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Miniaturization of modern electronic devices has greatly increased the demand for ad-
vanced substrates for high-density applications, fine pitch attachment processes, and
high-speed applications. Flexible polyimide (PI) PCBs have been popular in electronics
packaging due to their pliability and good reliability at elevated temperatures. However,
high moisture absorption of PI films may cause reliability issues in harsh conditions.
Therefore, it is critical to understand the behavior of PI PCBs under such conditions.

The aim of this work was to study the reliability of PI substrates using three accelerated
life  tests  (ALTs)  to  examine  possible  reliability  issues  of  PI  under  demanding  condi-
tions. A thermal cycling (T/C) test (-40 °C/125 °C) was performed for 5000 cycles. A
high humidity test  (85 °C /  85% RH) was performed for 4000 hours and the effect  of
corrosive humid environment was studied in a salt spray test for 4500 hours. Four test
structures  were  used  to  study  the  reliability  of  the  PI  substrates.  The  reliability  of  flip
chip attachment was studied using anisotropic conductive adhesive (ACA). The reliabil-
ity of vias in PI substrate was also studied. Additionally,  the stability of the dielectric
properties of PI was studied using a parallel plated capacitor structure. Finally, meander
structures were used to study the reliability of wiring on the PI substrates.

The results showed that copper wirings on the PI PCB were highly reliable under tem-
perature cycling and humid conditions. This revealed that 40% failures of the via struc-
tures in the thermal cycling test were most likely caused by the via structures instead of
the wiring in between them. However, the vias were not affected in the humid condi-
tion. This showed that application of PI film for multilayer PCBs, where the vias are
needed to interconnect the layers, might undergo reliability issues under service condi-
tions with temperature cycling. However, PI film for multilayer PCBs would show high
reliability under humid conditions. Moreover, the PI film was found to be a reliable
substrate for chip attachment applications under temperature and humidity stresses. That
is, flexible PI substrate are promising PCBs for fine pitch application. In addition, PI
film as a dielectric was found to exhibit better electrical properties with lower dielectric
constant after exposure to temperature cycling condition. However, high moisture ab-
sorption of PI deteriorated the dielectric property of PI film by increasing its dielectric
constant value. This showed that the PI substrates in high-speed applications are reliable
under service conditions with cyclic temperature stresses. However, the functionality of
the PI PCB may be declined in humid conditions. In this study, the harsh condition of
the salt spray test considerably deteriorated the reliability of all PI test structures.
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1. INTRODUCTION

Electronic devices such as laptops and mobile phones have become thinner, smaller, and
more capable of performing complicated functions. This trend has required continuous
miniaturization of these electronic devices while still having a performance better than
before. This demand cannot be achieved without having advanced substrates such as
high density interconnect substrates, substrates for fine pitch flip chip processes, and
high performance substrates with a low dielectric constant [1]. To have such a high per-
formance substrates, the substrate dielectric material plays an important role. Polyimide
(PI) has been shown to be a promising material for manufacturing thin flexible sub-
strates due to its pliability [2]. PI films have excellent mechanical and electrical proper-
ties for flexible printed circuit boards (PCBs) [2]. Flexible PI substrates have become
popular especially in electronic packaging due to their high glass transition temperature
(Tg), high decomposition temperature (Td), and high temperature stability in soldering
and wire bonding processes [2]. However, although PI films offer several advantages,
the high moisture absorption of PI may cause reliability issues during the service life of
a product, especially under harsh conditions [3]. Therefore, since the PI substrates are
increasingly used under demanding conditions, it is critical to understand the reliability
of these PCBs under such conditions.

The reliability testing is performed to investigate the ability of a product to perform a
certain functionality for a specific time under environmental stresses that resemble the
actual operating conditions of the product [2]. These stresses may cause by the change
of temperature, presence of humidity, corrosive conditions, or mechanical stresses.
However, such tests need to be conducted in a much shorter time than the typical ser-
vice life of a device.  To accelerate the testing time, two approaches can be taken:  ac-
celerate the frequency of a stress occurrence and/or intensify the severity of testing con-
dition. These types of reliability tests are called accelerated life tests (ALT). The  ALT
tests are designed to reveal the physics of failures and their modes and mechanisms [4].
Additionally, they provide statistical data of the failures. The results of ALTs can pro-
vide valuable information about the possible reliability issues of a product which can be
used to anticipate the failures and to improve the design of the device [4].

In this study, four test structures were used to study the reliability of PI flexible PCBs
for electronics packaging. The IC chips have become the core components for modern
electronic devices, and the interconnection between them and other components via the
substrate is  a critical  point in functioning of the device.  In this study, two chip attach-
ment layouts were designed to test the reliability of the PI substrate in flip chip attach-
ments.  Thus,  two  silicon  chips  were  attached  onto  the  PI  PCBs  using  an  anisotropic



2

conductive adhesive (ACA). Additionally, via structures were also used to study the PI
substrates, as vias have become an important route to interconnect the different layers of
multi-layer PCBs. On the other hand, the substrate materials need to be reliable dielec-
tric materials with low dielectric constant especially in high-speed applications. Thus,
parallel plated capacitor structures were tested to understand the effect of environmental
stresses on electrical properties of PI. Moreover, the effect corrosion and degradation on
electrical leakage and resistance of the board were studied using meander structures.

In this study, three ALT tests were used to study the reliability of the test  samples.  A
temperature cycling test was performed using a temperature range from -40°C to 125°C.
The duration of the temperature cycling test was 5000 cycles.  In a high humidity test, a
test temperature of 85°C and relative  humidity  (RH)  of  85% were  used.  The  samples
were tested for 4000 hours. The effect of the corrosive environment was studied by
conducting a salt spray test. During the test a solution of 50 g/l ± 5 g/l sodium chloride
(NaCl) and deionized water was sprayed into the test chamber in temperature of 35ºC ±
2ºC. The duration of the salt  spray test  was 4500 hours.  The resistance of flip chip at-
tachments, via structures, and meander structures was measured in real-time during the
testing. Capacitance structures were measured periodically during testing.

The theoretical background of this thesis work is explained in the following five chap-
ters. In chapter 2, the principals of rigid and flexible PCBs are explained. The intercon-
nection methods commonly used in electronic packaging are described in chapter 3. The
chapter  4  deals  with  different  test  structures  commonly  used  to  test  the  reliability  of
PCBs. In chapter 5, variety of failure mechanisms commonly occurring in PCBs and
interconnections, and their causes are discussed. In chapter 6, the fundamentals of relia-
bility and reliability testing of electronics packaging are discussed along with the ALT
tests. The experimental part of this thesis includes sample preparation of test structures
and the ALT tests performed in this study, which are explained in chapter 7. The results
of  reliability  testing  for  the  test  structures  on  the  PI  substrates  are  presented  and  dis-
cussed in chapter 8 and a conclusion is drawn in chapter 9.
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2. PRINTED CIRCUIT BOARDS

Printed Circuit Board (PCB) is the basic building block of electronics packaging. It in-
terconnects and assembles all electronics components to form an operating and func-
tional system [2]. That is, a printed circuit is a patterned array of electrical conductors
that are printed on a nonconductive substrate [5]. Consequently, the main constituents
of a PCB are the conductors and the insulating base. Such a structure appears to be sim-
ple but there are many types of materials and many types of fabrication methods, which
result in a great variety of different PCBs.

There are many classifications of PCBs based on the substrate material, wiring pattern
of conductor, the number of conductor layers, presence of vias, and production method
[2]. One classification is whether the PCB is rigid or flexible. Whereas the rigid PCBs
provide higher mechanical strength and stability, the flexible boards are pliable and re-
sistant to cracking [6]. Rigid-flex boards, a 3D structure of rigid and flexible boards
bonded together, also have found wide applications in electronic packaging based on
their volumetrical efficiency [2].

As the main constituents of a PCB are the circuit layer and the dielectric substrate, there
are three types of circuit boards: single-sided, double-sided, or multi-layer (Figure 1).
The single sided boards have conductive tracks/wiring on only one side of the substrate.
This type of board is usually used in low cost, high-volume, relatively low functionality
applications such as inside a television set chassis [2]. However, one-sided boards have
limited space. If there are a greater number of electronic components to be assembled
on a board, more space is needed on the board. This results typically in unreasonable
large PCB if one sided board is used [2,6]. A double-sided board has circuit layers on
both outer sides of the dielectric laminate. Therefore, higher area is available at the
same size. However, these sides need to be interconnected, which is normally done by
vias, which are made conductive either by plating or filling them with a conductive ma-
terial. If higher density is needed on the board, multilayer PCBs are used. Multi-layer
PCBs have three or more separate conductor layers. These layers communicate with
each other with vias that penetrate the entire board, or by blind or buried vias that use
less space and increase density [2,6]. Vias in general will be discussed more in chapter
4.
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Figure 1.Schematics drawing of PCBs: a) single-sided, b) double-sided, and c) mul-
ti-layer PCB.

For fabrication of a circuit board, a variety of different base materials can be used. The
board materials are often classified as ceramic, rigid organic or flexible substrate. The
rigid organic substrate is usually based on epoxy resin which is reinforced with a woven
glass fiber cloth. The most common base materials for flexible substrates are polyimide
(PI) and polyethylene terephthalate (PET). These materials are discussed in details in
the next subchapters.  Copper (Cu) has been the most commonly used material for the
wiring on the PCBs [5]. Although aluminum and conductive ceramic/polymer inks have
also been used,  copper is dominant in terms of applications. Copper foils are generally
made by two methods: electrodeposition (ED) and roll annealing (RA) [7,8]. ED copper
foils are made by electroplating the copper from copper electrolyte solution on a rotat-
ing cathodic drum [1,7,8]. RA copper foils are made by hot rolling of Cu ingots into
thin sheets [1,8]. Of these, ED copper is less expensive and more commonly used.

Insulating materials such as coatings are commonly used to protect the conductor traces.
Solder masks are commonly used especially for soldering process assembly to hinder
the melted solder from flowing too far from the component soldering pad [5]. However,
these materials are applied so that connection areas on the boards are open. Thus, since
the surface of copper conductor is open and active, it readily reacts with oxygen from
the air or any active compounds. As a result, the copper tarnishes and corrodes if not
protected. To tackle this, more stable metals such as nickel, gold, silver, or platinum are
coated on the copper using electroplating method to protect the base metal. Additional-
ly, tin and solder materials are commonly used to protect copper before soldering. The
nickel/gold finish (ENIG) has been popular  in high density PCBs especially with adhe-
sive attachments [5].

2.1 Rigid PCB

A substrate can be made of any non-conductive material that can provide a platform for
conductors and components without electrically shortening them together. Rigid organic
PCBs have been the most popular type of PCB due to their low cost, ease of fabrication,
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and wide range of properties [5]. The rigid substrates are normally composites of a pol-
ymer binder (commonly epoxies) and woven glass fibers. The polymeric matrix pos-
sesses poor mechanical strength and acts as a binder for glass fibers. Thus, the epoxy
matrix is reinforced by impregnating several sheets of glass fiber to make the bare sub-
strate. The glass fiber improves the  dimensional stability and strength of the substrate,
and lowers the thermal expansion of matrix [5]. Then the bare substrate  is punched or
drilled for vias, if needed, and then cleaned to make laminate using electroless copper
coat [6]. The laminate often refers to a bare substrate with copper foil pre-bonded on
each side. Then a thin photo resist is applied to the laminate panel and the circuit pattern
is developed. Finally, the unwanted pattern on laminate is etched away and the PCB is
cleaned [6].

There are many grades of rigid PCBs such as FR-2, FR-4, CEM1, which differ in the
laminate material and thereby in their application areas. Among these grades, however,
FR-4 grade has been the most commonly used laminate material for rigid and multilayer
PCBs. FR-4 is made of woven glass fiber cloth impregnated in epoxy resin with addi-
tion of additives such as flame retardants [2,5,6].  Due to the excellent electrical, me-
chanical, and thermal properties of FR-4, this laminate material has been used in wide
range of applications in computers, automotive, and aerospace [2]. However, since dif-
ferent types of epoxy resins are used in FR-4 laminates, many subgrades of FR-4 with
different glass transition temperature (Tg) values ranging from 110 °C to 180 °C are
available [5]. Tg is a temperature range in which the physical and mechanical properties
of polymers change. Polymers at temperatures below their Tg are  in  hard,  rigid,  or
glassy state, but they soften at their Tg. Above their Tg, polymers are more pliable and
rubbery, since more molecular movements occur and the material expands at a higher
rate. Therefore, as the temperature rises over the Tg, the polymer phase transforms from
a more rigid glassy state into a softer rubbery phase [5].

2.2 Flexible PCB

Flexible PCBs are made by laminating copper foil onto a thin flexible substrate. These
PCBs may have  a  single  or  up  to  several  conductor  layers  [2].  The  first  advantage  of
flexible substrates over rigid ones is that they are pliable and do not crack easily [5]. An
example of a flexible PCB is shown in Figure 2. Moreover, flex PCBs have been often
used to replace cables  in electronic equipment to save space and weight [2]. The devel-
opments in the design, materials and processing of the flex circuits have enabled the
construction of flexible circuits for high-density interconnects, HDI flexible circuits,
and as a result, extreme miniaturization of electronic devices has become possible.
These structures have higher densities compared to the conventional flexible boards and
meet dimensions for traces, via holes, and spaces equivalent to those of rigid high densi-
ty interconnect (HDI) boards [2].
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Figure 2.Flexible PCB used to connect individual electronic components [9].

The main advantage of flexible PCBs is its thinness and the ability to bend. Moreover,
they provide many other advantages including 3D wiring of components assembled in a
small space and long lasting dynamic flexibility with small radius, which are not availa-
ble in other wiring methods (Table 1).  However, flex PCBs also have disadvantages
which need to be considered in order to avoid low overall process yield and high final
cost.  The main disadvantage of a flex PCB is its cost which is higher than that of a rigid
board of the same size. Although the total price of flex PCB if higher, the cost of using
flexible PCBs may still be cheaper than the cost of using multiple rigid circuits plus
associated connectors, wires and additional assembly costs. Therefore, as the cost of a
single flexible board is higher than that of a rigid board alone, they should be adopted
only when a lightweight package with bendable wiring in small space and long-
flexibility endurance is needed. [2]

Table 1. Advantage and Disadvantages of Flexible Circuit Boards. Adapted from
[2].

Advantages Disadvantage

Thin Fragile

Light Unstable dimensionally

Bendable Low reliability – fatigue

Flexible Difficult to design

High density wiring in a small space Needs special tools for assembling

Avoids connectors and soldering Low yield in assembling

Avoids missed wiring Difficult to rework

Low total cost when all elements are included in
a complex system

High fabrication costs
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Miniaturization of electronic products requiring very lightweight wiring in small spaces
has created many opportunities for flexible boards. Portable electronic devices such as
mobile phones, digital cameras, and calculators require complex wiring and in these
applications, in some cases, more than 10 flexible boards are squeezed into a limited
space. They have also been used in hinge wiring of electronic devices such as laptop
computers with mechanical moving parts. Long-life dynamic endurance of flexible cir-
cuits have been used in hard disk drives, small printers, and aerospace electronic
equipment. [2]

PCBs have complicated constructions and therefore a variety of materials is required to
build a traditional flexible board. A thin film of flexible material is used as the base of
the flexible substrate. Materials such as Polyimide (PI) and PET are especially used a
lot as dielectric layer for flex PCBs [2,5]. Table 2 shows typical materials employed to
build a flexible board.

Table 2. Conventional major materials used in flexible PCBs. Adapted from [2].

Balanced physical properties and high temperature stability of PI films have made them
common flexible PCB materials for soldering and other high temperature processes
such as wire bonding and flip-chip [2,8].  Although polyesters, such as polyethylene
terephalate (PET) are not suitable for standard soldering, they are commonly used as a
low cost substrates for instance for making large PCBs used in car instrument panels or
as long cable circuits in printers [2,5]. PI and PET are discussed in more detail in the
following paragraphs. Especially for HDI flexible boards, other materials including pol-
yethylene naphthalate (PEN), liquid crystal polymer (LCP), and polyether ether ketone
(PEEK) have also been used [2]. Comparisons of these materials are shown in Table 3.

Application Typical materials

Base substrate Polyimide film (PI), Polyester, thin glass fiber reinforced epoxy

Conductor Electrodeposited (ED) copper foil, RA copper foil, stainless steel foil, alu-
minum foil

Coverlayer PI film, PET film, flexible solder mask

Adhesive layer Acrylic resin, epoxy resin, phenol resin,

Stiffener PI film, PET film, glass-epoxy, metal boards
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Table 3. Comparison of substrate materials. Adapted from [2].

Polyimide Film

Polyimide film has been the most commonly used substrate material for flexible PCBs
because of its high decomposition temperature and high temperature stability in solder-
ing and wire bonding processes [2]. The Tg of PI ranges from 210 °C to 430 °C due to
different types and brands of polyimides [2,10]. Due to their high Tg, the thermal expan-
sion  of  polyimide  below Tg is  relatively  low.  The  CTE of  PI  varies  depending  on  the
commercial brands but it is low enough to relatively match with CTE value of copper
being 18 ppm/°C [5]. Moreover, due to the thinness of PI films and absence of fiber-
glass reinforcement in their structure, microvias can be formed in PI substrates [5].  Due
to the high thermal performance, polyimides have been used in burn-in boards, down-
well oil drilling, aerospace and military applications [2]. Typical PI films, Kapton H by
Du Pont and Apical AV by Kaneka, have been employed as base substrate films and
coverlayer films in flexible PCBs for a long time due to their good mechanical proper-
ties, flame retardant characteristics, and excellent performance in dynamic flexing ap-
plications. However, their high cost is still a disadvantage compared to polyester. More-
over, some PIs subs as Kapton H and Apica AV may have dimensional stability issues
due to their  coefficient of thermal expansion (CTE) being around 30 ppm/°C [2].  An-
other major issue of these films is their relatively high moisture absorption causing sup-
plemental problems [8]. Consequently, PI laminates are advised to be baked for at least
1 hour at 100 °C before soldering process [8]. For HDI flexible boards, high-
performance polyimide films such as Kapton E, EN, and Kaneka’s Apical NP and FP
have been developed, which have higher dimensional stability and lower rate of mois-
ture absorption [2].

Polyester film

Polyester is a group of polymers having ester in their polymer structure as a functional
group. The most common type of polyester for flexible PCB is polyethylene tereph-

Properties Polyimide Polyester Thin
glass-epoxy LCP

Maximum operating temperature
(°C)

>200 <70 ~105 >200

Standard thickness /µm 12.5, 25, 50,
75, 125

25, 50, 75,
125, 188

100, 150,
200

50

Soldering Applicable Difficult Applicable Possible

Moisture absorption High Low Low Low

Dimensional stability Acceptable High High Good

Flexibility High  High Low High
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thalate  (PET).  Dupont’s  Mylar  is  a  popular  commercial  PET  film  [5].  PET  film  has
been used as a substrate material because of its low cost, low moisture absorption, ex-
cellent mechanical properties at room temperature, great dimensional stability, and rela-
tively similar coefficient of thermal expansion to PI [2]. However, PET films are flam-
mable and cannot maintain their high performance at temperatures higher than 70 °C
and begin to shrink at temperatures above 150 °C [2,5]. This has made them popular in
non-soldering applications and when flame resistance is not crucial.
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3. INTERCONNECTIONS

One of the main focuses in electronic packaging is physically assembling devices to
establish electrical connections and effective communication between them. There are
different levels of packaging. PCB assembly is the process of mounting individual elec-
trical  components  onto  a  PCB and then  attaching  them onto  the  PCB to  build  a  func-
tional electronic system. This level of interconnection is also known as the second level
of packaging, whereas chip to package and board to system are the first and the third
levels [11]. There are several techniques to assemble the components on the PCB. Sol-
dering is the most widely used technique whereas adhesives are also commonly utilized.

3.1 Soldering techniques

Soldering process has been used by industry as a bonding technique in electronic pack-
aging for several decades. The technique relies on the soldering temperature, at which
the solder turns into molten phase. In the soldering process, the bonding is formed by a
chemical reaction in which the molten solder reacts with the base metal and forms the
intermetallic compound (IMC) [1].

Considering the soldering process of a Sn based solder on a copper base as an example,
the molten Sn in the solder reacts with the copper and forms Cu6Sn5 intermetallic com-
pound [1]. This process on the interface between solder and copper is portrayed in Fig-
ure 3. Formation of this IMC layer occurs in all soldering processes and it is this inter-
facial layer that links the solder and the base metal together and provides the bonding.
This chemical reaction, which forms the intermetallic compound layer, is the fundamen-
tal requirement for solder bonding.

Figure 3.Formation of intermetallic layer by a chemical reaction is a necessity to
produce an interconnection in soldering process.

Lead containing solder alloys have been used for a long time as the interconnect materi-
al in many areas of electronic packaging including for example surface mount technolo-
gy  (SMT),  pin  through   hole  (PTH)  and  flip  chip  technology  [12].  Eutectic  Tin-lead
alloy with composition of 65Sn-37Pb (wt. %) (melting temperature: 183 °C) has been
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the most commonly used solder for decades due to its low price, low processing tem-
perature and excellent wetting [13]. However, health hazards of lead to humans and
environmental issues created a global trend of green manufacturing. This led to Europe-
an RoHS legislation that banned lead in the area of soldering effective in July 2006
[1,14] and caused lead-free alloys to become the main-stream soldering option for elec-
tronic industry.

However, most of lead-free solders have high melting temperature, which is not suitable
for some electronic assembly processes and components. Low melting temperature of
the solder is of interest to protect other components from elevated temperatures during
the soldering process. Therefore, to have a low soldering temperature, solder alloys con-
tain often an element that has low melting point such as lead (Pb), tin (Sn), indium (In),
and bismuth (Bi) [1]. The lead-free soldering alloys developed to replace tin-lead sol-
ders needed to have similar requirements of low melting point and wettability as in tin-
lead solder [15]. Many options have been proposed and studied for lead-free solder al-
loys.  Among  those,  some  solder  families  have  been  of  interest  for  industry  and  have
been widely used: eutectic SnAg, eutectic SnCu, various compositions of SnAgCu, eu-
tectic SnZn, and eutectic BiSn, along with their modifications with minor additive ele-
ments [15]. Electrically conductive adhesives have also become an important attach-
ment option as they do not require such a high temperatures for bonding process.

3.2 Electrically conductive adhesives

Electrically conductive adhesives (ECA) are interconnect materials which are widely
used in microelectronics packaging to provide both a mechanical bond and an electrical
interconnection between a chip and PCB [16]. ECAs have become popular in electrical
interconnections due to their fine pitch capability, absence of flux residues, simple and
low temperature processing, compatibility with wide range of substrates, and their rela-
tively low cost [1,17,18]. They are composites consisting of polymeric binder as matrix
and electrically conductive metallic fillers [17]. While the conductive fillers form the
electrical interconnection, the dielectric polymer resin provides the physical and me-
chanical properties of the ECAs [17]

The commonly used conductive particles in ECAs are silver, nickel and metal coated
polymer particles [19]. Silver particles have high electrical conductivity, low chemical
reactivity, and modest cost [19]. Nickel particles are hard and may break the oxide layer
on the surface of electrodes (bumps and pads), and are consequently suitable for inter-
connecting easily oxidized metals [20,21]. Polymer particles with metal coating provide
reliable interconnections due to their uniform diameter distribution and large elastic
deformation during the bonding process and under thermal stresses [22].

Both thermoset and thermoplastic polymers can be used as the adhesive matrix of ECA
[1]. Thermoplastics consist of long polymer chains, which can have side branches.
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These chains are not chemically bonded with primary bonds and thereby at evaluated
temperatures they can move relatively freely [16]. Consequently, thermoplastics soften
when heated above their Tg and eventually liquefy, but harden when cooled down below
the Tg. This phase transition process in thermoplastic is reversible and can be repeated
[23]. The advantage of thermoplastic adhesives is their fast attachment times and the
ease of use when the interconnections need to be disassembled for repair [24]. However,
under use conditions thermoplastic  adhesives may relax from their internal stresses
caused by high bonding pressure which can cause reliability issues [24]. Thermosets
adhesives, such as epoxies and silicones, are initially monomers that polymerize during
curing process and form a rigid cross-linked structure after curing [1]. The curing pro-
cess cross-links the polymer chains together and forms a three dimensional molecular
structure [16]. Thermosetting adhesive provide a strong and robust adhesion with low
contact resistance at elevated temperatures [1,16]. However, rework or repair of inter-
connection is difficult, since the curing of these adhesives is not reversible and the re-
moval of components is difficult [16].

ECAs are categorized into two types: isotropic conductive adhesives (ICAs), which
conduct in all directions and anisotropic conductive adhesives (ACAs) which conduct
only in one direction [1,18]. The ICAs are composites of polymer resin and conductive
fillers. These conductive fillers are commonly copper, nickel, or silver and the volume
fraction of the fillers in the matrix is about 25-35% [18]. Unlike metallurgical connec-
tion in soldering, the ICA conduction is based on mechanical contacts among the con-
ductive fillers that create a 3D network with numerous pathways for electrons to travel.
Increase of conductive filler concentration from zero, gradually decreases the resistivity
of the adhesive. However, above a critical filler concentration, called percolation
threshold (Vc), conductive fillers contact form the conductive network and as a results
the resistivity of the adhesive drops dramatically [1,18].  After the percolation threshold
the ICA conducts electricity in all the directions. A picture showing the change in the
resistivity of ICA based on the percolation theory is shown in Figure 4a, and a schemat-
ic of a flip chip ICA interconnection after curing is shown in Figure 4b.
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Figure 4.  a) Effect of filler volume fraction of resistivity of ICA, b) ICA interconnec-
tion after curing. Adapted from [25].

The ACAs are formed by mixing relatively low concentration of conductive fillers (5-
20 vol. %) into electrically insulating polymer matrix [1]. ACAs are used in film form
(ACF) and in paste form (ACP) [18]. ACF interconnections are often used in high den-
sity applications with flexible substrates [26,27]. The ACFs are supplied in reels that
need to be cut, aligned and pre-bonded during the assembly process. The ACPs are ap-
plied by printing or dispensing [25]. A schematic of the bonding process of ACF is il-
lustrated in Figure 5. After the conductive adhesive is placed on the PCB, light pressure
and low temperature are applied to prebond the ACF to PCB. Then the bumps on the
chip are aligned to the pads on the PCB and the chip is placed on the adhesive.  In the
last step, high temperature and pressure are applied simultaneously for final bonding.
This causes the conductive particles to be trapped between the opposing surfaces bridg-
ing them electrically. Consequently, ACA provides unidirectional electrical conductivi-
ty in the z axis direction, but acts as an insulator in both x and y axis  directions  and
thereby they are often used in fine pitch applications [25].

.
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Figure 5.Schematic of ACF flip chip bonding process: a) ACF is placed on the sub-
strate, b) pre-bonding, c) chip and substrate are aligned, d) final bonding.

Adapted from [25].

3.3 Flip-chip assembly process

The integrated circuit (IC) is a core component of modern electronics devices.  Many
technologies have been used to establish an interconnection between the IC chip and
other electronic components on a PCB. The techniques include for example wire bond-
ing, tape automated bonding (TAB), and flip chip.  A picture of an IC chip attachment
to a substrate using wire bonding and TAB techniques are shown in Figure 6.

Figure 6.Schematic diagram showing attachment of IC chip on the substrate (lead
frame plate) using a) wirebonding, b) TAB. Adapted from [28].
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Wirebonding has been the most common technology in electronic industry for intercon-
necting a chip to its carrier [29]. In wirebonding technique, a fine metal wire (typically
gold wire) is bonded from each pads on the chip to its associated pad on the carrier or
substrate using either ultrasonic or  thermos-compression bonding process [11,29]. The
simplicity, low defect rates and high flexibility due to its point-to-point bonding process
are the main advantage of wirebonding technique. However, the long lengths of inter-
connection and larger footprint required for this technique are the disadvantages of
wirebonding [11].

Tape automated bonding (TAB) is a chip bonding technique that mounts and
interconnects the chips on flexible polymeric tapes which has arrays of fine metal finger
as conductors [2,11,28].  In this technique, the flat metal fingers (beam leads) provide
the interconnection between the pads on the chip and leads on the carrier tape. TAB is a
fully automated bonding process that uses thermos-compression to bond one end of the
beam lead to the chip and the other end to the carrier [11,29]. The high speed of TAB
has been an advantage over the wirebonging [11].

Flip-chip technology is an advanced surface mount technology (SMT), in which the
active side of chip is faced down and mounted onto the substrate using the entire semi-
conductor area of interconnects [2,11].  The interconnection between the chip and carri-
er is achieved using a bump structure designed on the active side of the chip (shown in
Figure 7) [11]. Soldering technique  is often used to establish the electrical and mechan-
ical connection at the interconnection [11].  Conductive adhesives are also an alternative
material for bonding. During the flip chip process, the interconnect areas having bumps
or adhesive bumps, are joined with the pads on PCB by using a melting operation, adhe-
sive joining, or thermo-compression process. An example of flip chip attachment with
solder is shown in Figure 7 and one with ACF in Figure 5. Flip chip technology pro-
vides the highest interconnection density compared to other methods [29]. It also offers
lower cost, higher reliability, higher productivity, self-alignment, smaller foot print, and
better electrical performance compared to conventional packaging techniques [1,11].
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Figure 7.Flip-chip bonding process. A) the chip is faced down and aligned to the
substrate, b) bonding is made by application of heat. Adapted from [25].
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4. TEST STRUCTURES FOR PCB

The applications of materials in electronic packaging comprise of substrates, intercon-
nections, encapsulates, electrical conductors and insulators, interlayer connectors, and
many others. Packaging materials strongly influence the electrical functionality, reliabil-
ity,  and  cost  of  an  electronic  system.  Therefore,  it  is  critical  to  study  the  behavior  of
these materials when used in different applications. This chapter discusses different
electrical structures which can be used to study the reliability of PCBs.

4.1 Via

Multi-layer  boards  have  been  widely  used  in  several  applications  including  mobile
phones and many other sophisticated electronic devices due to the need of PCBs with
high packaging density in these applications [2,30]. However, the different layers of a
PCB need to be electrically interconnected with each other. This is established by vias,
which are schematically illustrated in Figure 8.

Figure 8.Vias formed in a multilayer board to interconnect different circuit layers.

There are three types of vias as shown in Figure 8. Through hole via refers to a plated
hole penetrating the whole thickness of the board that interconnects the outer and inner
layers of the PCB [2]. In addition, there are via connections which connect two or more
layers of circuity, but less than the total number of layers in the PCB [8]. Such vias can
be buried or blind. The blind via is partially placed inside the board and connect the
surface layers to the inner layers. The buried vias are placed completely inside the board
and connect inner layers to each other [2]. Many methods are used to form vias in
PCBs. Drilling is the most common method. A widely used technique is, laser drilling
which uses focused laser beam to form via directly on board having both the copper and
laminate [8].

Since the different layers of especially high-density printed boards are interconnected
by vias, the reliability of the vias significantly affect the reliability of the PCB. Due to
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the structure of vias, these metallic barrels may exhibit reliability problems under de-
manding  conditions  such  as  temperature  cycling  or  humid  conditions.   The  common
failure modes of vias include plating voids, plate cracking, and conductive anodic fila-
ment (CAF) [30]. The plate cracking is mainly caused by CTE mismatch between the
copper plate and substrate or by hygro-swelling of substrate [30]. CAF is mainly caused
by electro-migration of ions across an electrolyte [30]. Therefore, the quality, reliability,
and  failure  analysis  of  vias  often  need  to  be  studied  to  assess  the  reliability  of  a  sub-
strate material especially if it is used in multi-layer PCBs.

4.2 Surface Insulation Resistance (SIR)

Surface insulation resistance (SIR) is a test pattern used for electrochemical-migration
testing of a PCB [31].  In other words, it is a method to measure leakage currents  be-
tween two surface conductors [2] and to assess the electrochemical reliability of a PCB
[32]. This test requires a test pattern for conductors, controlled climate conditions such
as temperature and humidity, and bias. The test patter consists of parallel conductors
printed on a board like an interdigitated double comb (see Figure 9a).

a)    b)

Figure 9.Surface insulation resistance (SIR). a) Integrate comb pattern, b) potential
routes for leakage between conductors. Adapted from [32].

These double comb conductors have a known width and are separated by a certain dis-
tance. A voltage bias is applied to the test sample and is periodically measured for insu-
lation resistance. When the test pattern is exposed to humidity higher than 65-70%, sev-
eral molecular layers of water form on the surface that can dissolve the conductive ions
and increase the rate of corrosion and degradation [2]. Also the electrical bias during the
conditioning facilitates the electrochemical reactions [33]. This condition may lead to
(1) current leakage caused by ionized water films, and/or (2) electrochemical degrada-
tion (corrosion, dendrite growth) [33]. There are four routes for current leakage across
the surface of PCB between two adjacent conductors (shown in Figure 9b):

1) through the humid air, due to orientation of polar water molecules,
2) through surface contamination, e.g. rosin flux residue or adsorbed chemicals,
3) along the surface of the etched laminate, and
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4) through the substrate due to ionization of molecules in humid condition [31,32].

4.3 Meander

Meander is a resistance measurement circuit or a test pattern designed for corrosion and
reliability testing of a PCB [31].  In principle,  meander test  structure is  very similar to
SIR. As the name implies, it is zigzag patterned conductor etched on the board with a
known width and spacing between the lines [31]. A schematic illustration of a meander
structure is shown in Figure 10. This structure can be used to study the reliability of
wirings on PCB by finding the minimum spacing or pitch between two conductors that
still provides reliable conducting paths without shorting them under demanding condi-
tions. A voltage bias may be applied to the meander structure during the testing so that
resistance can be continuously measured. The presence of temperature, humidity and
corrosive environment affects the corrosion resistance of meander pattern in a similar
manner as in a SIR structure.

Figure 10. Meander pattern for corrosion testing

4.4 Capacitance

The demand for substrates of electronic systems operating at high frequencies requires
insulating base materials with suitable dielectric constant, permittivity and loss charac-
teristics [8,34]. This is important because the speed of signal propagation through a
conductor is inversely proportional to the dielectric constant of the insulating material.
Consequently, when the dielectric constant decreases, the signal experiences less delay
[8]. The dielectric constant of an insulating material is defined as the ratio of the capaci-
tance of a capacitor when the material is used as the dielectric between two electrodes to
the capacitance when free space or air is used between the electrodes. In other words,
the dielectric constant shows the ability of materials to store electric charge [2]. Since
the dielectric constant is dimensionless, it is also referred as relative permittivity. The
permittivity is the ability of the dielectric to polarize in response to an applied electric
field [35]. Therefore, the greater the polarization developed in the dielectric material,
the greater the dielectric constant [35].
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To understand the effect of polarization, an ideal capacitor model with a layer of dielec-
tric material between two parallel conductive plates can be used (Figure 11). If the
plates are connected to a voltage source (V), an electric field is generated between them.
The resulting electric field leads to charge accumulation and storage on the electrode
plates. If the vacuum is replaced with an insulating material, the dielectric reacts with
the electric field and forms an opposing electric field. This leads to increase in charge
accumulation and allows more amount of charge to be stored on the electrodes [36]. The
ability of a material to store electrical charge is called capacitance (C).

Figure 11. Parallel plate with dielectric. a) vacuum capacitor, b) capacitor
with dielectric. Adapted from [37].

In a given electric field, the capacitance of a dielectric between parallel metallic plates
is  proportional  to  the  area  (A)  of  the  electrodes  and  inversely  proportional  to  the  dis-
tance between them via the equation 1 [36]. In this equation,  ε0 is  the permittivity of
space with a constant value of 8.85 × 10-12 (F/m),  K is the relative permittivity of the
dielectric, also called dielectric constant, A is the area, d is the distance between the
plates, and C is the capacitance. The SI unit if capacitance is Farad (F).

= 	.		 	.		 	
                                                 (1) [36]

However, although the dielectric constant is called a constant, it varies when measured
at different frequencies, temperatures, and humidity [2,34]. For instance, dielectric con-
stant of materials usually increases when temperature is decreased. Moreover, moisture
absorption increases the dielectric constant of a material since water has a relatively
high dielectric constant ( K=80), greater than most of the insulating materials [34].  The
dependency of dielectric constant of frequency is due to occurrence of different polari-
zation phenomena in the material. Polarization is the charge separation in a dielectric
material resulting from the exposure to electric field. Polarization changes the properties
of the bulk material on macroscopic level, and it induces the interactions and move-
ments of atoms and molecules on microscopic level. In molecular level, polarization is a
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sum of multiple relaxation mechanisms, in which each mechanism occurs in a certain
rang of frequencies [36]. (See Figure 12)

Figure 12.  Polarization mechanisms as a function of frequency. Adapted from
[36–38].

To understand the macroscopic properties of dielectrics, four district polarization mech-
anisms need to be recognized. Electronic polarization occurs in materials as a result of
the shift of electron clouds in atoms under an electric field [36]. Atomic or ionic polari-
zation results from stretch or compression of ionic bonds of ionic materials resulting in
increase or decrease of dipole moments [36]. The orientational polarization is the slow-
est of all and occurs only in dielectric materials containing molecules with permanent
dipoles [36]. Some molecules such as H2O possess permanent dipoles, as there is al-
ways a separation of charge within the molecule. Such dipoles exist even in absence of
an electric field. They are randomly arranged as a result of thermal motion and cancel
out each other’s dipole moments leaving the net polarization at zero. In presence of an
electric field, the dipoles rotate to align with the electric field. They also align with each
other. Consequently, the dipole moments do not cancel out and the dielectric develops a
net polarization [35,36].

Maxwell-Wanger-Sillars (MWS) polarization is the fourth type of polarization, which is
valid only at low frequencies and in materials having inhomogeneous structure and im-
purities as a second phase. This polarization makes space charge accumulation of mo-
bile charges at the structural surfaces and interfaces [36]. A common form of inhomo-
geneity is presence of cracks and voids in a solid dielectric. Depending on the amount
and distribution of the enclosed space or air, then the relative permittivity will be re-
duced [36]. Conversely, another form of inhomogeneity is presence of conductive parti-
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cles or droplets of water in the insulating material. Since water has a high relative per-
mittivity, it can significantly increase the relative permittivity of the dielectric material
[36]. Therefore, in interpretation of dielectric data, great care must be taken into account
when the presence of heterogeneities is possible.

PI has been used as high performance material for advanced electronics applications.
The structural formula of a common PI polymer having aromatic rings is shown in Fig-
ure 13. The aromatic rings, sulphur, oxygen,  iodine, bromine are polarizable dipoles
[35]. When a polar polymer is affected by an electric field, segments of its main chain
may aligns themselves to the orientation of the field, or if the backbone is flexible, the
pendant side groups can rotate freely [35]. This motion of molecules is known as β re-
laxation. The mechanisms of β relaxation include: (1) The rotation of polar groups
around C-C bond at the polymer backbone (i.e. CH2Cl and –COOC2H5), (2) conforma-
tional flip of cyclic unit, (3) local motion of a segment of the main chain [36].

Figure 13. The polymer structure of Kapton polyimide. Adapted from [36].

Polymers with low relative permittivity are high performance materials used In elec-
tronics industry as insulating layer or passivation materials to encapsulate electronic
components and to provide isolated pathways for connections on PCBs [35,36]. Moreo-
ver they are used to isolate signal-carrying conductors from each other, to provide fast
signal propagation, and reduce crosstalk [35,36]. Due to miniaturization of electronic
devices, the spacing between electronic components and electrical pathways has be-
come smaller. This requires better insulating dielectric materials; otherwise, the perfor-
mance of the system may be degraded. Therefore, low relative permittivity of the die-
lectrics can reduce the deleterious effect of stray and coupling capacitances for instance.

Unlike an ideal dielectric material, most of dielectric materials have dielectric loss in an
applied electric field, which results in dissipation of energy in form of heat. The dielec-
tric loss results when the polarization process in molecules cannot instantly follow the
rate of change of the oscillating field. This delay comes from relaxation time in poly-
mers which is time the dipoles need to return to their original random orientation [35].
If the relaxation time is comparable to the oscillating electric field, there is no losses.
However, the oscillating rate of electric field is a lot faster than the typical relaxation
time of polymers. Therefore, polarization lags behind the oscillating frequency and
causes an interaction between the field and dielectric polarization which results in the
energy absorption or dissipation as heat [35,37]. The dielectric loss is used to calculate
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the total permittivity by defining loss tangent, also called tangent delta (tan d) , accord-
ing to equation  2.  In this equation, the real permittivity (e′) which is dielectric constant
is used to represent the effect of polarization, and the imaginary permittivity (e″) is the
dielectric loss.

tan d = e

e
                                                                    (2)

In an ideal dielectric, the imaginary permittivity or dielectric loss is zero and also the
loss tangent is zero. However, with real materials some losses always occur. Possible
degradation of the dielectric material can cause more loss and consequently, an increase
in the loss tangent [39]. The schematic correlation between dielectric constant and die-
lectric loss of materials is shown in Figure 14. It can be seen from the figure that dielec-
tric constant drops at the transition frequencies between two polarization mechanisms.
These drops occur when a polarization mechanism cannot keep up with the switching
electric field and results in reduction in dielectric constant [37].  The dielectric loss also
increases around the relaxation or transition frequencies of polarization mechanisms
when the polarization cannot follow the applied field [37]. Additionally, the dielectric
constant and loss tangent of some materials are shown in Table 4.

Figure 14. Dielectric constant and dielectric loss of dielectric materials as a
function of frequency. Adapted from [34,35,37].
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Table 4. Dielectric constant and loss tangent of electronic materials. Adapted from
[34].

Material Dielectric constant
@ 25 °C and 1 MHz

Loss tangent (x 104)
@25 °C and 1 MHz

Quartz 3.8 2

E-glass 6.3 37

Polyethylen 2.25 1

Teflon 2.1 2

Polyimide 3.4-3.5 0.0025-0.01

Epoxy resin 3.5-4 300
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5. FAILURE MECHANISMS OF PCBs AND THEIR
INTERCONNECTIONS

To improve the reliability of electronics devices, it is important to understand how the
failures occur in such devices and what the involved mechanisms are. The source of
these failures comes from for example designing factors, assembly materials, assembly
processes, and operating environment [29]. In this chapter, common failure modes and
mechanisms of PCBs and of the interconnection between components and PCBs are
discussed.

In electronic devices and assemblies, failure conditions typically lead to one of the three
failure modes: electrical short, electrical open, and intermittent failure. The electrical
paths on a PCB are electrically insulated by the dielectric material in between two sepa-
rate paths. If by any reason a conducting path is developed between two circuits, an
electrical short occurs. The electrical shorts can be created by electromigration, metal
migration, mechanical stresses, corrosion, ionic contamination, and assembly defects
[29]. Electrical opens occur when a discontinuity is developed in a circuit. Such a dis-
continuity can be for example in form of fine cracks in interconnection that lead to in-
crease of resistance of the joint. Thermomechanical stresses are a common cause for
open connections and they are often caused by CTE mismatch between assembly mate-
rials. In addition, corrosion, metal migration, and mechanical stresses, presence of voids
and contamination on the interconnection interface may lead to open failures [29]. In-
termittent failures are temporary failure modes that may appear when the device is op-
erating but disappear when the device is switched/taken off for failure inspection. They
may also appear and disappear as the operating conditions change [29]. The intermittent
failures are common in connectors and may turn into a permanent open or short failure
if the severity of the stress is increased [29].

5.1 PCB Failure mechanisms

Functional PCBs are exposed to a variety of environmental stresses during their manu-
facturing processes and in their service life environment. The environmental stresses
influence reliability of PCBs and thereby the design, materials, and manufacturing deci-
sions of the PCBs may need to be changed. The typical stresses include thermally, me-
chanically, and chemically induced stresses. These environmental stresses may act indi-
vidually or in combination with each other on an assembly and ultimately change func-
tionality of the assembly for example as a change in the electrical resistance between
two points or as an electrical short or open.
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PCBs may be exposed to thermal stresses in  a  variety  of  situations  such  as  under  ex-
tended exposure to a isothermal temperature or repeated temperature cycles. The tem-
perature cycles bring about various failures for PCBs. Thermal stresses originate from
thermal shocks and cycles during PCB manufacturing, fluctuations in ambient tempera-
ture of assembly service environment, dissipation of power from high-power component
mounted on PCBs, or thermal stresses related to assembly or rework. Mechanical
stresses may come from bending of the assembly during assembly processes or in ser-
vice, due to mechanical shocks and vibrations during transportation or use[2]. The glass
fibers used in rigid PCBs are often coated with silane used as adhesion promoter to im-
prove the adhesion between fiber and epoxy. Under high stresses cracks may develop at
the resin-fiber interface which promote copper migration under temperature-humidity-
bias conditions [29]. However after assembly, the interconnects are often the weak
points susceptible to mechanical loading induced failures, and not the board itself [2].
The source of chemical environmental stresses may include ambient moisture, corro-
sive gases, or residual contaminants from assembly process such as fluxes that are
chemically active [2].  A common example of this type of failures is  dendritic growth.
Electrochemical failures are normally accelerate by humidity, temperature, applied DC
bias, and ionizable contaminants (often from flux residues). In the rest of this chapter,
failure mechanisms and examples of failures caused by these aforementioned stresses
are explained in more details.

Delamination

Delamination is a major defect in PCBs and it typically is the separation of insulation
layer from copper layers. Prolonged exposure of a PCB to elevated temperature at re-
work or other high temperature processes gradually degrades the adhesion between the
copper and the insulating layer, and reduces the flexural strength of the laminate [2].
Discoloration is often attributed as an early symptom of this degradation. Moreover, the
coefficient of thermal expansion (CTE) of epoxies is about 70-90 ppm/°C while that of
copper conductor is around 18 ppm/°C [5]. At elevated temperatures especially above
Tg, the epoxy expands faster than copper and the CTE mismatch between metal and
substrate in z direction (perpendicular to the plane of substrate) causes stress in the lam-
inate that leads to warp or delamination of the substrate. Delamination is promoted by
moisture absorption of laminate, contamination in laminate interfaces, and under-cured
lamination [29].

Via cracking

Vias are the most frequent source of PCBs failures in service, since they are the most
vulnerable features of a PCB to damage from thermal cycling [2]. Many of PCBs have
highly anisotropic properties due to their glass fibers. Consequently, at temperatures
above their Tg, they have higher CTE in through-thickness (z) direction than in the
plane of woven matrix cloth (x-y plane of the board). That is, above Tg, CTE increases
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sharply leading to intense thermal expansion and large strains in the z direction in the
board. Since the CTE of most of the polymers is higher than that of copper (17
ppm/°C), nickel (13.3 ppm/°C), and gold (14.2 ppm/°C) [40], via acts as rivet and re-
sists this strain (expansion). As a consequence, the Cu barrel is excessively stressed and
may thus crack and cause an electrical failure [2]. A failure may take place in a single
cycle or it can be initiated and grow over several number of cycles. Figure 15 shows a
cross section of a via in a multi-layer PCB and the most common failure locations under
thermal stresses. The failure of via may occur as barrel cracking, knee cracking, or de-
lamination of the plating from the PCB [1,41]. Barrel and knee cracking are fractures at
the copper plating caused by repeated expansion and contraction in the z axis that  can
work harden the Cu plating and eventually lead to an open circuit [1,41]. Laminate sep-
aration may form between the plated hole wall and inner layers due to poor manufactur-
ing quality or presence of contamination from plating process at the interlayer joint
[1,41]. In addition, CAF failure mechanism has been reported to cause electrical short
failures [30]. These failures occur at the resin/glass fiber interface and and cause electri-
cal shorts between two vias [30]. Via cracking and delamination of the laminate are the
primary thermomechanical failure mechanisms of PCBs [2]. Failures have been report-
ed for vias with high aspect ratio after 10 or even fewer repeated thermal shocks from
room temperature to soldering reflow temperature (220-250 °C) [2]. Barrel cracking has
been reported to cause failures in vias under thermal cycling tests (-55 to 125 °C and -
65 to 150 °C) [41]. It has been also shown that thermal cycling from  -65 to 150 °C had
accelerate the failures approximately 2x compared to the other test with cycles from -55
to 125 °C [41].

Figure 15. Schematic diagram of via in a multilayer PCB showing common
failure locations under thermal stresses.

Moisture absorption

The primary function of a PCB is to provide electrical connections with stable, low/high
impedance insulation between the connections, whereas a high surface insulation re-
sistance (SIR) is generally expected. Insulation resistance failures commonly occur due
to exposure to humidity and presence of ionic contaminants. These stresses can be ac-
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celerated by elevated temperatures and electrical bias [2]. Usually, the impedance is
decreased gradually over a long period. However, if the SIR value decreases below the
designed level, it may cause electrical connection between circuits and consequently the
circuit may not function properly anymore. Changes in circuit resistance particularly for
analog measurement circuits measuring low-voltage, and high impedance sources, may
result in deterioration of the instrument performance.

A high humidity environment is an excellent source for water which may cause reliabil-
ity problems, since many corrosion mechanisms require water to proceed. Many poly-
mers used in PCBs are hygroscopic and absorb water quickly from environment. Since
permittivity of water is considerably higher that of the laminate materials, the absorbed
water can drastically affect the dielectric constant of laminate troubling electrical func-
tionality of the board by increasing capacitive coupling between traces.

Metal migration

Metal migration, or electromigration, is an electrochemical phenomenon that refers to
migration of metal ions in an electric field from their initial location to another location
where they are finally deposited. Metal migration can occur at room temperature in
presence of low current bias. Water absorption in the polymers serves as electrolyte and
provides the migration for the metal ions. Some metals such as Ag, Cu, Pb, Sn, Zn, and
Bi can migrate in a distilled water electrolyte. If sodium or potassium chloride has con-
taminated the distilled water,  Au, Pd, and Pt can also migrate.  Ni and Cr can also mi-
grate but they require specific conditions. [42]

Conductive salts remaining from plating, etching, or flux residues on the board may
cause bridging of circuits. In moist environments, these ionic residues are conductors of
electricity and tend to migrate across metallic and insulating surfaces to cause shorting.
Moreover, chemically similar corrosive byproducts formed in industrial environment,
such as chlorides and sulfides, may form shorts. Figure 16 is an example of such failure
showing migration of corrosion products across the surface of FR-4 bridging two con-
ductors.
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Figure 16. Migration of corrosion products across the surface of FR-4 bridg-
ing two conductors [2].

Conductive Anodic Filament growth (CAF) is an electrochemical migration process that
causes an electrical short between two individual circuits when anodically dissolved
metals migrate along micro cracks within the PCB  and bridge two conductors (shown
in Figure 17) [1,2,43]. The filament growth requires a pathway, moisture and DC volt-
age  bias  [1].  In  other  words,  formation  of  micro  cracks  within  the  board  bridges  two
conductors and establishes the migration path. Then presence of DC bias and moisture
induces electrochemical reaction that drives the migration along the crack between the
conductors [43]. Unlike dendrite formation,  the conductive anodic filament forms from
anode to cathode [43].

Figure 17. Cross section of CAF failure in PCB dielectric between two con-
ductors. Adapted from [43].

CAF is promoted by delamination at the interface between a dielectric layer and glass
fibers. Delamination itself can be promoted by environmental stresses such as elevated
temperature (more than 260 °C for FR-4) or thermal cycling [2]. When delamination
has occurred, increased temperature, humidity, and applied bias promote the metal mi-
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gration [2]. Also small conductor spacing increases the risk for a failure. Moreover, in
multilayer PCBs, failures happen faster in outer layers than in inner layers since the
surface layer absorbs the moisture more freely. Accordingly, solder mask and conformal
coating slow the absorption of moisture into the PCB and consequently reduce the fail-
ure [2,43].

Dendritic growth

Dendritic growth occurs by electrolytic transfer of metal from one conductor to another.
Dendrites form on the surface and interior surface of cavities when three factors are
present: (1) moisture, (2) exposed metals that can be oxidized at the anode producing
ions,  especially Sn, Pb, Ag, or Cu, and (3) a low- current DC bias [2].  Dendrites nor-
mally  grow from cathode  to  anode  [2,43].  Dendrite  growth  is  an  electrochemical  pro-
cess that is induced with DC bias. When an electrolyte is formed between two conduc-
tors, it bridges the conductor with a DC bias that promotes the oxidation of the metal at
the anode and generates positive metal ions. Then the metallic ions migrate along the
conductive path to the cathode. The positive ions recombine with the free electrons at
the cathode  and generate metal atoms that are no longer soluble and finally deposit at
the cathode [2,43]. The dendrite grows in the form of a tree with branches. When the
dendrite touches the other conductor, there will be a sudden increase in current that may
destroy the dendrite, may cause temporarily malfunctioning of the electrical circuit, or
damage the device. Figure 18 shows a Sn dendrite on PCB caused by inactivated no
clean flux.

Figure 18. Tin dendrites on printed circuit boards caused by inactivated no
clean flux. Adapted from [43].

Dendritic growth is significantly accelerated in presence of hydrolysable ionic contami-
nants,  such  as  halides  and  acids  from  flux  residues  or  extracted  from  polymers  [2].
Moreover, delamination and voids can encourage accumulation of contaminants and
moisture and consequently promote the dendritic growth [2].
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Corrosion

Since the surface of copper conductor in connection areas is open and active, it readily
reacts with oxygen from the air or atmospheric contamination include chlorides, sul-
fides, sulfates, and nitrogen reactive compounds [42]. For instance, presence of chloride
contamination forms soluble Cu salts that causes fatal electro-migration problems [5].
Although gold is known as a noble metal, it may corrode in the presence of bias voltage,
moisture, and chloride ions via metal migration process [42]. Moreover, nickel is nor-
mally corrosion-resistant. However, in the presence of condensed moisture and bias, a
galvanic pair may form between Au and Ni and if chlorine is also available nickel may
corrode and leave CO2, NiCl2,  and  NiCO3 as corrosion products [42]. Improper han-
dling of a PCB can leave fingerprints on the copper plate that cause oxidation [29].

When the cathode and anode are dissimilar metals, galvanic corrosion occurs without a
bias voltage since they have different tendencies for electrons based on their electroneg-
ativity. Many metals and alloys can be coupled to make galvanic series in the presence
of moisture. While noble metals do not corrode and become the cathode, the less noble
metals become the anode and corrode. An applied bias, great difference in electronega-
tivity, and small anode compared to the cathode accelerate this type of corrosion.

5.2 Interconnect Failure mechanisms

Two commonly used methods to establish the interconnection between a component
and substrate are soldering and conductive adhesives. As the conductive adhesives were
used as interconnecting materials in this study, the focus of this chapter is on the failure
mechanisms common in conductive adhesives.

Alignment accuracy is one of the crucial parameters for the correct operation of inter-
connections. Unlike soldering technique, ACAs do not possess self-alignment property
due to their low surface tension. Therefore, alignment accuracy is crucial as poor align-
ment influences pressure distribution and decreases the contact area for electrical inter-
connection (Figure 19) [18,44,45].
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Figure 19. An example  of poor alignment in an ACA interconnection [44].

Of the actual bonding parameters, pressure, temperature and time are the most critical to
establish reliable ACA joints[46]. To establish reliable ACA joints, use of optimal
bonding pressure, temperature, and time are critical.

Bonding pressure should be accurately adjusted to the bumps and the deformation de-
gree of particles so that the particles are deformed enough to gain the largest contact
area in ideal situation [18,45]. Figure 20 shows the effect of particle deformation on the
reliability of the ACA interconnection. The ideal situation is when the particles are de-
formed uniformly with high contact area that provides  low contact resistance and high
reliability (type 1) [47]. If bonding pressure is low or distribution of deformation is not
even, it leads to undeformed or slightly deformed conductive particles (type 2) [44]. At
elevated temperatures, this type of interconnection is unreliable. Since the CTE of ACA
matrix is higher than that of the particles, it expands in z direction more than the parti-
cles, which leads to lifting up the chip and formation of gap between the chip and sub-
strate. This damages the joint structure and increases the contact resistance [18,44]. If
the bonding pressure is too high, it may break the integrity of the particle body [47,48].
It may also localize high elastic stress between the chip and substrate which may relax
later by springing back to low stress level causing delamination [45]. Moreover, varia-
tions in the shape and height of contact areas on the substrate (type 3) and variations of
the  size  of  particles  (type  4)  cause  some particles  not  to  be  deformed enough.  At  low
temperatures, smaller particles in type 3 joints shrink more than bigger particles and
lose their contact with the pads [44]. In type 4, variation of particle size leads to electri-
cal opens at low and high temperatures [44].
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Figure 20. Effect of bonding pressure, bump geometry variations, and conduc-
tive particle size on reliability of ACA joints. Adapted from [44].

Bonding temperature and time, moreover, determine the curing degree of adhesive and
thereby affect the reliability of ACA interconnection. Incomplete cross-linking of the
polymer matrix impairs its mechanical and electrical properties [46]. Normally low
temperature and longer time are preferable for bonding condition to make sure that
cross-linking of the adhesive is fully completed [18]. Otherwise, the mechanical per-
formance and electrical reliability of the ACA joint may be poor under high humidity
test. However, this leads to low productivity. In contrast, too high temperature cures the
adhesive so fast that it would not let the particle to distribute themselves between the
contact areas in time.

The stiffness of the substrate has an impact on the reliability of the joint. If the substrate
is a soft material or the distance between the pad and glass fiber in epoxy resin is long,
the pad may sink into the substrate under bonding pressure due to low stiffness of the
underlying substrate [18,44]. This leads to inadequate deformation of the conductive
particles between bump and pad which results in poor bonding (see Figure 21).

Figure 21. Pad sinking into the soft substrate under bonding pressure leading
to poor interconnection [44].

During curing and cooling of the ACA, the matrix shrinks. This causes compressive
forces to form in the structure thereby maintaining the electrical contact between the
particles and contacts on the chip and PCB. Decrease in the adhesion strength or relaxa-
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tion of the compressive forces of the ACA matrix during testing may result  in loss of
mechanical contact between the conductive components and cause electrical failures
[1]. Furthermore, differences in the thermal expansions of the different materials, swell-
ing due to moisture absorption, and externally applied mechanical stresses may cause
failures [1]. Delamination may occur due to CTE mismatch between substrate and chip.
When a flip chip assembly is cooling down, the substrate with higher CTE shrinks more
than the bumps and pads. This leaves shear stress between the pad and bump  leading to
delamination [49].

Since ACAs are made of polymers, moisture absorption contributes widely in failure
mechanisms of such joints [50]. Moisture can degrade an adhesive via several different
mechanisms. The moisture may reduce the Tg of the ACA matrix and act as a plasticiz-
er. Additionally, moisture may cause swelling and produce voids, or accelerate the
growth of existing voids [18]. These mechanisms lead to mechanical degradation [18].
Furthermore, the moisture can penetrate the interfaces between the adhesive and chip or
the adhesive substrate, which may cause delamination and therefore electrical failures
[1,17,51]. In a study of  reliability of adhesive flip chip under moisture sensitivity test at
85 °C/60% RH, the effect of moisture after 168 hours of testing was found to cause fail-
ure by introducing interfacial delamination and bump/pad opening, eventually leading
to electrical loss (see Figure 22) [50]. In [52,53], the absorbed moisture in epoxy matrix
was found to cause hydrolysis of polymer chains leading to degradation of adhesive
strength at the adhesive joints.

Figure 22. Cross section view of ACA flip chip joints under high temperature
and humidity condition. Adapted from [50].

In ACA interconnection, several different materials are used. If metallic bumps, pads,
and conductive particles have different electrochemical potentials they may undergo
electrochemical corrosion in the presence of moisture and corrosive elements. This can
lead to the formation of an insulating metal oxide layer on the contact areas or on the
conductive particle surfaces and cause an increase in contact resistance [1].

Since polymers  possess large free volume in their structure, oxygen and other contami-
nants can diffuse into the bulk of polymer [18]. F.m Coughalan et al examined the relia-
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bility of ECA interconnections under humidity aging (85 °C/60% RH) and thermal cy-
cling test (-40 to +125 °C) [54] . They reported poor joint resistance and mechanical
strength after the environmental testing. Galvanic corrosion and interfacial cracking
were observed due to humidity aging and thermal cycling [54].

Fretting is a corrosion-accelerated wear in electrical contact metals undergoing cyclic
rubbing. Electronic connectors undergo micro motions in range of few to 100 µm dur-
ing service life that causes fretting [42]. The source of these motions can be mechanical
vibrations, mismatch in thermal expansion, or load relaxation of contacting metals [42].
Figure 23shows the development of insulating layer at the contact area as a result of
fretting and corrosion. As the connector moves slightly, the oxide film underneath the
connector cracks and is exposed. Therefore, new oxide layer is formed on top of the
oxide film. As the micromotion rubbing is continued, the oxide regrows on the exposed
metal increasing the contact resistance until the electrical contact is totally insulated
[42]. Similar failures can also be seen in other types of electrical connections.

Figure 23. Schematic of fretting corrosion in a contact undergoing micromo-
tion. Adapted from [42].

ACA flip chip interconnections have been reported to exhibit variations of failure be-
havior under temperature cycling tests [3,22,45]. The formation of failure of joints is
seen as an increase in the resistance of the contact. This increase may be a sudden rise
or may develop gradually over the testing period. A typical example of gradual increase
of contact resistance is shown in Figure 24 a. This behavior usually occurs when as the
crack propagates at the interconnection due to relaxation or creep, the resistance of the
contact area increases. In addition, fluctuation of resistance have been seen occurring at
high temperatures or occurring at low temperature (Figure 24 b and c). Moreover, fluc-
tuation of resistance at both high and low temperatures has been seen in ACA joints that
were attributed to several failure mechanisms acting simultaneously (Figure 24 d).
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Figure 24. Fluctuation of daisy chain resistance in thermal cycling test when
resistance increases a) gradually, b) at high extreme temperature, c) at low tem-
perature extreme, d) at both high and low temperatures. Adapted from [3,22,45].
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6. ACCELERATED LIFE TESTING

Reliability is of critical interest to all engineering endeavors especially in electronic
systems. This is because the lack of reliability means service failures of electronic mate-
rials which results in losing the competition in electronic manufacturing. In this chapter,
the concept of reliability in electronic systems is described and the methods to imple-
ment reliability testing are explained.

6.1 The fundamentals of reliability

The reliability of an electronic package can be described as the probability of which a
system at time zero will function in the desired service environment for  a specific
amount of time [2]. In other words, the reliability is the ability of a product or system to
perform the required function consistently and without failures, for a specific period of
time under specified operating and maintenance conditions [4,55]. Careful considera-
tions on reliability aspects of a product play an important role on design, material selec-
tion, and manufacturing decisions in industry [4]. For a company to be successful and
profitable, they need to have a product with worthwhile lifetime and service reliability
that meet the expectations of costumers. The reliability, known as the probability of the
product still functioning, at time t can be stated according to equation 3:

R (t) = 1 – F (t)                                                             (3).

R (t) defines the reliability at time t, meaning the proportion of parts that are still func-
tioning, and F(t) represents the fraction of the system which have failed at time t. Time
measurement can be in form of calendar units, or service time such as for example
on/off cycles, thermal cycles, or mechanical vibration cycles. The aim of studying the
reliability is to identify when the failures occur, the failure modes and mechanisms,
causes of the failure occurrence, and methods to estimate or prevent the failures [4].
Failure mechanisms are the physical, chemical, electrical, thermal, or other processes
that result in failures [55]. Failure modes refer to the consequence of the mechanisms
which lead to the failures such as short, open, excessive wear, or fracture [55]. In gen-
eral, plotting the failure rate of a part as a function of time generates a “bathtub” curve
(see Figure 25) [2].
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Figure 25. Classic bathtub reliability curve showing three stages during life of
a product from a reliability perspective: infant mortality, steady state, wear-out.

Adapted from [2].

The curve, from reliability point of view, illustrates three phases occurring during the
life span of a product. The first phase, infant mortality, shows an initially high failure
rate that declines rapidly. These infant mortalities are typically attributed to manufactur-
ing defects, which were not detected during inspection and later led to rapid failures
during service. Common infant mortality failures in microelectronics are weak bounda-
ries and delamination, inclusion and voids, imperfection in geometry and material lead-
ing to elevated stress concentration, non-uniform coatings and adhesive layers, and cur-
rent leakage [4]. The second phase represents the normal operating life of the product
characterized by a stable period with relatively low failure rate. In this steady-state peri-
od, failures happen randomly and the rate of failure is roughly constant with time [2]. In
the third period, the wear-out phase, the failure rate gradually increases because of the
wear-out phenomenon until 100% of the parts fail. It is worth mentioning that in some
systems, such as solder joints, the steady state may not exist and wear-out phase extend
over most of the use life [2].

6.2 Reliability testing

The aim of reliability testing is to determine whether a product is reliable, in a shorter
period of time than the expected service lifetime. Most of the modern electronic devices
are designed to work for few years or decades [56]. However, it is too time-consuming
and  expensive  to  spend  3  to  5  years  to  test  a  personal  computer  or  20  years  to  test  a
military system. To accelerate reliability tests, two approaches can be taken, which may
also be combined: (1) accelerate the frequency of the occurrence causing the failure and
assess the ability of the product to survive the anticipated number of events,  or (2) in-
tensify the severity of testing conditions so that fewer number of occurrences are needed
[2,56]. An example of the first approach is a drop test conducted in a rapid succession to
simulate the shocks during transportation or use life. An example of the second ap-
proach is increasing temperature, humidity, concentration of contaminants, or some
combination of these to assess the influence of corrosion over the service lifetime of a
product [2,56].  One of the difficulties related to testing is to ensure that the reliability
predictions represent and correlate the failure mechanisms occurring during the actual
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service. This is especially challenging for new products and new technologies when
little or no previous experience and knowledge exist.

Accelerated life tests (ALTs) are reliability tests designed to detect and understand the
physics of the failures and to identify the possible modes and mechanisms of the fail-
ures [4]. Moreover, ALT also aims to accumulate sufficient statistics of failures [4]. In
ALT tests, higher stress levels and/or higher frequency of stress cycles are implemented
to reveal the failures in a shorter time. These stresses can be mechanical, thermome-
chanical, electrical, chemical, humidity, radiation, or other factors.  The common accel-
erated tests include for example [4]:

· High temperature aging
· Low temperature storage
· Temperature cycling
· Thermal shock
· High humidity
· Drop tests
· Vibration tests
· Corrosive environment

In  ALT  tests,  a  single  or  combination  of  these  stresses  are  used  based  on  typical  in-
service conditions of the product and anticipated failure modes and mechanisms. Exam-
ples of combined stress tests are: humidity/temperature bias (for example, 85 °C/85%
RH), and fatigue or vibration tests at elevated temperatures [4]. Typically, for a product
undergoing multi stresses, there are predominant stresses that correspond to specific
failure mechanisms. In Table 5, a summary of the failure mechanisms and their associ-
ate predominant accelerated stresses is presented.

Table 5. Failure mechanisms and corresponding accelerated stresses. Adapted
from [4].

Failure mechanisms Accelerated stresses and parameters

Corrosion (electrochemical, gaseous, gal-
vanic, diffusion-controlled, in the presence
of polymer coatings, nonelectrolyte, etc.)

Corrosive atmosphere, temperature, relative
humidity

Creep and stress relaxation (static, cyclic) Mechanical stress, temperature

Delamination Temperature cycling, relative humidity,  frequen-
cy

Dendrite growth Voltage, humidity, corrosive environment

Diffusion Temperature concentration gradient, corrosive
environment

Electro-migration and thermo-migration
(forced diffusion due to electric potential or
thermal gradients)

Current density, temperature, corrosive environ-
ment
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However, ALTs can be challenging to plan, implement, and interpret. ALTs may cause
failure mechanisms, which are different from the anticipated actual failure mechanisms
in service conditions.  Moreover, sometimes one failure mechanism may eclipse the
other and conceal a part of multiple mechanisms occurring sequentially. Another chal-
lenge in ALT tests is the situation where two phases of distribution of failures occur
concurrently. An example of this is when multiple failure mechanisms take place and
lead to the situation that the infant mortality failures occur simultaneously with opera-
tional failures. If infant and operating failures are not well separated, such situations
may lead to erroneous conclusions. Thus, it is crucial in ALT tests that expected failure
mechanisms are correctly identified ahead of time and failure phases are well separated
in order to have reliable results. Analysis of distribution of failures by Weibull analysis
is one of the widely used methods in reliability engineering to distinguish the failure
phases in the bathtub curve [18,57]. The classic two-parameter Weibull distribution
model can be defined according to the formula 4 [18]:

( ) = 1 − exp 	(−	
	

)                                                    (4)

The characteristic life (η), also known as the scale parameter, indicates the position
where  63.2%  of  the  samples  are  failed  [18].  The  slope  of  Weibull  probability  plot  is
known as shape parameter (β) which can indicate the types of failure phases acquired
from failure data of a sample [57]. The shape parameter is a pure number that can be
β<1, β=1, β>1. A schematic graph of a Weibull failure rate is shown in Figure 26.

Fatigue and brittle crack initiation and
propagation

Mechanical stress range, cyclic temperature
range, frequency

Interdiffusion Temperature

Stress corrosion cracking Mechanical stress, temperature, relative humidity
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Figure 26. A schematic graph of a Weibull failure rate showing three β values.
Adapted from [57].

A Weibull distribution with β below 1 have a failure rate that decreases with time. This
value indicates presence of infant or early-life failures. If β is close to or equal to 1, it
shows a fairly constant failure rate in the samples. If the β is higher than 1, it indicates
the failure rate that increases with time which is known as wear-out failures. Carefully
designed, adequately implemented, and properly interpreted ALT tests can provide val-
uable information to understand and predict the failures and to design a product with
enhanced reliability [18,57].
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7. EXPERIMENTAL

This chapter introduces the materials, test structure, and testing methods used in this
thesis. The aim of this study was to investigate the reliability of flexible PI PCB under
harsh conditions for electronic applications. In order to do this, varieties of test struc-
tures used in electrical and electronic applications were designed on a PI substrate. This
layout included daisy chain wiring scheme for flip chip attachments, via structures, me-
ander structures, and parallel plate capacitors. Sample preparations of each of the
aforementioned structures are described next. Three reliability tests, thermal cycling,
high humidity, and salt spray were performed on the structure. The resistance of flip
chip attachments, via structures, and meander structures were measured in real-time
during the testing. Capacitance structures were measured periodically after certain test-
ing periods. The reliability tests along with the measurement methods are explained in
details at the end of this chapter.

7.1 Polyimide Flex substrate

A flexible PI PCB was used in this study. The substrate was two sided and the thickness
of the PI film was 50 µm. The substrate had nickel-gold plated copper tracks with a
thickness of 20 µm. The thickness of Ni/Au coating was 4 µm. The copper tracks were
directly attached to the PI film and no additional adhesive was used in the structure be-
tween the copper tracks and the PI film. The PCB did not have solder resist or cover
layer.

7.2 Flip chip attachment

In this study, two different silicon chips were used to assemble ACF flip chip intercon-
nections with the PI PCBs. Both chips were peripheral and had a daisy chain intercon-
nection pattern. However, they differed in size and bump materials. According to the
chip manufacturer’s datasheets, the size of chip A was 10 mm × 10 mm. It had octago-
nal Ni/Au bumps with a radius of 80 µm and thickness of 15 µm. The pitch of the pe-
ripherally patterned bumps was 200 µm. Chip B had octagonal Au bumps with 80 µm
diameter. The bumps had a thickness of 20 µm and their pitch was 150 µm. The size of
chip B was 8.5 mm × 8.5 mm.

Therefore, two different chip attachment structures (A and B) were prepared for this
study. Schematic drawings of the substrates for both chips are presented in Figure 27.
Two measurement channels were used for Chip B. They formed two identical daisy
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chain  (DC)  structures  with  90  interconnections  each.  A  daisy  chain  refers  to  multiple
interconnections in a chip connected together in series. Four measurement channels
were used with Chip A. These formed four different daisy chains. DC1, DC2, DC3, and
DC4 having 30, 32, 14, and 14 interconnections, respectively. The number of samples
in each test is presented in Table 6.

Figure 27. Measurement channels used for different structures: a) two daisy
chains for chip B, b) four daisy chains for chip A.

Table 6. Number of samples tested in each of the chip structure.

Test Chip Number of chips Number of daisy chains

Thermal cycling
A 8 8 × 4

B 9 9 × 2

High humidity
A 8 8 × 4

B 10 10 × 2

Salt spray
A 11 11 × 4

B 12 12 × 2
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7.2.1 ACF

The ACF used in this study consisted of conductive gold-coated nickel particles of 5 µm
in diameter dispersed in epoxy adhesive matrix. The thickness of the ACF was 40 µm
and the density of the conductive particles was 1500 (pcs/mm2) according to the adhe-
sive’s datasheet. The Tg of the ACF was 112 °C and the CTE below and above Tg were
40 ppm/°C and 561 ppm/°C respectively.

7.2.2 Bonding Condition

To reduce the influence of moisture absorbed in the PI PCBs during the bonding stage,
prior to attaching the chips, all PI PCBs were wiped with isopropanol and then dried at
125 °C for 5 hours.

To assemble the chip on the PI substrate, Toray FC-1000 flip chip bonder was used.
First, the ACF tape was cut to the correct sizes to cover the bonding area in each sub-
strate. Then, a light pressure and low temperature was used to pre-bond the ACF to the
substrate using the aforementioned bonder. After pre-bonding, the protective film on the
ACF was removed. The final bonding process was also carried out using the same flip
chip  bonder.  First,  the  chips  were  picked  up  and  the  bumps  on  the  chip  were  aligned
with the pads on the PI substrate. Then, the chip was placed on the substrate and finally
pressure and heat were applied to the chip and the substrate to complete the bonding
process. The bonding conditions are presented in Table 7. The values were chosen ac-
cording to the adhesive manufacturer’s recommendations and also previous studies with
similar ACFs [3,21,58].

Table 7. Bonding conditions used for the flip chip bonding process.

Bonding parameters Set value

Tool temperature (°C) 210

Time (sec) 20

Table  temperature (°C) 100

Pressure (MPa) 100

7.3 Via

To test the via structure, a simple daisy chain structure of vias connected by wiring trac-
es alternatively plated on top and bottom of the board was designed on the PI PCB. Fig-
ure 28 shows two daisy chain structures of via on the PI board. Each structure consisted
of 30 vias. Each structure had wiring pads which could be used to attach the via struc-
tures to the measurement system. Ten via structures were studied in each of the test.
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Figure 28. A PI board with two loop of via structure used in the reliability
tests.

7.4 Meander

In  this  study,  two meander  structures  with  different  pitches  were  used.  Each  PI  board
consisted of two meanders with a pitch of 120 µm and two meanders with a pitch of 200
µm (see  Figure  29).  The  meander  with  the  pitch  of  120  µm had  wires  with  50  µm in
width. The wiring width of the 200 µm meander was 90 µm. For this study, ten pieces
of each meander structure were placed into the reliability tests.

Figure 29. A PI board having four meander structures with pitch of 120 µm
and 200 µm.

7.5 Capacitance

To investigate behaviour of PI as a dielectric material for high-speed applications a par-
allel plate capacitor was designed on the PI substrate (Figure 30). The capacitor had
parallel copper plates on top and bottom of PI board. The area of the copper plate was
5.18 cm2. The distance between the plates was the thickness of the PI substrate (50 µm).
The capacitance and tan delta of the samples was measured periodically after 96 hours
of salt spray testing, 500 cycles of thermal cycling testing, and 500 hours of high hu-
midity testing. The measurements were done at room temperature. Alpha-A high resolu-
tion modular measurement system by Novocontrol Technologies® was used to measure
the capacitance (F) and tangent delta values as a function of frequency. A frequency
range of 10-2 -10+6 Hz was applied to the samples. After testing, the capacitance values
were converted to dielectric constant values according to equation 1. At temperature of
25 °C and frequency of 1 MHz, the dielectric constant of PI is 3.4-3.5 and its loss tan-
gent is  0.0025-0.01 (x 104) [34].



46

Figure 30. Parallel plated capacitance sample.

7.6 Reliability tests

To study the reliability of the PI samples, three accelerated environmental tests were
used: thermal cycling, high humidity, and salt spray test.

7.6.1 Thermal cycling test

A temperature cycling test was performed according to standard JESD22-A104-D [59]
in a temperature range from -40 °C to 125 °C. The dwell time of the test was approxi-
mately14 minutes at the temperature extremes and the transition time was 1 minute,
which gave an overall cycle time of 30 minutes. The temperature-cycling test was per-
formed using ESPEC TSA-71S thermal shock chamber (shown in Figure 31) and the
duration of the test was 5000 cycles.  In the thermal cycling test, the 5000 cycles of test-
ing was divided to multiple 500 cycles test  runs.  The test  was stopped after every 500
hours in order to measure the capacitor structures.

Figure 31. ESPEC TSA-71S thermal cycling chamber.

7.6.2 High humidity test

In the high humidity test, the test temperature was 85 °C and the relative humidity (RH)
was 85%. These values were chosen according to standard JESD22-A101-C [60]. The
samples were tested for 4,000 hours using Weiss-Vötsch Environmental Testing In-
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struments C340 chamber (Figure 32). The test was conducted in 500 hours test runs in
order to periodically measure the capacitor structures. Consequently, the test was
stopped after every 500 hours and the humidity and temperature were decreased to room
conditions.

Figure 32. Weiss-Vötsch Environmental Testing Instruments C340 chamber
and a view of samples inside the chamber.

The test profile is shown in Figure 33. As Figure 33a shows, the temperature was first
raised to 85 °C and held constant for an hour. The relative humidity was raised to 85 %
after this to prevent condensing. When both the temperature and relative humidity have
reached the set values, the test was conducted with constant values for 500 hours. After
the 500 hours of testing, the humidity was first lowered to ambient value, followed by
lowering the chamber temperature to room temperature (Figure 33b).

Figure 33. Temperature and humidity profiles in high humidity test. a) the
start of the 500-hour test run, b) the end of the 500-hour test run.

7.6.3 Salt spray test

The effect of the corrosive environment was studied by conducting a salt spray test us-
ing Ascott XP S450 chamber (Figure 34). The salt spray test was performed according
to standard JESD22-A107B [61]. During the test the temperature was kept at 35ºC ±
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2ºC and a solution of sodium chloride (NaCl) and deionized water was sprayed into the
test  chamber.  The concentration of the solution was 50 g/l  ± 5 g/l  of salt  in deionized
water. In order to protect the measurement wires during the salt spray test they were
covered by glop top materials for protection. The glop top was a two component electri-
cally insulating encapsulating epoxy designed for semiconductor glop top applications
and package assembly. The duration of the salt spray test was 4,500 hours.

Figure 34. Ascott XP S450 salt spray chamber and a view of samples inside
the chamber.

7.7 Real-time measurement and failure monitoring

A commercially available Sn-40Pb solder material was used to solder the measurement
wires to the measurement pads on the samples. A stranded wire was used for wiring the
samples for thermal cycling and high humidity tests. For the samples in salt spray test, a
wire with thicker stranded wires and jacket was used for better protection against the
corrosive environment.

In order to determine the exact times to failure, a constant and stable bias was applied to
the samples and the daisy chain resistance of each sample was measured during the test
using continuous real time measurements with a data logger system. Any abrupt in-
crease in the measured voltage indicated a rise in the resistance of the sample being
tested. A rise in the measured voltage to the supply voltage of 5 V indicated a formation
of an open interconnection on a test sample. The resistances were logged during thermal
cycling and high humidity testing every 10 seconds and in salt spray in every minute.
To examine the failure time of the samples, the doubling of a resistance value was used
as a failure limit. An increase of the resistance greater than the double of the initial re-
sistance was considered as a failed sample.
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8. RESULTS AND DISCUSSION

8.1 Via structure

Thermal cycling

Failure data analysis showed that many of the via structures began to fail relatively
quickly during the first 300 cycles and after 600 cycles all of them were failed. The ini-
tial resistance of the samples was in range of 1 ohm. In the failed samples, the resistance
increase was from few to thousands of ohms and the failure free time was 106 cycles.
After 1000 cycles, all via structures were removed from the test and each trace was in-
dividually measured. The measurements showed that the closest traces to the soldering
pads used for the measurements were broken in most of the structures. The early fail-
ures seen close to the solder pads were most likely caused by the swinging of the via
boards during the test. The via structures were fixed to the chamber by hanging them
down from the chamber trays. During sample preparation, Kapton tape was placed on
top of the wiring solder joints to protect them, and the tape covered a half of the first
traces. It was assumed that due to the swinging of the flex board, the Kapton tape had
caused stress concentration on the edge of the Kapton tape and thereby caused most of
the failures seen early during testing.

However, two via structures had multiple broken traces throughout their structures.
These structures failed after 140 and 156 cycles as shown in Figure 35. The resistance
of these samples increased from a few to thousands of ohms and fluctuated for the rest
of the test regardless of the temperature.

Figure 35. Failure of via structures after a) 140 cycle, b) 156 cycles.

To study the reliability of the via structures further, the broken traces were fixed by ap-
plying minimum amount of solder on the traces and the structures were returned to the
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chamber. The two via structures having multiple broken traces at different locations of
the board were considered to have failed and were not returned to the test. Of the eight
fixed structures, only two failed during the latter part of the test. These failures were
seen after 1010 and 1163 cycles.  In the sample failing after 1010 cycles, the failure
occurred by showing increase of resistance at low temperatures at two sequence cycles,
which was recovered at high temperatures (Figure 36a). However, gradual increase of
resistance was seen at both high and low temperatures after that. In the other sample
failed after 1163 cycles, the resistance was increased during the transition between ex-
treme temperatures as it can be seen in Figure 36b.

Figure 36. Failures of  two fixed via structures a) failure after 1010 cycles at
low temperature followed by fluctuation, b) failure after 1163 cycles during the

change of temperature.

Therefore,  overall  40%  of  the  test  structures  was  considered  failed.  In  Figure  37,  the
CDF of the results before and after fixing of the early failures is shown.  As can be seen,
all the failures occurred in the early stage of testing and no failures were seen after
them.
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Figure 37. CDF graph of via structure failures in thermal cycling test.

High humidity

None of the via samples exceeded the failure limit during the 4000 hours of high humid-
ity testing.  The resistance value of the samples remained stable with no change during
the test. Although CTE mismatch with substrate may be a major issue for via structures,
the results of high humidity test showed that vias could cope well with high but constant
temperature of the test. A comparison with the results of thermal cycling showed that
cyclic change of temperature from a high temperature to a low temperature causes more
stress to the vias. However, it needs to be mentioned that the upper temperature limit on
thermal cycling test was higher than the temperature in humidity test. Besides, although
corrosion and delamination are common causes of failures under humidity testing, the
effect of both high temperature and humidity of this test appeared to be small.

Salt spray test

All via structures failed during the salt  spray test.  The initial  resistance of the samples
varied between 0.6 and 1.2 ohms. Figure 38a shows the increase of resistance of via
samples from the initial value to above the failure limit (pink dash line). The failures in
most of the samples occurred by an increase of resistance values from a few to thou-
sands  of  ohms  as  illustrated  in  Figure  38b.  Many  of  them  showed  multiple  spikes  of
resistance increase shown in Figure 38c. However, in one sample shown in Figure 38d,
a gradual increase of resistance was seen.
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Figure 38. Typical examples of increase in daisy chain resistance in via struc-
tures, a) sudden increase of resistance exceeding the failure limit, b and c) typi-
cal fluctuation of resistance up to thousands of ohms, d) gradual increase of re-

sistance.

Figure 39 shows the CDF graph of the failures for the via structures up to 500 hours. As
can be seen, 90% of the structures failed during the first 350 hours of testing. However,
one structure failed after 1918 hours of testing and has not been included in the CDF.
Although the failure free time was 44 hours, after it the failure rate increased rapidly
and after 168 hours of testing 70 percent of the structures had failed. The results of high
humidity test showed that presence of humidity at a constant temperature had no effect
on the reliability of the vias. This shows that the failures seen in the salt spray test are
most likely due to the presence of the corrosive salt ions and gradual development of
copper corrosion during the failure free time that led into electrical opens starting after
44 hours of testing.  Moreover, Weibull distribution of failures presented in Figure 40
showed shape parameter of via failures was below 1 indicating the presence of infant
failures during this test.
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Figure 39. CDF graph of via structure failures in salt spray test up to 500
hours.

Figure 40. Weibull distribution analysis of via structures in salt spray test with
5% confidence interval.

8.2 Meander structure

Thermal cycling

The meander structures showed no failures during testing. The initial resistance value of
the meanders were R120µm =10.8 Ω and R200µm =6.6 Ω. The resistance remained stable
throughout the test and no gradual increase was observed. The result showed that the
reliability of meander structure was not affected by the temperature cycling as the ther-
momechanical stresses did not markedly harm the copper traces. As a result, meander
structures exhibited an excellent reliability under cycling change of temperature be-
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tween – 40 and +125 °C. Thus, it can be concluded that the copper wirings on PCBs
were highly reliable at the tested environment. This result showed that the failures on
the via structures in the thermal cycling test were most likely not due to cracking of the
wires in these structures.

High humidity

Meander structures also exhibited no failures during the 4,500 hours of exposure to con-
stant temperature of 85 °C and relative humidity of 85%. However, during each test run,
the resistance of meanders slightly increased after the first hour of testing and dropped
to the original value at the end. However, the resistance remained stable during the test
run, as shown in Figure 41. The slight increase was below the failure limit. Typically,
the increase of resistance in 120 µm meanders (RInitial =11.5 Ω) was about 2 ohms and in
200 µm meanders (RInitial =7.4 Ω) was about 1 ohm. This increase is most likely due to
the normal increase in resistance of copper at high temperature. The occurrence of no
failures in the humidity test showed that the presence of moisture and bias at elevated
temperature was not enough to promote metal migration inside the PI substrate. In other
words, in the presence of a voltage bias, moisture absorption of PI did not make an elec-
trolyte for copper ions to migrate through the substrate and bridge the copper wires,
which could change the overall resistance of the structure. Therefore it can be conclud-
ed, that the copper wirings on PCB were highly reliable at high humidity conditions.

Figure 41. Typical behavior of meander structures during high humidity test.
The resistance of the samples increased at the start and the end of a 500-hours

test run.

Salt spray test

Although the meander structures in the thermal cycling and high humidity tests did not
show failures, the corrosive environment of the salt spray appeared to be harsh for the
meander structures. Almost all the meander structures failed in the salt spray test. The
failure pattern in both meanders seemed similar as the resistance in most of the samples
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increased from a few ohm initial values (R120µm =6.8 Ω, R200µm =10.9 Ω) to a few thou-
sands of ohm. Figure 42a shows typical examples of resistance values for meander
structures and the failure limit (pink dash line). In majority of the samples, gradual in-
crease of resistance having fluctuation simultaneously was seen as shown in Figure 42b.
In addition, in many samples, a spike of resistance increase above the limit was seen in
advance to increase of resistance to few thousands of ohms (see Figure 42c).

Figure 42. Typical examples of resistance values of meander structures during
salt spray test. a) resistance values of a functional meander, b) simultaneous

fluctuation and gradual increase of resistance exceeding the failure limit, c) an
early spike of resistance above failure limit before fluctuation.

The CDF graphs of these structures show the failure rate in each of the structures (see
Figure 43a). Compared with the high humidity test, the results of the salt spray test re-
vealed that the presence of corrosive contamination such as salt most likely corroded the
wiring on the surface of the PI substrate, leading to the open connections. However, the
meander structure with the smaller pitch (120 µm) appeared to be more vulnerable to
the test as its first failure occurred after 15 hours of testing as shown in Figure 43b.
While the failure free time of 120 µm meander was very short, it was a lot longer for
200 µm meander. The first failure for the 200µm meander happened after 125 hours of
testing. This gap of 110 hours was most likely caused by the difference in the width of
the wiring in the samples as the meander with narrower wires (50 µm) corroded consid-
erably faster than the meander with the 90 µm wires.  However, after occurrence of the
first failures, the slope of failures up to 90% seemed similar in both structures (see Fig-
ure 43a).
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Figure 43. a) CDF graph of meander failures in salt spray test, b) close-up
view at the beginning of the test.

The 90% failures in 120 µm meander and 200 µm meander occurred after 384 and 481
hours of testing, respectively. The last 200 µm meander failed after 3078 hours and the
last 120 µm meander sample never failed during 4500 hours of testing. Moreover,
Weibull distribution analysis of the failure results presented in Figure 44 showed that
the shape parameters for both meanders are below 1. This revealed the occurrence of
infant failures in both structures. However, shape parameter of 120 µm meander was
considerably lower than the 200 µm meander, which explained higher number of early
failures in 120 µm meander structures.  It can be concluded that especially narrow wires
corrode quite rapidly in salty environment and may cause reliability problems for PCBs.
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Figure 44. Weibull distribution analysis of meander structures with 5% confi-
dence interval. a)120 µm meander, b) 200 µm meander.

8.3 Chip attachments

Both chip A and B had daisy chain structures. Chip B had two identical daisy chains
with equal number of interconnections and A chip had 4 different daisy chains DC1,
DC2, DC3, and DC4 with 30, 32, 14, and 14 interconnections, respectively.

Thermal cycling

Of A flip chip structures, one out of nine DC2 samples was broken after the assembly
and therefore this daisy chain was omitted from testing. In the thermal cycling test, the
5000 cycles of testing was divided into ten 500-cycles test runs and the test was stopped
after every 500 cycles.  This appeared to be important when a DC3 and a DC4 exceeded
the failure limit at the first cycle of few sequential test runs. The initial resitance of
these daisy chains was 1.4 Ω. These failures were seen as a sudden, single spike in re-
sistance at the first cycle of each 500-cycle test run as shown in Figure 45. However,
from the second cycle onwards, the resistance decreased to a stable range of values be-
low the failure limit. This was attributed to the relaxation of the samples during the pe-
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riod between the test runs, and therefore, these daisy chains were not counted as failed
samples.

Figure 45. Abrupt increase of voltage was seen in the first cycle of a 500-cycle
test run. The sample shows a stable range of values after the second cycle.

One DC3 failed after 1001 cycles having multiple spikes of resistance increase exceed-
ing the failure limit. In addition, a DC1 (Rinitial = 2.6 Ω) failed after 4000 cycles, when
the resistance of the daisy chain increased to magnitude of a few ohms above the failure
limit and remained as such to the end of the testing. These failures equal to 6% failures
for all A chip daisy chains.

B chip structures had 18 similar daisy chains in total, and of these only two daisy chains
showed failures during testing. These failures were observed after 233 and 430 cycles
while the rest of the daisy chains were reliable to the end of testing. Thus 11% of chip B
samples failed during the thermal cycling testing.  The initial resistance values of B chip
daisy chains was 4 Ω. In the sample failing after 233 cycles, the failure occurred with an
increase of the resistance at high temperatures as illustrated in Figure 46, but was recov-
ered at low temperature. This may have been due to poor deformation of conductive
particles due to low or uneven bonding pressure. The Tg of the ACA adhesive was 112
°C and its CTE before and after Tg were 40 ppm/°C and 561 ppm/°C, which are higher
than the CTE of nickel particles being 13.3 ppm/°C [40]. Therefore, the expansion of
the adhesive at high temperature of the thermal cycling test is much higher than that of
the particles. This may have lifted up the chip from the substrate and disconnected the
interconnection.  However, at low temperatures, the adhesive could have contracted and
reconnected the interconnection.
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Figure 46. Failure of a B chip daisy chain at high temperature.

In the other failed daisy chain, the resistance was seen to gradually increase during the
testing time until the failure limit was exceeded. The occurrence of failure in this sam-
ple is shown in Figure 47. These types of failures may be due to relaxation of poor in-
terconnection, which was vulnerable to the stresses of thermal cycling test. The relaxa-
tion may have occurred as a result of high bonding pressure that had left internal stress-
es in the ACA adhesive. Moreover, presence of a micro crack at the interconnection that
grows during the testing time could also be possible reason for gradual increase of the
contact resistance.

Figure 47. Gradual increase of resistance in a B chip daisy chain exceeding
the failure limit during thermal cycling test.

During thermal cycling test,  6% of the chip A and 11% of the chip B structures were
failed. The failure free time was 1000 and 222 cycles for chips A and B, respectively.
The failures in this test were most likely related to the interconnection because the me-
ander test structure proved that the wiring were highly reliable under thermal cycling
test. However, with failure criterion of doubling the resistance, good reliability for the
chip attachments was seen.

High humidity

In  A  chip  structure  with  four  daisy  chains,  one  DC2  (Rinitial = 3.6 Ω) failed after 501
hours of testing by showing an abrupt increase of resistance (~18 Ω) over the failure
limit.  Figure  48a  shows the  failure  of  this  sample  marked  in  red.   However,  after  the
resistance was increased from the initial resistance (3.6 Ω), it tended to fluctuate but
remained above the failure limit to the end of the test. Similar failure behavior with ab-

Cycle
0 50 100 150 200 250

2

4

6

8

10



60

rupt increase of resistance from 3.6 Ω to 7.5 Ω was seen in a DC1 sample after 20 hours
of testing (Figure 48b). However, in the beginning of the second test run (501 hours),
this sample recovered to a resistance value about 5 Ω, which was below the failure limit,
until  the end of the test.  Moreover,  two DC4 samples failed after 85 and 768 hours of
testing illustrated in Figure 48c and Figure 48d. While the first failed DC4 exhibited
multiple spikes in the resistance indicating unstable resistance before and after the fail-
ure time, the other sample showed gradual increase of resistance until it exceeded the
failure limit after 768 hours. This gradual increase of resistance continued after the fail-
ure point.

Figure 48. Occurrence of failures in A chip daisy chains after a) 501h, b)20h,
c) 85h, and d)768h.

Absorption of moisture causes swelling in the polymers that may generate voids or ac-
celerate growth of existing voids [18]. These voids can promote corrosion or weaken
the mechanical properties of the interconnections. Moreover, these failures may have
occurred due to delamination of ACA as the moisture may penetrate the interface be-
tween the ACA and chip or ACA and substrate [17,50,51].

B chip structure having 20 identical daisy chains showed great reliability with no fail-
ures during the test. However, similar to the thermal cycling test, in the high humidity
test some daisy chains from both A chip and B chip samples showed an increase of the
resistance in the first few hours of each test period. Since 4000 hours of testing was di-
vided into multiple 500 hours test periods, the test was stopped after every 500 hours
and the humidity and temperature were dropped to the room conditions. In the start of
each test run, the test chamber reached the set temperature and humidity (85 °C/85%
RH) in about two hours. It was found that the resistance of some samples tended to in-
crease in the beginning of each test run as the temperature and humidity increased from
room conditions to set values. The typical behavior of two B chip samples exceeding
the failure limit after 1001 and 2001 hours of testing is shown in Figure 49. However,
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after a few hours, the samples recovered and showed a stable resistance below the fail-
ure limit. That is, for instance in the test run of 1000-1500 hours shown in Figure 49a,
as the temperature and humidity increased to the set values during the first two hours,
the resistance of the sample was gradually increased over the failure limit. However,
after two hours, the resistance decreased below the failure limit and showed a stable
spectrum until the end of the test run. Therefore, these samples were not counted as
failures.

Figure 49. An increase of resistance in the beginning of testing was seen in
some samples which was recovered after a few hours.

Salt spray test

All the flip chip structures failed during 2400 hours of salt spray testing. As shown in
the Figure 50a, the failure rates of both A chip and B chip structures are a lot  quicker
than  in  the  other  reliability  tests  performed  in  this  study.  Moreover,  B  chip  samples
showed higher failure rate in the beginning of the test compared to A chip.  As shown in
Figure 50b early failure at 10% occurred quicker in B chip samples. Also more than
80% of B chip daisy chains failed in the first 300 hours while for A chip daisy chains it
was in a much longer time.
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Figure 50. CDF graph of A chip and B chip failures in salt spray test a) all
samples failed during the test, b) failures in the beginning of the test.

In A chip structure having four daisy chains, DC2 had the quickest failure rate, which
can be attributed to its highest number of interconnections, since it was the longest daisy
chain. This showed that the number of interconnections in a daisy chain is a critical fac-
tor  for  reliability  in  salt  spray  testing.  Moreover,  DC3  and  DC4  that  were  similar  in
number of interconnections had almost similar failure rate during the first 450 hours of
testing, although they differed after that. The failure free time in DC1, DC2, DC3, and
DC4  were  70,  26,  93,  and  71  hours,  respectively.  The  initial  resistances  of  DC1  and
DC2 were about 1.8 Ω and for DC3 and DC4 they were about 3 Ω. The failure behavior
in majority of A chip daisy chains appeared as fluctuation of resistance from the initial
resistances to few thousands of ohms. However, open joints and gradual increase of
resistance were seen in a few daisy chains.

In B chip structures with identical daisy chains, the failure rate was quite fast. Each dai-
sy chain of B chip structure had a higher number of interconnections compared with
DC2 in A chip structure. The initial resistance of the B chip daisy chains was about 4.4
Ω,  but  the  failure  behavior  was  similar  to  A chip  samples.  The  failure  free  time of  B
chip samples was 35 hours after which a rapid failure rate occurred reaching to 82%
failure only after 245 hours. However, the last B chip daisy chain failed after 1281
hours when the last A chip DC2 failed after 1092 hours. That is, although B chip struc-
ture had the longest daisy chain among all the chip attachment samples, it had a slightly
longer failure free time and a slightly longer lifetime than A chip daisy chains. This
might be due to smaller size of the silicon chip used in B chip structure.

Weibull distribution analysis of both A and B chip samples is shown in Figure 51. The
shape parameter results of the daisy chains revealed that DC2 and B chip daisy chains
had relatively similar shape parameter below 1 that indicated decreasing failure rate.
DC4 also showed shape parameter below but slightly closer to 1 indicative of better
distribution  of  random  failures.  However,  DC1  and  DC3  showed  wear-out  failures  as
their shape parameter were more than 1 indicative of failure rates that increase with
time.



63

Figure 51. Weibull distribution analysis of both A and B chip daisy chains.

In addition to the effects of moisture explained earlier in high humidity test, in the salt
spray test the effect of the corrosive salt ions needs to be considered. Although the tem-
perature in the test was lower than that in the high humidity test, the humidity level in
test was approximately 100%. Absorption of moisture by the adhesive during the test
may have facilitated migration of salt ions into the interconnections, which most likely
accelerated the corrosion of the conductive particles, copper wiring and bumps. In this
study, the copper pads were Ni/Au coated and the nickel particles in the ACF were gold
coated. Theoretically, gold may corrode in presence of moisture, bias, and chlorides.
However, if the gold layer is broken, gold forms galvanic corrosion with other metals
and accelerate the corrosion. Moreover, if there is chloride and condensed moisture,
nickel particles may form a galvanic pair with gold and corrode.

8.4 Capacitor

Thermal cycling

The capacitor samples were measured every 500 cycles of thermal cycling test. The
results of the dielectric constant measurements as a function of frequency are shown in
Figure 52. A slight decrease in the values of dielectric constant during the testing was
seen. This was caused most likely by further curing and decreased moisture absorption
of the PI films. However, the changes in the dielectric values were very small. Slight
decrease in the values were seen with increasing frequency.
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Figure 52. Dielectric constant as a function of frequency over thermal cycling
testing cycles.

The change in tan delta appeared to be dependent on the frequency range of the meas-
urement (see Figure 53). At high frequency range (101 -10+5 Hz), tang delta decreased
over the testing time which showed reduction of dielectric loss in PI film. However, at
low frequencies it slightly increased most like due to relaxation of PI. Therefore, ther-
mal cycling test improved dielectric property of PI film by decreasing the dielectric
constant under thermal cycling test conditions.
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Figure 53. Tangent delta as a function of frequency over thermal cycling test-
ing cycles.

High humidity

The capacitors in high humidity test were measured after 500 hour periods of testing.
The measurement was done in the similar manner as for thermal cyclin samples. Figure
54  shows  the  results  of  dielectric  constant  changes  over  the  4000  hours  of  testing.  A
clear increase in the dielectric values was seen. A higher rate of increase in the dielectric
constant occurred at lower frequencies. This was attributed to the absorption of moisture
by the PI dielectric substrate that increased the dielectric constant value via orientational
polarization at higher frequencies and MWS polarization at lower frequencies [36].
Moreover, the values of tang delta increased also over the time and higher rate of in-
crease was seen at low frequencies (Figure 55). The increase of tangent delta could not
be due to degradation of PI as the result of similar test in [62] showed that PI was ex-
tremely stable under such an aging condition. The dielectric loss may cause delay in the
material dipoles to instantly match with the oscillating frequency and consequently the
energy is absorbed or dissipated as heat.
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Figure 54. Dielectric constant as a function of frequency over high humidity
testing cycles.

Figure 55. Tangent delta as a function of frequency over high humidity testing
time.
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Salt spray test

The measurements of dielectric constant and tangent delta were done after every 96
hours  of  testing.  The  samples  were  in  the  test  for  over  1500 hours.  The  results  of  the
dielectric constant measurement revealed abnormal values after 192 hours of testing
(see Figure 56).  It was assumed that as the test progressed, the results were most likely
affected by the excessive corrosion of the copper plates, which made the results unrelia-
ble. The effect of corrosion on the copper plate of a capacitor sample is shown in Figure
57.

Figure 56. Dielectric constant as a function of frequency over Salt spray test-
ing time.

Figure 57. Corrosion of copper plate in capacitor samples during the salt
spray test.
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Figure 58 shows the results from the first 192 hours of testing, where a slight increase of
the dielectric constant can be seen. This increase in the dielectric constant was attributed
to absorption of water and impurities by the PI film during the test.

Figure 58. Dielectric constant as a function of frequency during the first 192
hours of testing time.

Tan delta value increased along the frequency range and over the testing time (see Fig-
ure 59). The increase at the lower frequencies was greater than at high frequencies. Due
to the different measurement intervals used in salt spray test and high humidity, a pre-
cise  comparison  of  the  rate  of  change  in  the  beginning  of  the  tests  was  not  possible.
However, the increase rate of tan delta in salt spray test seemed slightly faster than that
of high humidity test, which is most likely due to the impurities in the PI in the presence
of salt. Nonetheless, the salt spray test is excessively harsh environment test. The results
of salt spray test showed that the capacitor samples had acceptable reliability during the
first 96 hours of exposure to such corrosive condition.
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Figure 59. Tangent delta as a function of frequency over salt spray testing
time.
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9. CONCLUSIONS

The  aim  of  this  thesis  was  to  study  the  reliability  of  flexible  PI  printed  circuit  board
(PCB). Four electrical test structures were selected to test the PI PCBs. The test struc-
tures were a daisy chain via structure, meander structure, flip chip attachments, and a
capacitor structure to measure dielectric constants. To investigate the reliability of the
test structures under demanding conditions, three accelerated life tests (ALTs) were
performed on the samples: 4000 hours of high humidity (85 °C / 85% RH), 5000 cycles
of thermal cycling (-40 °C/125 °C), and 4500 hours of salt spray tests with a solution of
sodium chloride and deionized water at 35 ± 2 ºC. The resistances of the test structures
were measured during testing in real time. A failure criterion of doubling of the re-
sistance value was used to determine the failures in via, meander, and flip chip attach-
ment structures.

The results of ALT tests showed that 40% of via structures failed during thermal cy-
cling test. The failures occurred at the low temperature or during the change of the tem-
perature. The failure were most likely due to CTE mismatch between the copper and PI.
This leads to thermomechanical stresses in the structure, which could cause delamina-
tion. No failures were seen in the high humidity test. This result showed that moisture
had no marked effect on the vias and the temperature cycling caused more stress on the
vias than the elevated but constant temperature of the high humidity test. All via sam-
ples  failed  in  the  salt  spray  test.  The  failure  free  time of  salt  spray  test  was  44  hours.
The results of this test showed that the failures were most likely due to presence of cor-
rosive salt ions that gradually corroded the copper in vias.

The meanders showed excellent reliability in the thermal cycling test by showing no
failures. This showed that the adhesion of wires to the PI board was reliable and thermal
cycling stresses could not cause delamination or cracks in the wires. This result implies
that the failures in thermal cycling test of via structures occurred in the vias not in traces
between them. Moreover, presence of moisture and elevated temperature in high humid-
ity test caused no failures in the wires. This showed that both the meanders with 120 µm
and 200 µm pitch had excellent reliability under humid condition. However, in salt
spray test, almost 100% of failures was seen. Most of the failures showed gradual in-
crease of resistance.  It was assumed that the corrosive contamination of salt accelerated
the corrosion of the copper wires on the surface of PI substrate and caused open connec-
tions to form. The meanders with smaller pitch were more vulnerable than the meanders
with higher pitch size. The first failure in 120 µm meander and 200 µm meander oc-
curred after 15 and 125 hours, respectively. To examine the effect of metal migration
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induced failure mechanisms such as dendrite growth, testing SIR structures with similar
wiring pitch under the same ALT tests would be beneficial.

The reliability of the chip attachments in both thermal cycling test and high humidity
tests were good. There were some early failures, which indicated that the attachment
process was not perfect. However, the reliability was very good. The flip chip attach-
ments showed a few failures in thermal cycling test. Overall 6% of A chip samples and
11% of  B chip  samples  failed.   Three  types  of  failure  behavior  were  seen:   spikes  of
resistance increase, increase of resistance at high temperatures, and gradual increase of
resistance. These results indicated occurrence of different failure mechanisms in the
chip attachments under thermal cycling. However, the failures were most likely related
to the interconnection since the meander structures showed that the wiring were highly
reliable under thermal cycling test. Cross-sections are, however, needed to determine
the failure mechanisms. In high humidity test, 12% of A chip daisy chains failed and no
failures were seen in B chip samples.  The failure behaviors were in form of spikes or
gradual increase of resistance. The failures were most likely due to absorption of mois-
ture causing swelling, delamination or relaxation of the polymers. However, all the A
chip and B chip samples failed during the salt spray test. The failure free time for A and
B chip structures 26 and 35 hours, respectively. The B chip samples showed relatively
quicker failure rate in the first 300 hours of testing compared to A chip samples whereas
80% of B chip daisy chains failed at that time. Compared with high humidity test, the
effect of corrosive salt ions were considerable. Most likely moisture absorption had fa-
cilitated the migration of salt ions to the interconnection and accelerated the corrosion
of conductive particles, wires, and bumps.

The effect of ALT test on dielectric constant and loss tangent of the PI films showed
that thermal cycling decreased the dielectric constant of the polyimide film. This was
assumed to be due to further curing and decreased moisture absorption of the PI film.
Tangent delta appeared to be dependent on the frequency of measurement. At high fre-
quency range (101 -10+5 Hz), tan delta decreased over the testing time due to reduction
of dielectric loss in PI film while at low frequencies it slightly increased most likely due
to the relaxation of the PI. In high humidity test, the dielectric constant increased most
likely due to the absorption of moisture and loss tangent also increased accordingly. In
both measurements, the increase rate of dielectric constant and tang delta were especial-
ly higher at low frequencies, which would be attributed to the effect of moisture in
MWS polarization phenomenon. The dielectric loss may cause the energy to be ab-
sorbed in the material or dissipated as heat.  Therefore, the results of high humidity test
showed that the suitability of PI film as a dielectric material for high-speed substrates
may be reduced if exposed to high humidity conditions in a long term. Similar to the
results of high humidity test, the dielectric constant and tang delta of PI increased in salt
spray test,  most likely due to absorption of water and impurities by PI film. However,
the harsh condition of the salt spray test caused excessive corrosion of copper plates,
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which made the results unreliable after 196 hours. Moreover, tangent delta values also
increased as a result of more dielectric loss caused by the test. The increase was slightly
higher at low frequencies. The increase rate of tangent delta in salt spray test was slight-
ly higher than in high humidity test, most likely due to additional degradation of PI film
in the presence of salt. Although the salt spray test was a harsh environment, the PI film,
however, showed acceptable reliability during the first 96 hours of exposure to such a
corrosive condition.

The aim of this study was to assess the application of PI as a substrate material to pro-
duce advanced PCBs.  In this study, the reliability of flexible PI substrate was studied
under demanding conditions. The results showed that copper wirings and vias were
highly reliable under humid conditions. This showed that application of PI film for mul-
tilayer  PCBs  would  show  high  reliability  under  humid  conditions.  The  wirings  were
also  highly  reliable  in  thermal  cycling  test.   However,  40% of  the  vias  in  the  thermal
cycling test were failed. This revealed that these failures were most likely caused by the
via structures instead of the wiring in between them. This showed that the PI PCBs
might undergo reliability issues due to thermo-mechanical stresses in vias under service
conditions with temperature cycling. The majority of meanders and vias failed in the
salt spray test. As the test was very harsh, the failures were expected in this test. Moreo-
ver, the PI film was found to be a reliable substrate for chip attachment applications
under temperature and humidity stresses. That is, flexible PI substrate are promising
PCBs for fine pitch applications under these conditions. However, it was found that
moisture absorption of PI most likely have facilitated the migration of salt ions to the
interconnection and accelerate the corrosion of conductive particles. In addition, PI film
as a dielectric was found to exhibit better electrical properties (lower dielectric constant)
after exposure to temperature cycling condition. However, high moisture absorption of
PI and presence of salt impurities deteriorated the dielectric property of PI film by in-
creasing its dielectric constant value. This showed that the PI substrates in high-speed
applications are reliable under service conditions with cyclic temperature stresses.
However, the functionality of the PI PCB may be declined in exposure to humid condi-
tion and contamination.
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