on electrical conduction with a
critical percolation concentration at about 30% by volume for dispersion in
nitrocellulose solution. Experimental results with the ES-filled composite
adhesive also revealed that the adhesive/substrate interphase had a strong
influence on the electrical conduction behavior in bonded joints. We be-
lieve that there is a redox reaction occurring at the adhesive interphases
with aluminum and zinc substrates, resulting in the formation of a dense,
nonconductive layer of metallic oxide (ALO, for Al, and ZnO for Zn
plated) catalyzed by ES particles, eventually preventing the electron flow
necessary for the formation of a continuous, conductive network between
the adhesive and the substrate. Mechanical experiments performed using
single lap joints bonded with nitrocellulose adhesive filled 40% by volume
with ES powder revealed a relatively brittle behavior for the composite ad-
hesive, with failure occurring mostly in the interfacial mode.

Corsat et al. [179] demonstrated nano-imprinting conducting polymer to
form pyramid-shaped bumps. The conjugated polymers are relatively soft
compared to other polymers. To allow the imprinting of such materials,
conductive polyaniline (PANI) was blended with thermoplastic poly-
methylmethacrylate (PMMA) plasticized with di-octylphthlate to decrease
the glass transition temperature of the PMMA. Depending on the concen-
tration of PANI and plasticizer, it is possible to adjust the conductivity of
the blend between 0.5 and 50 S/cm and the glass transition temperature be-
tween 30 and 110°C. To avoid thermo-mechanical stresses at cooling due
to CTE mismatch, a low temperature process was developed to address a
very low pitch with a relatively low cost. The process flow is presented in
Fig. 8.23 and imprinted pyramid is shown in Fig. 8.24. The softness (de-
formability) of the conductive-polymer pyramid was utilized to make the
electrical contact to the metal pads of the substrate under pressure and
temperature. However, the electrical testing showed that the interconnec-
tion was not functional on the full interconnect area and more work has to
be done to make the interconnections fully functional.
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Fig. 8.23. Low temperature interconnection process between a die and a substrate

Fig. 8.24. Conducting polymer pyramid after plasma etching
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Chow et al. [180] demonstrated the feasibility of using a thermoplastic
intrinsically conductive polymer based on doped polyaniline (PANI) as an
interconnect material with low processing temperatures. PANI samples
were sandwiched between gold substrates and the contact resistance of the
PANI samples was measured in situ under 85°C/85%RH aging. It was
found that the doped-PANI1 dissolved in Cresol gives the lowest initial and
stable resistance and no corrosion to gold surface.

Kuechenmeister et al. [181] investigated using polypyrrole as the inter-
layer between an ICA bump and aluminum pad. A unique and cost com-
petitive procedure was developed for the activation of aluminum bond
pads using polypyrrole as conductive interlayer. Low contact resistance (<
1 Q) was achieved in the layer system aluminum/polypyrrole/copper.

Electron-dense multiple double and triple chemical bonds are typically
used in the ICP structure. However, their multi-bond structures tend to
produce rigid, insoluble polymers that are difficult to use. The multiple
bonds and fused ring structures found in all of the common ICPs tend to be
sensitive to oxidation. The instability in air, brittleness, and difficulty of
application make ICPs mostly a lab curiosity at this stage, but there is hope
that new conductive structures may someday lead to useful products. Re-
cently, Lu at al. [182] have used ICP such as polyaniline (PANI) coupled
with an in situ formation of nanoAg particles to develop an ultra-high
k(dielectric constant) composite for potential embedded capacitor applica-
tions.

In conclusion, with the continuous research and development on ICPs,
there will be more applications in the near future.
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Chapter 9
Future Trend of Conductive Adhesive
Technology

9.1 Recent Advances in Conductive Adhesive Technology

As can be seen from previous chapters, tremendous progress has been
made to improve the conductive adhesive technology for ICAs, ACA, and
NCA.

Significant progress has been made in the last few years to address vari-
ous issues of ICA technology. Conductivity mechanism was studied and
different effective approaches such as adding silver flake lubricant remov-
ers and increasing resin curing shrinkage to enhance the conductivity of
ICAs were demonstrated. The mechanism underlying the unstable contact
resistance of ICAs was clearly elucidated. Based on this understanding,
various ways to stabilize contact resistance of ICAs, such as utilizing pure
resin with low moisture pick-up, adding oxygen scavengers, adding corro-
sion inhibitors, and incorporating low melting alloy filler, were studied. An
effective corrosion inhibitor was identified and its mechanism was eluci-
dated too. Finally, an epoxy-terminated polyurethane resin was demon-
strated to be an effective resin to dramatically enhance the mechanical im-
pact performance of an ICA.

Ag nanowires were shown to be able to provide ICAs with similar con-
ductivity as traditional Ag flakes at a much lower filler loading and thus
provide ICAs with better mechanical performance. Adding Ag nano-
particles into an ICA filled with Ag flakes generally showed a negative ef-
fect on electrical conductivity. However, some factors such as high-
temperature annealing and adding certain surfactants on the surfaces of
nanoparticles can enhance the inter-diffusion of Ag atoms among nano-
particles and thus improve the conductivity. Incorporating CNTs into ICAs
filled with Ag flakes enhanced the conductivity greatly only when the Ag
filler loading was still below the percolation threshold. Functionalizing
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CNT surfaces to improve the interaction between the CNTs and the matrix
significantly improved the mechanical performance of CNT-filled ICAs.

ACAS/ACEFs filled with Ag nanoparticles showed low resistance due to
the sintering of the nanoparticles at relatively low temperatures, and lower
resistance was observed for ACAs/ACFs sintered at a higher temperature.
By introducing self-assembled monolayers (SAMs) into the interfaces be-
tween the metal fillers and metal contact pads, lower joint resistance and
higher maximum allowable current were observed for low-temperature
curable ACAs (curing temperature <100°C). By chelating silver fillers
with an organic compound, such as a carboxylic acid, the silver migration
was greatly reduced. ACAs filled with Ag/Co nanowires were developed
with acceptable electrical performance. In situ formation of Ag nanoparti-
cles during ACA curing was demonstrated, and better filler dispersion was
achieved.

9.2 Challenges and Opportunities of ICAs

9.2.1 Electrical Performance Improvement

For applications which do not require high power and high current density,
conductive adhesives have been shown to have similar electrical perform-
ance to solders. However, the electrical conductivity must be improved in
order to make ICA a viable option to replace solder for high power appli-
cations. Silver-filled ICAs achieve their electrical conductivity through
physical contact among the Ag flaks. Due to the high particle—particle con-
tact resistance, ICAs exhibit high bulk resistivity. Some preliminary work
has been done to improve electrical conductivity by introducing low melt-
ing point alloys, which form metallurgical interconnetions with the Ag
flakes. Also, more in-depth understanding of the behavior of ICA joints
under high current or high power conditions and high tempera-
ture/humidity/bias is needed.

9.2.2 Silver Migration

Silver-filled ICAs have a potential for silver migration, which cause elec-
trical shorts especially in fine-pitch applications. A palladium-treated sil-
ver filler exhibited much improved anti-migration characteristics compared
to standard silver-filled ICAs. However, the preparation of the Pd-coated
silver particles is expensive. Some low-cost approaches must be devel-
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oped. More comprehensive understanding of the fatigue resistance of ICA
joints is required.

9.2.3 Mechanical Property Improvement

In a conventional silver flake-filled ICAs, a high filler loading (70-80wt%)
is generally utilized to achieve high conductivity. However, the high filler
loading causes degradation of mechanical property (such as shear
strength). Nano wire and aggregates of nano-sized Ag particles showed po-
tential for improving mechanical strength of ICAs. The challenge is to im-
prove both mechanical strength and conductivity of ICAs at the same time.

9.2.4 Manufacturability and Yields

Since most commercial ICAs are epoxy based, they are thermosetting ma-
terials and thus not reworkable. Reworkable ICAs may be needed for cer-
tain applications, for example, CSP applications. Reworkable ICAs can be
developed by using thermoplastic or thermally degradable resins. Due to
their high surface tension, SnPb solders have a self-alignment capability
during solder reflow operations. However, conventional ICAs cannot self-
align. Therefore, components that are bonded using ICAs require a high
placement accuracy. Some preliminary research has been conducted to im-
prove the self-alignment capability of ICAs [1, 2], but much more work
needs to be done.

9.2.5 Cost Reduction

ICAs are several times more expensive than most solders. The high cost is
primarily due to the use of high loading of Ag filler. There is a strong need
to reduce the cost of ICAs in order to make them more attractive. Using
conductive fillers with lower cost such as copper filler has been reported in
the literature. However, copper-filled ICAs generally suffer from the oxi-
dation of copper filler and the deterioration of the electrical properties as a
result of the non-conductive nature of such oxide layers. Unlike aluminum,
copper is readily oxidized at a low temperature and has no self-protective
layer to prevent further oxidation. One of the key challenges is to keep the
copper from oxidizing during aging especially during 85°C/85%RH aging.
Coating the copper particles with silver is one way to keep them from oxi-
dation. Silver-coated copper, nickel, and aluminum have been attempted in
ICA formulations [3]. One of the potential issues is that the non-noble
metal such as Cu from the interior may diffuse to the surface of silver-coated
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powder and react with the oxygen in the air to form oxide, which will de-
grade the electrical conductivity of ICAs. Another possible solution for
cost reduction is to use metal nanowires which could offer a much lower
threshold (i.e., much lower filler loading required) for achieving electrical
conductivity. This option becomes practical only when the cost of
nanowire comes down significantly in the future.

9.2.6 ICAs Based on Intrinsically Conducting Polymers

There are two distinct types of stability for conducting polymers. Extrinsic
stability is related to vulnerability to external environmental agent such as
oxygen, water, peroxides. This is determined by the polymers’ susceptibil-
ity of charged sites to attack by nucleophiles, electrophiles, and free radi-
cals. If a conducting polymer is extrinsically unstable, then it must be pro-
tected by a stable coating. Many conducting polymers, however, degrade
over time even in dry, oxygen-free environment. This intrinsic instability
is thermodynamic in origin. It is likely to be caused by irreversible chemi-
cal reaction between charged sites of polymer and either the dopant
counter ion or the p-system of an adjacent neutral chain, which produces
an sp’ carbon, breaking the conjugation. Intrinsic instability can also come
from a thermally driven mechanism which causes the polymer to lose its
dopant. This happens when the charge sites become unstable due to con-
formational changes in the polymer backbone. This has been observed in
alkyl-substituted polythiophenes [4].

Another problem of conducting polymers stems from the conjugated
backbone, which makes such polymers intractable, insoluble films, or
powders that cannot melt. There are two main strategies to overcome these
problems. They are to either modify the polymer so that it may be more
easily processed or to manufacture the polymer in its desired shape and
form.

Even though very high electrical conductivity (10" S/cm) has been dem-
onstrated for conducting polymers, their environmental instability and lack
of processability preclude its use. A dramatic enhancement of the conduc-
tivity of some of the more processable and environmentally stable poly-
mers is required before they can be realistically considered as viable inter-
connection materials. Their chemical stability, environmental sensitivity,
material ease of use (curing temperature, adhesion and flexibility, dry time,
etc.) require further improvements. The cost of such polymers must also be
substantially lowered.
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9.2.7 ICAs for Printed Organic Electronics

Printed or plastic electronics is about the use of organic semiconductors
(that is, conductive plastics, as opposed to traditional inorganic semicon-
ductors such as silicon or gallium arsenide), their unique physical proper-
ties, and the new approach they entail to electronic and optoelectronic de-
vice fabrication. The use of inks and standard printing technology to
produce electrics, electronics, and optoelectronics based on organic semi-
conductors has stimulated a massive commercial interest and a huge tech-
nical effort worldwide. The new technology has the potential to unlock
new markets and introduce disruptive technologies across a wide range of
fields. It is expected that, over the next 10 years, we will witness the intro-
duction of a new generation of optoelectronic devices and components,
which will be deployed in places where silicon and inorganic semiconduc-
tor electronics cannot be utilized because they are too costly, too brittle,
too fragile, or because they require excessive time to market. Large-area
device arrays for extended electronic backplanes, inexpensive and dispos-
able single components, and flexible, lightweight devices will be manufac-
tured at unprecedented low costs. Ultimate device customization and inte-
gration, including batteries, transistors, displays, sensors, and
loudspeakers, will become not only technically feasible but also afford-
able.

Printed electronics will focus on addressing three major needs: a) small,
low-cost, and disposable electronics (RFID tags, smart packaging, dispos-
able sensors); (b) large, rugged, and inexpensive electronics (large signage
displays, integrated photovoltaic panels, smart shelving, EMI/RF shields);
(c) flexible optoelectronics (foldable e-papers, e-books, rollable displays).

ICAs are a suitable candidate for forming electrical traces/lines by ink-
jet printing or for electrical interconnection. The ICAs for this application
need to have the following properties: low processing temperature and
flexible (low modulus). Li et al. [5] have recently developed a novel flexi-
ble ICA. By introducing the flexible epoxy and tuning the ratios of rigid
and flexible epoxies, the elastic moduli (G’-storage moduli and G”-loss
moduli), glass transition temperatures, adhesion strength, electrical con-
ductivity, and impact strength have been successfully modified. These
flexible conductive adhesives provide a gateway for the flexible intercon-
nect materials, especially under highly mechanical bending conditions of
printed electronics.

Also, transparent conductive adhesive is needed for some applications
such as organic LED (OLED) application. Ouyang et al. [6] have demon-
strated a transparent conducting polymer glue and the feasibility of fabri-
cating organic electronic devices through a lamination process by using the
PEDOT:PSS electric glue. By combining this technology with the large-area
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continuous coating process of organic films, it is possible to fabricate
large-area organic electronic devices through a continuous roll-to-roll coat-
ing process. This electric glue made from a conducting polymer provides
new applications for conducting polymers; it will revolutionize the fabrica-
tion process of flexible electronic devices.

9.3 Challenges and Opportunities for ACAs

9.3.1 Thermo-mechanical Reliability

Development of new ACA materials that have good adhesion, high 7', fast
curing, storage stability at ambient, and stable contact resistance after vari-
ous conditions frequently encountered in the field such as thermal aging
and cycling, thermal shock, high temperature/high humidity/bias are re-
quired. Also, ACAs with low CTE are required. Commercially available
ACAs typically exhibit very high CTEs because of the low filler loading
levels utilized. Some preliminary studies have shown that ACAs with a low
CTE created by introducing non-conductive silica fillers have a lower shear
strain and better contact resistance stability during thermal cycling test [7].

9.3.2 High-Frequency Compatibility

The number of high-frequency applications and utilizations is increasing
rapidly, thus it is important to characterize the cross-talk between particles,
coupling with semiconductor devices and other fundamental behavior of
ACAs under high-frequency in excess of 40-100 GHz conditions. It is also
necessary to maximize the current-carrying capability of ACAs at high-
frequency range and after exposure to various environment tests.

9.3.3 Current-Carrying Capability

Conventional ACAs rely on the physical contact between conductive
spheres and the contact metal pads on the components and substrates. Due
to the high interfacial resistance, the currents-carrying capability of each
electrical contact is relatively low, which limits ACAs only to low current
applications. Recently much research has been conducted to improve the
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current-carrying capability of ACAs by introducing self-assembled
monolayer (SAM) of certain “molecular wire” — molecules with high mo-
bile electron density (conjugated double or triple bonds). This approach
seems to be able to enhance the current-carrying capability of ACA joints.
However, much work must be done to understand the behavior of SAM in
polymer matrix during curing, stability of this layer during reliability tests,
during multiple reflow, etc.

9.3.4 Reliability

It is necessary to understand the effects of the chip carrier (or substrate)
material and the matrix of the ACA on ACA join reliability. This is a key
issue before ACA technology is widely utilized in manufacturing (i.e., in
high-volume and low-cost applications). It is also necessary to establish
failure rate prediction models for ACA joints for a wide variety of field
conditions. It is essential to gain full understanding on effects of high cur-
rent and high power on ACA joints, degradation and stress relaxation of
polymeric matrices; and the effects of temperature, humidity, and other
environments on matrix materials and the effects of fillers.

9.3.5 Manufacturability

With particle size of ACAs becoming smaller for nano-ACAs, there is se-
rious implication from manufacturing process point of view. When ACAs
are used to attach the metal pads on two mating surfaces, the warpage and
coplanarity of these surfaces need to be carefully controlled to ensure that
all the metal pads on the mating surfaces are making contact to the conduc-
tive spheres in the ACA simultaneously. Large and compliant (deform-
able) conductive particles will ease the manufacturing process because
these particles can accommodate the warpage and non-coplanarity. With
conductive particles becoming even smaller in nano-ACAs, the manufac-
turing will become more challenging.

9.4 Challenges and Opportunities for NCAs

Non-conductive adhesives, primarily dielectric liquids, have been used to
mechanically mate flip chips to substrates. The components must have
raised bumps so that there is some clearance under the die or package. The
adhesive shrinks during curing to pull the component or bare die to
the substrate. The electrical contact is directly through the package or die
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terminations to the substrate lands. The adhesive serves a mechanical and
protective function only. For future low cost fine pitch flip chip on flex
applications, NCA technology might gain more momentum. However,
NCAs without any filler generally have high CTE, which might affect the
joint reliability under thermal cycle condition. The effects of NCA material
properties to the reliability of the NCA joints need to be fully understood.
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