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1. Introduction

The trends in the electronics industry have for several decades been for smaller size
combined with greater functionality. One enabler for this trend has been development of
new packaging solutions which has required the development of new materials and also
new interconnections technologies. In the development of these technologies it has been
essential to have effective tools to study the structure of the packages and their failure
mechanisms. Due to the versatility of electronics packages concerning materials, structures,
and functions a plethora of different methods have been used. These include for example
electrical characterization technologies, x-ray, scanning electron microscopy (SEM),
scanning acoustic microscopy (SAM), optical microscopy, differential scanning calorimetry
(DCS), and thermomechanical analysis (TMA) (Chan et al., 2000; Jang et al., 2008; Yim &
Paik, 2001).

This chapter concentrates on flip chip technology, which is one of the technologies
developed to miniaturise an electronics package. In this technology a bare chip is attached
directly onto a substrate without wiring needed to connect the chip. As the attachment is
done with the active side of the chip towards the substrate, the chip is flipped before
bonding. Hence the name flip chip. Flip chip technology has several advantages as it enables
the production of small, very high density packages. In addition, it has good electrical
performance due to the short interconnection path (Lau, 2000). This method can be used to
attach a chip directly onto a substrate, but also as an attachment method in single-chip
packages, such as a ball grid array (BGA) and a chip scale package (CSP), and in multi-chip
modules.

One problem with this technology is that the quality of the joints is relatively difficult to assess.
Semiconductor chips used in this technology may have hundreds of contacts which form an
area array below the chip. In order to study the joints a cross-sectioning is often needed.
Although cross-sections give lots of valuable information, they are restricted to very small area
of a package and thereby often several cross-sections are needed. Additionally, the
information of the interconnections may need to be increased using other techniques. For
example scanning acoustic microscopy may be used to study the amount of delamination in a
package. The cross-sections may be studied by optical microscopy. However, for detailed
information scanning electron microscopy is the preferred method of analysis.
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Currently mainstream flip chip technology is based on solder bumps. These can be
produced using both traditional tin-lead and new lead-free solders. However, mounting
environmental concern has increased interest in electrically conductive adhesives, as they
are environmentally friendly. In addition to being lead free, they can be used with substrate
materials which do not withstand soldering temperatures. Thus they can be used to solve
the problem caused by the high reflow temperature needed by most lead-free solders (Li &
Wong, 2006).

Compared to solders adhesive materials are more complex as they are polymeric materials
containing conductive particles. They have several advantages which makes their use
profitable. However, due to their complex structure quality of the interconnections made by
these materials needs to be determined carefully to attain good reliability. There are two
types of electrically conductive adhesives. In isotropic conductive adhesives (ICA) the
concentration of the conductive particles is high and they conduct in all directions. On the
other hand, in anisotropic conductive adhesives (ACA) the concentration of conductive
particles is low and the adhesive conducts in z-direction only after the bonding process. This
chapter will concentrate on ACA materials used in flip chip applications. This chapter will
discuss specifically how SEM may be utilised to study the quality and failure mechanisms of
ACA interconnections.

2. Polymeric interconnections for electronics

Electrically conductive adhesives used in electronics consist of polymer binder and
conductive particles. Polymer resins used in these adhesives are inherently insulators. To
obtain an electrically conductive adhesive they must therefore be filled with electrically
conductive fillers, such as metal particles. In the following properties and materials of two
main types of electrically conductive adhesives are discussed. Isotropic conductive
adhesives (ICA) have high concentration of the particles and they conduct in every
direction. These materials may be used to replace solders. If the concentration of conducting
particles is low, an anisotropic conductive adhesive (ACA) is formed. ACAs conduct
electrically only in a vertical direction and thereby may be used in very high density
applications.

2.1 Isotropic conductive adhesives

Isotropically conductive adhesives are formed by adding enough conductive filler to a
polymer matrix to transform it from an insulator into a conductor. This transformation has
been explained by a percolation theory. When the concentration of conductive filler is
increased, the resistivity of the adhesive drops dramatically above a critical concentration,
and this is called the percolation threshold. It is believed that at this concentration the
conductive particles contact each other forming a three dimensional network, which enables
the conductivity. After the percolation threshold the resistivity decreases only slightly with
increased concentration of the conductive filler. (Lau et al., 2003) The mechanical
interconnection of an ICA joint is provided by the polymer matrix. If too high a
concentration of the conductive filler is used, it may impair this interconnection. Thus the
amount of conductive filler needs to be large enough to ensure good conductivity without
sacrificing the mechanical properties of the adhesive (Lu, 2006). A typical volume fraction of
the conductive filler is approximately 25 to 30 percent (Licari, 2005).
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Several materials can be used in ICAs. The most widely used ICAs in the electronics
industry are silver-filled epoxies, which also provide a high level of thermal conductivity.
The popularity of epoxies is due to their excellent properties as a conductive adhesive. They
have good adhesive strength, thermal stability and dielectric properties. Furthermore, they
have good retention of these properties under thermomechanical stresses and under
demanding conditions such as high humidity. However, other thermoset resins, such as
silicones, cyanate esters, and cyanoacrylates, can also be used. Another option is
thermoplastic resins. (Licari, 2005) Silver is the most commonly used filler material (Lau,
2003). The popularity of silver is due to its excellent conductivity and chemical stability
(Morris 2005). Moreover, its oxide is highly conductive.

ICAs have been used in the electronics industry mainly as die-attach adhesives. However,
lately they have also been proposed as an alternative to solders in surface mount and flip
chip applications. For use in flip chip applications ICAs need to be carefully applied only on
those areas which need to be conductive. Additionally, spreading of the adhesive should be
prevented during the bonding process. A separate underfilling step is needed to improve
the reliability of the joints. (Lau, 2003; Li, 2006) A typical cross section of an ICA flip chip
joint is presented in Figure 1.

ICA

Underﬂllx

Substrate

Fig. 1. Schematic illustration of an ICA flip chip joint with underfill.

2.2 Anisotropic conductive adhesives

In an anisotropic conductive adhesive (ACA) the concentration of conductive particles is
below the percolation threshold (Lau, 1995; Licari, 2005) and the adhesive does not conduct
before the interconnection is formed. Typically the number of particles is 0.5% - 5 % by volume
(Licari, 2005) but depends largely on the size and shape of the conducting particles and on the
application the ACA is used in (Watanabe, 2004). Normally the particles are randomly
dispersed in the matrix, but adhesives having uniformly dispersed particles have also been
developed (Ishibashi & Kimura, 1996; Jin et al., 1993; Sungwook & Chappell, 2010).

During the ACA attachment process the adhesive is placed between the mating contacts.
The ACA interconnection is established by applying pressure and heat simultaneously to
the interconnection. When the temperature is raised the adhesive matrix will transform into
low viscosity fluid (Tan et al., 2004), which allows excess adhesive to flow from the joints
and fill the spaces around the contacts forming a physical connection between the parts to
be attached. The conductive particles are trapped between the contacts and deform forming
an electrical connection. As a result, electrical conduction is restricted to the z-direction and
the electrical insulation in x-y directions is maintained. During cooling residual stresses are
formed as a result of contraction of the adhesive matrix. In addition, residual stresses form
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when the adhesive shrinks during curing. However, it has been shown that the residual
stresses formed during cooling dominate (Kwon & Paik, 2004). This contraction builds up a
sufficient force to create a stable, low-resistance connection. A typical cross section of an
ACA flip chip joint is shown in Figure 2.

Conductive Chip

Perics o N 0o I

ACA __ 7O

matrix V

Fig. 2. Schematic illustration of an ACA joint between a chip and a substrate.

v —Bump
5 Pad

ACA joints have several advantages compared to underfilled solder interconnections. As the
ACA process is solderless, there is no lead or alpha emission (Zhong, 2005). Moreover, the
process is fluxless and no cleaning is required (Zhong, 2005). Furthermore, the process
temperature is lower than that needed in soldering (Yim & Paik, 1998), which enables the
use of heat sensitive or non-solderable substrate materials (Uddin et al., 2004). As the
polymer matrix protects the contacts from mechanical damage and no underfilling is
required (Lai & Liu, 1996), the ACA process costs less due to fewer processing steps (Yim &
Paik, 2001). The ACA joining also enables very high interconnection density. On the other
hand, the ACA joint has higher contact resistance and lower current capability than that
made with solder (Jim & Paik, 1998; Zhong, 2005). Since the ACA has no self-alignment
capability, a special bonding machine is needed for accurate alignment. During the bonding
process heat and pressure also need to be applied simultaneously.

2.2.1 Materials used in ACAs

Both thermoplastic and thermoset materials and their mixtures have been used as an ACA
matrix. Initially, the ACAs were made of thermoplastic materials, as they have better
reworkability and pot life (Lau, 1995). However, their stability at high temperatures is not
good and the thermoplastic material is not strong enough to hold the conducting particles in
position, which increases the contact resistance of the joint (Asai et al., 1995; Kim et al.,
2004). Thermoset adhesives were developed to overcome the problems with thermoplastic
adhesives. Thermoset adhesives are stable at high temperatures and enable low joint
resistance. Epoxies are commonly used as an ACA matrix due to their good properties.
Epoxies have excellent adhesion to a variety of substrates, due to the highly polar hydroxyl
and ether groups (Luo, 2002). In addition, they have high glass transition temperature (Tg)
and favourable melt viscosity (Kim et al., 2004; Yim & Paik, 1999). Furthermore, epoxies give
low contact resistance and by selecting suitable curing agent long self-life and fast-cure
properties can be achieved. The epoxy resin forms a crosslinked structure during bonding
with good mechanical properties. However, their reworkability is problematic, as they are
not thermally reversible and do not dissolve in common organic solvents (Lau, 1995).

The electrical conduction in ACA is formed by the conductive particles. The size,
concentration and material of the conductive particles depend on the application area and
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on the manufacturer. Typically the conductive particles are approximately 3-10 um in size.
Nowadays, the most common conductive particles are nickel, which may be gold plated,
and metal plated polymer particles. However, other materials, such as carbon fibres and
solder balls, have also been used (Asai et al., 1995). The polymer particles are made of
polystyrene cross-linked with divinyl benzene (Asai et al., 1995) and the metal plating on
them may be of nickel, silver, or gold (Liu, 1996). The polymer particles are pliant and
during the bonding process they deform, thereby forming the connection to the contacts.
The deformation of the rigid nickel particles during the bonding process is less than that of
the soft particles and the contact area formed is smaller. However, if the bonded contacts are
made of softer metal, such as gold or copper, these contacts deform during bonding
increasing the contact area with the rigid particles (Divigalpitiya & Hogerton, 2004; Yim &
Paik, 1998; Frisk & Ristolainen, 2005; Frisk & Kokko, 2006).

In the flip chip process the interconnection is formed between pads on the substrate and
bumps on the chip. However, as the cost of bumping may be unattractive in certain
applications, bumpless chips are also used. The most commonly used bump materials are
gold plated nickel, and gold. The gold bumps can be manufactured using an electroplating
process. Copper bumps formed by similar electroplating techniques have also been
considered as an alternative to gold because of their lower cost (Lau, 2000, Lau, 2003).
However, copper oxidizes and corrodes easily, which may cause problems if it is used
without plating. The nickel bumps can be made using an electroless plating process. This
process has high potential for cost reduction, as it enables metal deposition directly on the
aluminium pads on the chips. Thus the costly equipment needed in the electroplating
process for sputtering, photoresist imaging, and electroplating is eliminated. The gold
bumps may also be processed using a modified wire bonder to form stud bumps. The
advantage of this process is that bumps can be formed on single chips in addition to whole
wafers. (Lau, 1995)

2.2.2 The ACA bonding process

ACAs can be used either as films (ACF) or as pastes (ACA or ACP). The type of the ACA
affects the bonding process and the equipment needed. ACFs are typically supplied in a reel
and a dedicated in-line bonding machine is needed for cutting, aligning, and tacking to
achieve high assembly speed. On the other hand, ACPs can be applied either by printing or
by dispensing using a syringe. Even though the ACF process requires special equipment,
ACFs are often used as they offer advantages compared to ACPs. The ACF process
consumes less material than the ACP process. Moreover, the ACP process may destroy the
randomness of the particle distribution leading to problems in process quality.

In the ACF bonding process the adhesive film is first cut to the correct size to cover the
bonding area. After this the adhesive is aligned to the substrate and pretacked using light
pressure and low temperature to attach the ACF to the substrate. After pretacking the
carrier film on the ACF is removed. Next a chip is picked by a flip chip bonder. Typically a
special flip chip bonder capable of simultaneously applying pressure and heat is used. The
bumps on the chip and the pads on the substrate are aligned. The chip is pressed onto the
substrate and heat is applied to the chip and the polymer matrix is cured. A schematic
illustration of the bonding process used is presented in Figure 3. In case ACP material is
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used the steps a and b are replaced by deposition of the ACP. After this steps ¢ and d are
performed similarly to the ACF process.

ACF.__ ! . Carrier
a} film

—

Light pressure
and
low temperature

b) | '

Substrate

c) ' Pad

Bonding pressure
and temperature

A 4
o

Fig. 3. Schematic illustration of the ACF flip chip bonding process: a) placement of ACF on
the substrate, b) prebonding, c) alignment of the chip and the substrate and d) final bonding.

3. Evaluation of the quality of ACA interconnections

The quality of the ACA interconnections may be studied using several techniques. In
general, a good quality ACA interconnection is characterized by low contact resistance and
good mechanical properties. Therefore, electrical measurements may be done to assess the
quality. However, often this is not possible due to the design of the semiconductor chip.
Electrical measurements may show alignment and planarity problems as higher resistance
values. However, this is not always the case, as it is possible that the electrical connection
seems good even though there are problems in the joints causing reliability problems during
use. The alignment of an interconnection may be studied through the substrate in the case of
transparent substrates such as glass or thin polyimide film. However, often the most
effective way to examine both alignment and the structure of the interconnection is to make
a cross-section of the structure and study them using either optical or scanning electron
microscope. SEM especially is often very a effective tool yielding a plethora of information
of the joint, which is important for optimisation of the bonding process.

The mechanical properties of the ACA interconnections may be studied using adhesion
testing, which will indicate how well the ACA material is attached to the substrate and the
chip. In this technique both adhesion strength and failure mechanism during testing will
give valuable information. In the following several different parameters affecting the quality
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of ACA interconnections are discussed. Special attention is paid to the information obtained
from the interconnections using SEM analysis.

3.1 SEM analysis of ACA interconnections

As mentioned above, both optical and scanning electron microscopy may be used to study
the cross-sections of ACA interconnections. Although, studying the cross-sections is
typically very effective it has some drawbacks. The number of particles in ACA
interconnections is typically quite low. Thus, when a cross-section of an interconnection is
studied, the probability of seeing particles in interconnections is small even if there are
sufficient particles in the interconnections to ensure proper joining. From a cross-section
only one side of a chip is seen. Therefore, to determine planarity and alignment issues
several cross-sections are needed. Furthermore, making a cross-section of a sample destroys
it thereby gravely restricting further analysis. Optical microscopy may give valuable
information especially when planarity and alignment are concerned. However, typically it
does not give very good detailed information. Especially, if interfaces of different materials
are studied an optical microscope does not give reliable information. On the other hand,
SEM is often a very powerful tool to determine the quality and structure of an ACA
interconnection. However, SEM analysis benefits from information of other analysis
methods if they are available such as, for example, electrical characterisation and scanning
acoustic microscopy.

For SEM analysis the quality of the cross-sections needs to be good and they need to be
clean. Typically epoxy moulding is used followed by grinding and polishing. However,
other materials are possible such as acrylics. Use of high temperature mould materials may
cause problems depending on the structure studied and its materials. As the ACA structure
has many different materials the analysis is often challenging and the parameters used for
SEM need to be determined according to the samples studied. Additionally, the area of
interest in the interconnection affects the parameters. Both thin gold and carbon layers may
be used to make samples electrically conductive. However, gold gives better quality of
analysis and is recommended if elemental analysis is not needed.

3.2 Bonding parameters

Bonding parameters are the key factors when the quality and the reliability of the ACA
interconnections are considered. The ACA process makes the bonding parameters especially
important as the complex mechanical, rheological, and chemical properties of the ACA
materials need to be considered (Dou, 2006). The most important parameters in the ACA
bonding process are time, temperature and pressure. However, other bonding parameters,
such as application rates of pressure and temperature, also affect the quality and reliability
of the joints (Ogunjimi et al., 1996; Whalley et al., 1997). Moreover, the parameters may
interact with each other.

Finding optimum process parameters necessitates careful study. Quite often the quality of
the bonding parameters cannot be determined on the basis of electrical or adhesion
measurements only and cross-sections are needed for verification of the interconnection
quality. For thermoset adhesives the bonding temperature together with the bonding time
determine the degree of cure of the adhesive matrix. The higher the bonding temperature
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used the higher the degree of cure of the adhesive matrix is within the same amount of time
(Chan & Luk, 2002a; Rizvi et al., 2005; Tan et al., 2004, Wu et al., 1997) as the higher
temperature accelerates the crosslinking reaction (Uddin et al., 2004). Similarly, longer
bonding time increases the degree of cure. Both bonding time and temperature needs to be
high enough to achieve adequate curing of the adhesive matrix as the mechanical and
chemical properties of the ACA have been found to depend heavily on the degree of cure
(Wu et al., 1997). Too low degree of cure is often seen as high contact resistance values and
also as inadequate adhesive strength.

The bonding pressure determines the deformation of the conductive particles. If the bonding
pressure is too low the conductive particles cannot make good contact with the bonded
surfaces and the contact resistance will be high (Chan & Luk, 2002b; Lau, 1995). In addition,
the reliability of this kind of joint is poor (Frisk & Ristolainen, 2005; Lai & Liu, 1997). Examples
of only slightly deformed particles are shown in Figure 4. In this case the variation is assumed
to be caused by too fast curing of the adhesive during the bonding process. This adhesive has
been designed to cure very quickly. Consequently it may have started to cure before the
adhesive had flowed properly, leaving the particles insufficiently deformed.

Nickel

Copper

co  Spot Magn Dt WD P 10 pm

IBkV 40 1951k SF 163 PO 1 sykh

Fig. 4. An example of slightly deformed particles: a) gold coated polymer particles and b)
nickel particles.

When the bonding pressure is increased, the contact resistance typically decreases sharply at
first before evening out (Yim & Paik, 1998; Yin et al., 2003). This is caused by greater
deformation of the conductive particles leading to a larger contact area between the particle
and contacts (Kwon et al., 2006; Yin et al., 2003). Figure 5 shows examples of properly
deformed particles. However, if the pressure is increased too much, the contact resistance
may start to increase again (Chan & Luk, 2002b; Yim & Paik, 1998). If metal plated polymer
particles are used, too high pressure may crush the particles (Wang et al., 1998) and lead to
direct contact between the bump and the pad. The cracking of the metal plating may
separate it from the polymer core and reduce the amount of conductive path between the
pad and the bump (Yim & Paik, 1998). Another problem with too high bonding pressure is
elastic stress formed in the chip or in the substrate (Frisk et al., 2010; Lai & Liu, 1996). In
some cases, the high temperature used during the bonding process may soften the substrate
material used and it will deform markedly during the bonding process.
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Fig. 5. a) and b) examples of marked deformation of gold plated polymer particles.

If rigid particles are used, the bump and the pad material also have a strong effect on the
bonding pressure. With soft bump materials, such as gold or copper, the particles will sink
into the bump forming a strong bond. If high bonding pressure is used, the particles will
sink completely into the bumps and direct contact between the pad and the bump will be
formed. An example of direct contact is presented in Figure 6. The hard nickel-plating on the
pads prevented the penetration of the particles into the pads.

Substrate

AccV SpotMagn Det WD ——— 20pum
150kvV 44 1029x SE 1561 E.1

Fig. 6. Penetration of the nickel particles into the copper bump and direct contact between
the bump and the pad.

3.3 Effect of the substrate material

Poor substrate and chip quality may cause coplanarity problems. This may increase the
contact resistance, as not all joints have adequate deformation of the particles. For the flip
chip process to be usable with the organic substrates, the planarity of the substrate is very
important. Planarity issues often need to be determined using cross-sections. In the
following examples of SEM analysis used for quality studies of ACA interconnections with
different substrate materials are given.
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3.3.1 Glass fibre reinforced substrates

Glass fibre reinforced materials are commonly used as substrates in electronics. The most
widely used material is FR-4, which is a grade designated by the National Electrical
Manufacturers Association (NEMA), which determines that the material is flame resistant, is
primarily epoxy based, and has woven glass fibre reinforcement (Coombs, 2000). As the
resin material between different FR-4s may vary, the properties of FR-4 materials are not
identical. For example typical T of FR-4 is between 130 and 140 °C or between 170 and 180
°C. The popularity of the FR-4 is based on its good properties, availability, and low cost.
When rigid glass fibre reinforced substrates are used in ACA applications, coplanarity
problems may arise due to the woven structure of the substrate (Frisk & Cumini, 2009).
During the bonding process the high temperature may soften the resin, which leads to its
deformation under the pads. This deformation has been found to depend on the orientation
of the glass fibres in the substrate and affect the electrical conductivity and reliability of the
joints (Liu et al., 1999).

Deformation of substrate in ACA interconnections was studied using cross-sections and
SEM (Frisk & Kokko, 2006; Frisk & Cumini, 2009; Frisk et al., 2010). SEM has proven to be a
very effective method for such studies as the different materials and their interfaces may be
clearly seen. Figure 7 shows micrographs of a FR-4 substrates after an ACA bonding
process. Deformation of the substrates may be seen between contacts. Deformation is
especially considerable in the areas where the glass fibres were far from the surface. This
varying deformation of the substrate causes pressure variation in the joints (Pinardi, 1998).
The varying pressure is important as it may result in different deformation of the particles
leading to variation in the contact resistance and also impairing the reliability of the joints.

Quite often in flip chip applications with ACA materials very high wiring densities are
needed. These are difficult to achieve with the traditional FR-4 substrates shown in Figure 7
One possibility to meet these demands is to use sequential build-up (SBU) processes.
However, in this process conductor and dielectric layers are formed one after another on a
rigid core board, which may be an FR-4 glass reinforced laminate (Tagagi et al., 2003). The
electrical connection between the core board and the build-up layers is formed using
microvia technologies. An example of a substrate made with the SBU process is presented in
Figure 8. The typical dielectric materials used in SBU build-up layers are resin-coated
copper foil (RCC or RCF), thermally cured resin, and photo-imageable resin (Tagagi et al.,
2003). The most widely used dielectric material in the SBU process is RCC. The RCC is
formed by adding a layer of resin to a thin copper foil, which is laminated to the core board.
A typical resin material is epoxy. The RCC has several advantages and is suitable for
processing in standard printed circuit board processes.

As the RCC layer does not have glass fibres, it is more pliable than an FR-4 substrate. Its
effect on the interconnection structures was studied using cross-sections and SEM (Frisk &
Kokko, 2006). During the bonding process the depression of the copper pads into the RCC
was found to be much stronger than the depression into the FR-4 substrate. In Figure 9 an
example of the depression is presented for test samples with the RCC test substrate. As can
be seen, the RCC has deformed markedly more during the bonding process than the pure
FR-4 substrates shown in Figure 7. Furthermore, some deformation of the FR-4 substrate
beneath the RCC has occurred. Although the deformation of the RCC is greater, it is almost
identical under every pad leading to more uniform distribution of pressure. This causes the
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deformation of the particles to be identical in the joints and increases reliability compared to
the substrate without the RCC.

a)

= '—E‘"—' . “ACA ‘s Bump ‘gl
1 Pad

% FR-4 substrate
Glass fibres

Fig. 7. a) and b) micrographs showing deformation of a FR-4 substrate

Build-up layers Microvia Cu conductor

Core board
Fig. 8. Schematic cross-section of a printed circuit board made with SBU process.

Deformation of the particles between these test boards was also studied with SEM. With the
test substrate, which did not have the RCC, the particles sank into the copper bump.
However, the fairly thick nickel plating on the pads prevented the particles from sinking
into it and caused deformation of the particles, as can be seen in Figure 10 a). In addition,
due to relatively high magnification of the SEM micrograph the gold layers on both
conducting particles and pad can be easily seen. The thinner nickel plating on the RCC test
board enabled the particles to sink into the pad, as can be seen in Figure 10 b). Moreover, as
the RCC gives in more under the pads during bonding than the FR-4 substrate, the
deformation of the particles was less on the substrates with the RCC. Deformation of the
particles is important for the reliability of the joints. Sufficiently deformed particles form a
strong atomic interaction between the pad and the bump creating increased stability of the
joint (Lai & Liu, 1996). Using SEM the interface between the particles and the pad or the
bump may be studied and problems such as thin layers of polymer matrix may be detected.
In both Figures 10 a) and 10 b) a good contact of particles is seen to both the pad and the
bump .
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Fig. 9. Micrograph presenting the immersion of the pads in the RCC, when high bonding
pressure is used.
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Fig. 10. a) Micrograph presenting the deformation of the rigid nickel particle, when a FR-4
substrate is used. b) Micrograph presenting the immersion of the rigid nickel particle in the
pad and the bump, when the substrate with the RCC is used.

3.3.2 Flexible substrates

ACA materials are often used with flexible substrates, which are fabricated using pliable
unreinforced polymeric materials. Flexible substrates have several advantages compared to
fibre-reinforced substrates and lighter and thinner products can be produced using them.
Flexible substrate may absorb stress, which may be important for the reliability of the
interconnections, especially in flip chip applications. In addition, the thermal transfer
through a thin substrate is more effective. Furthermore, very high density substrates are
available with flexible substrates and this is often critical for ACA applications. On the
other hand, the thinness of the substrate may cause problems in the stability of the
construction. Moreover, the cost of the flexible substrates is higher than that of the rigid
substrates. (Coombs, 2001)
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The pliability of the flexible substrates may cause some problems during the bonding
process. Figure 11 shows SEM micrographs of ACA interconnections with flexible liquid
crystal polymer (LCP) substrates with two different pressures. A marked deformation of the
liquid crystal polymer film with high pressure may be seen. Such deformation may cause
problems. On the other hand, it may also even out some planarity problems as deformation
can absorb the height variations (Connell, 1997; Savolainen, 2004) and thereby increase the
quality of the interconnection. However, in some cases deformation may cause cracking of
the wiring and thereby lead in to reliability problems. With the lower pressure the pressure
exerted to the particles may not be high enough and therefore cause reliability problems.

LCP film
8« " Solder resist

LCP film

=
Solder resist @ _

Fig. 11. An example of deformation of the LCP substrate when a) low bonding pressure and
b) high bonding pressure was used.

With thin flexible substrates routing may also be critical to the distribution of the pressure, if
the substrate has several conductive layers (Lai & Liu, 1996). If double sided flexible
substrates are used they may have wiring on both sides of the bonding area. This may cause
uneven distribution of the pressure and deformation of contact areas. Figure 12 shows an
interconnection with a polyimide substrate having double sided wiring. As can be seen, the
gold bump has markedly deformed during the bonding process because of the wiring on the
other side of the substrate. A similar effect may be seen in the LCP substrates in Figure 11.
However, as the solder resist on the LCP substrate evened out the effect of the wiring, there
is clearly less deformation. Consequently, the design of flexible circuitry is very important
for good quality interconnections. Furthermore, such quality problems are difficult to detect
without cross-sectioning.

Another problem in a substrate may be overetching of the pads. As flexible substrates are
often used in application where very high density substrates are needed such as attachment
of driver chips is display application, overetching may cause marked problems. It reduces
the contact area and may cause alignment and planarity problems. Figure 13 shows a SEM
micrograph of a interconnection with an overetched polyimide (PI) substrate. In the original
substrate layout the pad width was designed to be slightly greater than the bump. However,
due to overetching the size of the pad is clearly less than that of the bump. Such overetching
may be seen when substrates are quality checked before use. However, cross-section is a
good way to evaluate the effect of overetching on an interconnect.
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Fig. 12. Effect of the tracks on joint deformation on the PI substrate when the tracks are on
both sides of the substrate.

Fig. 13. An overetched pad on the PI substrate.

4. Failure mechanisms of the ACA flip chip joints

In general, a good ACA joint is characterized by low contact resistance. A key issue for the
ACA to function properly is the retention of this contact resistance during the operational
life of the product. Failure of a product can be defined as its inability to perform its intended
function [For an ACA flip chip joint this typically means too great an increase in contact
resistance. There is no single specific definition of failure of ACA joint resistance, as this
depends largely on the application.

To improve the reliability of interconnections the reasons for their failure and the failure
mechanisms must be understood. During the design phase reliability is typically assessed
using accelerated environmental testing. The aim of such testing is to predict the future
performance of a product in a shorter period of time than the service life of the product.
Accelerated life tests can also be used to detect failure mechanisms occurring in products
under different conditions of use. The acceleration is accomplished by using elevated stress
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levels or higher stress cycle frequency during testing compared to those under normal
operational conditions of the product (Suhir, 2002). Depending on the condition failures
may occur through several mechanisms. It is important that the testing conditions are
determined so that the failure mechanisms during testing are similar to those occurring
under normal conditions of use. The test conditions depend decisively on the application of
the product. For example, the test conditions for products used in military and space
applications are much more rigorous than those for consumer electronics.

Several different accelerated life tests have been used to study the reliability of ACA joints;
see for example (Frisk & Ristolainen, 2005; Frisk & Cumini, 2006; Jang et al., 2008; Kim et al.,
2004; Lai & Liu, 1996; Saarinen et al., 2011). These include high temperature aging tests,
temperature cycling tests, high temperature and high humidity tests, and humidity and
temperature cycling tests. The reliability and failure mechanisms of ACA interconnections
depend on several factors, including the materials and bonding parameters. The materials
used in the pads, bumps, and conductive particles need to be compatible with each other.
The substrate material may also have a marked influence on the reliability of the joints. As
the properties of the joints are much influenced by the bonding process, it is important that
optimum bonding parameters are determined and used in the bonding process. In the
following failure mechanisms and analysis of ACA interconnections are discussed.

4.1 Failures of ACA interconnections with rigid FR-4 substrates under thermal cycling

One of the major problems in ACA assembly using organic substrates is the great difference
between the coefficient of thermal expansions (CTE) of chip and substrate. The bonding
process is done at elevated temperatures. When the package is cooled down the contraction
of the silicon chip is very small due to its low coefficient of thermal expansion and high
Young's modulus (Kwon et al., 2005). On the other hand, the contraction of the substrate is
much greater. At low temperatures this causes stresses to form between the chip and the
substrate and the ACA flip chip package to warp downwards. At temperatures below its Tg
the adhesive matrix holds the chip and the substrate together enabling this warpage (Kwon
& Paik, 2006). However, when the Ty of the adhesive is exceeded, its mechanical strength
decreases and it cannot provide mechanical support between the substrate and the chip. The
warpage is evened out and both chip and substrate may expand with their inherent CTEs
(Kwon & Paik, 2006). The warpage of the ACA package is presented in Figure 14. If the
ambient temperature fluctuates, as in a temperature cycling test, the flip chip package warps
repeatedly. The warping reduces the shear stress in the joints and a greater degree of warp
has been reported to decrease the shear strain in the joints (Kwon et al., 2005).

The amount of warpage depends on the difference between the coefficient of thermal
expansions of chip and substrate, but also on their stiffness. When a rigid fibre reinforced
substrate is used, the shear stress caused by CTE mismatches is localised between the pad
and the bump as the of deformation the substrate is less than that of the adhesive matrix
(Lai et al., 1998). On the other hand, deformation of an unreinforced flexible substrate occurs
much more easily due to its low modulus, and some of the shear stress may be absorbed by
the substrate (Connell et al., 1997). This decreases the shear stress in the interconnection
reducing the delamination and increasing the reliability.
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Above T, of ACA

Substrate

The elastic modulus of the ACA is low at temperatures
above its T, allowing the chip and the organic substrate
to expand freely. No warpage occurs.

Below T, of ACA

At low temperatures the organic substrate contracts
more than the chip and the package warps downward.

Fig. 14. Warpage of the ACA flip chip package during temperature cycling test.

ACA interconnections with rigid FR-4 substrate were exposed to thermal cycling between -
40 °C and +125 °C (Frisk & Kokko, 2006). When the failed test samples were studied using
SEM, delamination was found in several test samples after testing. This delamination is
probably caused by shear stress between the pad and the bump formed due to differences in
the coefficient of thermal expansion of the substrate and the chip. As shown in Figures 16 a),
16 b), and 16 c) with SEM the delamination is seen clearly and its place can be determined.
In some cases delamination may be less pronounced and therefore harder to detect. In
Figure 16 c) another example of delamination which is more difficult to detect is shown.

Another phenomenon seen in these samples was cracking of the substrate material. This is
assumed to be caused by repeated warping of the substrate as the duration of testing was
several thousand cycles. This type of cracking was typically found in areas where the glass
fibres were far from the surface of the substrate. They started from the corners of the pads
and often continued into the substrate until they reached the glass fibres. Examples of such
cracking are presented in Figure 16. The formation of such cracks has probably facilitated
delamination between pad and the bumb by providing sites for crack initiation, as the
cracks often connected to the delamination between the pad and the bump. An example of
this is presented in Figures 16 b) and 16 c).

It has been suggested that during thermal testing above the T; of the ACA matrix sliding
between the pad and the bump occurs (Kwon et al, 2006; Uddin et al., 2004). This may break
the conductive particles and lead to failure. Furthermore, this phenomenon may cause
fretting and thereby the formation of oxides on the conductive surfaces, which increases the
resistance of the joints above an acceptable value. When ACA interconnections having
nickel particles or gold coated polymer particles, were studied after thermal cycling clear
indication of this phenomenon was seen. Figure 17 a) shows a SEM micrograph of polymer
particles form a failed ACA interconnection. In the picture cracking of the gold layer in the
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particle can be clearly seen. Additionally, agglomeration of material under the particles can
be seen indicating failure caused by this sliding. Figure 17 b) shows a similar situation for
nickel particle and similar agglomeration of material.

a)

Delamination . Pad

Bump

Delamination

Fig. 15. Examples of delamination in test samples with FR-4 substrates after thermal cycling
a) clear delamination between ACA and pad, b) delamination between bump and pad
which continues to ACA-chip interface, c) less pronounced delamination, and

d) delamination varying between the ACA-pad interface and the ACA-bump interface.

4.2 Failures of ACA interconnections with rigid FR-4 substrates under humidity
testing

In addition to temperature changes, humidity has been found to have a major influence on
the reliability of ACA interconnections. Under humid conditions the adhesive matrix may
deform as it absorbs water. The adhesive matrix may also relax due to the increased
temperature. The effect of water absorption depends on the structure of the adhesive and
also on the duration of the exposure. The most common adhesive material is epoxy. It has
been suggested that the water absorbed in the epoxy polymer has two states to which the
water molecules can diffuse. The water may either fill the free volume in the polymer matrix
or form hydrogen bonds with the epoxy polymer. If the water is hydrogen-bonded, it causes
swelling of the adhesive matrix (Chiang & Fernandez-Garcia, 2002; Luo et al., 2002). This
swelling due to humidity typically increases with temperature, but decreases sharply across
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the T; of the polymer (Wong et al., 2000). Swelling due to moisture differs significantly
between the materials used in flip chip packages causing the formation of hygroscopic
stresses in the structure (Mercado et al., 2003; Wong et al., 2000).

Fig. 16. Examples of cracks in FR-4 substrates: a) marked deformation and clear cracking of
the epoxy matrix, b) cracking which continues between the pad and the bump, c) less
pronounced cracking which continues between the pad and the bump, and d) cracking of
thin FR-4 substrate

The swelling of the adhesive matrix may be marked (Mercado et al., 2003) and concurrent
with thermal expansion may cause the conductive particles to lose contact. However, it has
been reported that the absorbed water may also weaken the mechanical properties of the
adhesive. Unlike the hydrogen-bonded water, the water filling the free volume in the epoxy
polymer does not cause swelling, as it occupies a volume that already exists (Chiang &
Fernandez-Garcia, 2002). However, it acts as a plasticizer affecting the mobility of the chains
and increasing chain flexibility, which decreases the T, of the polymer. As the water acts like
a plasticizer it may also impair the mechanical strength of the adhesive.

The substrate material may also have a great influence on the reliability of the joints under
humid conditions (Frisk & Cumini, 2006). If the substrate material absorbs water, it
penetrates the interfaces more easily and may cause delamination. A large amount of
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moisture in the substrate also facilitates the moisture absorption of the adhesive matrix, and
may accelerate the formation of moisture related failures. The effect of humidity at elevated
temperatures on the ACA joints was studied using an 85°C/85RH test. Flexible polyimide
was used as a substrate material. When studied after testing using SEM, every test sample
with the PI substrate which showed an open interconnection after testing also showed
delamination. An example of the delamination is presented in Figure 18. The moisture
absorption of polyimide is marked and it is assumed to be the reason for the formation of
delamination during testing.

b)

Fig. 17. Micrograph of a failed ACA interconnection after thermal cycling a) with polymer
particles and b) with nickel particles.

a) b)

. Bump

RelAningtion S5 pamicle

Fig. 18. a) An example of delamination after constant humidity testing on the PI substrate.b)
close view of delamination after constant humidity testing on the PI substrate and on
particle.

ACA technique was also studied with thinned silicon chips. When silicon chips are thinned
below 100 um, they become pliant and can be used in solutions where they are bent.
Consequently, they can be used in flexible electronics. Thinning also allows the chips to
dissipate more heat, which is important when the densities of the packages increase.

www.intechopen.com



510 Scanning Electron Microscopy

However, thinned chips have certain drawbacks. They are more fragile than thicker chips,
which needs to be taken into account when thinned chips are handled. Special tools may be
needed since the fragile edges of the thinned chips are easily broken during handling.
During the thinning and dicing processes a considerable amount of stress may be induced in
the chips. It has been found that the thinning of the chips changes the shear stress
distribution in a package (Frisk et al., 2011). In the analysis 50 um thick chips were used
instead of approximately 500 um thick chips used in other studies. Very strong delamination
was seen in these test samples which indicates failure mechanisms which is different from
the one seen with the thicker chips. Examples of this delamination are shown in Figures 19
a) and 19 b). Furthermore cracking of the thinned chips was seen (Figure 19 c) and 19 d)).
However, most of this occurred during the bonding process already before testing.

Delamination

i

Polyimide

Fig. 19. Micrographs for ACA interconnections with thinned chips: a) marked delamination
after humidity testing, b) close view of delamination under particle, c)and d) cracks in the
thin chips.

5. Conclusion

Anisotropic conductive adhesives (ACA) are an interesting interconnection method for
several applications. Due to the low cost of the ACA process and capability for high density
they nowadays dominate many fields for instance attachment of chips in radiofrequency
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identification (RFID) tags and attachment of driver chips in display applications. ACA
interconnections often show the typical trend in electronics for very small size with high
functionality. In general this means high density of contacts in a chip and often also a large
number of contacts per chip. Such applications are often very challenging both for studies of
the interconnection process and the quality and reliability of the interconnections. Making
cross-sections of the interconnections has proven to be efficient way to obtain detailed
information about the interconnections structures, their quality and failure mechanisms, and
this has been used effectively with other characterisation methods such as scanning acoustic
microscope, DSC, and x-ray. Due to the small features currently common in electronics
applications SEM is often the preferred method for examinations compared to optical
microscopy.

In this chapter several SEM analyses of ACA interconnections were described. Many of these
have been critical to both understanding the bonding process of these materials and also for
the development of the ACA interconnection techniques and their reliability. Studying cross
sections with SEM has been shown to be an effective way to analyse several of the failure
mechanisms found in ACA interconnections. However, in general a good understanding of
SEM analysis technique is needed for analysis due to the complexity of the ACA structure.
ACA interconnection has many interfaces and the failure may occur on any of these or in the
bulk materials of the structure. For effective analysis the critical parts need to be already
understood when the analysis is made, and therefore, a good understanding of the technique
and materials is needed. Lately the use of ACA technology has increased and it has been
adopted on new areas for example high temperature electronics and sensor applications. In the
future, this will increase the need for detailed knowledge of this interconnection technique.
Therefore, it is critical that studies such as presented in this chapter are continued as they give
vital information for both development and applicability of this technique.

Making cross-sections of studied samples is favoured in ACA flip chip applications due to
the difficulties of studying the interconnections below a component. This also applies to
many other interconnections and packaging technologies and similar methods have been
used successfully in other applications. For example in the research of lead free solders
cross-sections are systematically used for failure analysis and studies related to the
microstructure of the interconnections. Additionally, in other techniques, such as flex on
board attachments for example, in which flexible substrate is attached to a rigid substrate,
and small packaging solutions such as Chip Scale Package (CSP) cross-sectioning and SEM
analysis is often needed to determine the structure. In the future, the size of interconnections
in electronics will decrease and their number will increase. As a consequence, the need for
techniques capable for the analysis of such structures will increase markedly. SEM has
proven to be an extremely useful tool for analysing electronics structures as it is relatively
fast, typically easily available, and capable for analysing small features.
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