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Abstract

Printed Circuit Boards (PCBs) and Micro-Electrical Mechanical Systems (MEMS)
have a great interest in electrical, electronic and mechanical instruments. (PCBs)
consist mainly of thin copper films embedded to composite or metallic substrates.
During the function, many mechanical, vibration and thermal loadings arise due to
electrical current fluctuations. There are many other important parameters which
are crucial for the performance and reliability of these devices. These parameters
e.g., stress amplitude, mean stress, downsizing film dimension and crack initiation
and propagation still, need more study and investigations. The present research
comprises of two phases. During the first phase of this study, the vibration char-
acteristics of these materials were studied in details. The cantilever samples made
of bare copper bounded to FR4 have been studied to analyze, for the first time,
the vibration behavior of specimens with different aspect ratios, with and without
central holes of different diameters. Natural frequencies and damping ratios were
determined experimentally and analytically using a finite element method for four
groups of samples with a very good correspondence between both methods. The
fundamental resonance frequency of all the specimens was found to be less than
40 Hz and the influence of a central hole was not significant to affect the modal
properties. In the second phase of this research, the development of cracks due
to mechanical vibrations (mechanical property) and other size parameters in PCBs
were studied to create a better link to the damage mechanisms of these materials
and to identify the crucial parameters that control material’s sensitivity to me-
chanical and thermal loads with respect to their effect on electrical performance.
Experimentally, empirical schemes were used, where the electrical properties were
mapped with respect to vibration damage and processing parameters. The thermal
variations showed a very little effect on electrical parameters but on the other hand
the values showed a considerable change due to mechanical loadings. Before cyclic

loading at 25°C, sheet resistance values for zones A, B and C were 1.34, 1.33 and
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1.33 (mf€)/sq) respectively. The same sample when subjected to 800k cycles, the
sheet resistance values at 25°C for the zones A, B and C were 1.34, 1.33 and 24.19
(m$2/sq) respectively. This behavior was not observed in case of thermal loadings
where 20°C rise in temperature gave only 1 % rise in sheet resistance values. The
ESEM images after 200k and 800k vibration cycles, showed the developed cracks on
the sample surfaces. These cracks were the result of the plastic deformation under-
gone by the samples after vibration stresses. The density of cracks was increased
with the number of cycles from ~3 cracks per mm at 200k cycles to ~8 cracks per
mm at 800k cycles, indicating a dependence of the overall damage with the number
of cycles. The cracks were found to be ~1 pum in width and several millimeters long.
The surface composition analysis indicated that the vibration stress only produced
physical damage and not chemical processes such as oxidation. The samples were
also analyzed using water droplet contact angle. The observed angles for untreated
samples ranged from 78 to 95 degrees and after mechanical vibration damage, the

contact angle increased to 117—119 degrees.

This work focused on methods to characterize electrical and mechanical behavior to
better understand the relation between damage accumulation and electrical perfor-

mance of PCB boards to improve their reliability during function.

Abstract 7
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Introduction

Rapid advances in microelectronics and micro-electro-mechanical systems (MEMS)
technologies, lead to the development of various MEMS devices so it has become
important to ensure their performance and reliability. The mechanical properties of
thin films are widely used in printed circuit boards (PCBs) and MEMS devices for
the evaluation of performance and reliability of the MEMS devices because mechan-
ical properties of thin films vary from those of bulk materials. During operation, the
fatigue damage causes due to high cyclic mechanical vibrations; therefore, it is im-
portant to investigate vibration fatigue damage (mechanical property) and its effect
on electrical resistance (functional property) of these films with and without ther-
mal loading. Recent research concerns on studying this effect. A model specimen of
copper thin film bonded on stainless steel base has been tested under cyclic loading.
Stress amplitude of 140 MPa has been applied on films of small dimensions (Widths
and thickness down to 15 mm and 50 pum respectively). Axial strain amplitude has
been measured and shows a constant trend for all specimens. Electrical resistivity
changes during fatigue have been measured by using four-point-probe method and
correlated with fatigue damage. The caused cracks by fatigue were observed along
both surface and thickness of the film. Results show the increase of electrical resis-
tivity with increase of loading cycles. Less multiple fatigue cracks occurs for smaller
films, furthermore some cracks were caused through film thickness, so that there
was a significant increase of electric resistance. In case of smaller film thickness,
the crack initiation and propagation decrease with decreasing film width although
strain amplitude is constant. Moreover, this behavior was agreed with the electrical

resistivity change.

There are many other important parameters which are crucial for the performance
and reliability of printed circuit boards (PCBs) and MEMS devices. These pa-

rameters e.g., stress amplitude, mean stress, downsizing film dimension and crack
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initiation and propagation still, need more study and investigations. The Proposed
research will concern on the development of high cycle vibrations and other size pa-
rameters in PCBs and MEMS devices in applications. The purpose of this research
is, to create a better link to the damage mechanisms of this material itself and to
identify the crucial parameters that control material’s sensitivity to high frequency
vibrations with respect to their effect on electrical performance with and without
thermal variations. Experimental schemes will be used, where the electrical proper-
ties will be mapped with respect to the damage behavior and processing parameters.
This work will focus on methods to characterize the sheet resistivity behavior un-
der cyclic vibrations. To this end, a better understanding of the relation between
damage accumulation and electrical performance of printed circuit boards (PCBs)
and MEMS devices is necessary and will lead to the improvement in fabrication of

these devices.

Introduction 9
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Chapter 1

Literature review

Smart electronic devices used over the years mostly consist of printed circuit boards
(PCBs) and micro-electromechanical systems (MEMS). These boards are mainly
made of thin copper films bounded to fiber epoxy laminates, such as FR4. PCB
board sizes can vary from about 2 cm to 50 cm and most commonly have a rectan-
gular shape in the electronic industry [01]. When attached to a machine structure,
circuit boards can undergo various vibrating forces. Statistics show that about 20 %
of airborne electronic equipment failures occur due to vibration factors [02]. Dam-
age, or even total failure, can occur when shock and vibration produce high stress
on substrate, components, and joints. The type of damage is dependent on the
frequency and amplitude of bending moments and inertial loads imposed on the
PCB structure [03]. Since the dynamic loading is very critical for electronic equip-
ment, studies to analyze and isolate vibrations in these systems are very important.
However, market pressure and shortened development stages have rendered reliabil-
ity analysis gradually unaffordable and, hence, simulations based on failure physics

have been proposed to test the reliability of circuit boards [04].

Modal analysis is the study of the dynamic characteristics of a system by evalu-
ating natural frequencies and damping factors, among other dynamic parameters.
This analysis is used to formulate a mathematical model that explains the dynamic
behavior of the studied system and is an important tool to optimize the dynamic
characteristics of structures and materials [05]. In the case of PCB boards and in-
tegrated circuits, their reliability depends, among other factors, on the possibility
to endure vibration loads and impacts that can affect their performance. Modal

analysis can thus be a very useful tool for engineers to reveal vulnerable areas and

10
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avoid premature failure [06-08].

Different studies have addressed the problem of determining the dynamic properties
of PCB boards, using either experimental or analytical methods. In an early work,
Cifuentes |09] determined the factors that play a critical role in the dynamic behavior
of a PCB having three components of similar mass density. This author found
that the first vibration mode should account for more than 90 % of the mass of
the structure and minor rearrangements of the components on the board cause
major re-distributions of the dynamic response towards higher modes. Aytekin and
Ozguven [10] suggested an analytical model of a simply supported PCB with a
component and studied the vibrating responses of the critical elements on a PCB
for different design alternates. They found that a two-degree-of-freedom spring
mass model can accurate predict the response to a random vibration profile and
could be used in preliminary design stages. Ren et al. [11]| performed modal analysis
on a PCB, by the finite element method and successfully predicted the changes
in natural frequencies associated to changing the board thicknesses. Nilesh et al.
[12] determined the mechanical properties of a multi-layered PCB and validated
their results using Ansyse and Sherlocke (Canonsburg, PA, USA; Gwynedd, PA,
USA) computer software. They observed frequency changes by changing material

properties such as the out-of-plane modulus (Ez), Poisson§ ratio, and shear modulus.

On the other hand, Veilleux [13] described various methods for reducing the de-
structive resonant amplitude of PCBs in electronic systems. He compared the ef-
fectiveness of isolation, extensional damping, and shear damping techniques with a
standard printed circuit board. Veprik [14] solved vibration isolation problems in
electronic boxes, by using a two-degree-of-freedom mass, spring, and damper system
in order to minimize the dynamic response of internal sensitive components of the
electronic platform. Recently, Prashant [15] has introduced the presence of connec-
tor, tray, and ribs as a boundary condition in a finite element model of a PCB. It was
found that the presence of these elements should not be neglected when studying the
vibration modes and the developed analysis can help in identifying optimal connector
location in the design of PCB platforms. Other studies have addressed the presence
of holes in different positions of the board that can affect the dynamic properties

of the PCB [16,17|. Glass fiber reinforced epoxy resin (referred to commercially as

Literature review 11
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FR4) is the most common board material used in computers and communication
equipment [18]. Studies on the mechanical properties of this composite material are
thus of important, in order to estimate the reliability of FR4 based PCBs. We have
recently studied the essential work of fracture on copper/FR4 specimens of different
sizes using a double edge notched test with and without open holes of different di-
ameters [19]. The tested composites behaved as quasi-brittle hybrid materials due
to the anisotropy of the FR4 support that is in part compensated by the isotropic
copper layer. Hence, a hole size effect was found to decrease the strength by up to
15 % for smaller size specimens. Recent study shows that thin films, having major
rule in PCBs and MEMS devices for the evaluation of performance and stability of
these devices, consist of different mechanical properties as compared to bulk mate-
rials (Hong and Weil 1996, Read 1998, Schwaiger and Kraft 1999, 2003, Kraft et al.
2001, 2002, Thiele et al. 2002) [20]. Because of the use of thin ), films in advanced
MEMS devices, a thorough Investigation of fatigue damage (mechanical property)

and its effect on electrical resistance (functional property) needs more research.

The research on micro scaled metal films shows that an elastic substrate also con-
tributes in fatigue damage of these films. The forming of cracks is related to an
obvious stiffness decrease in composite made of film and base material [20]. Ex-
perimental studies show that the formation of dislocation structures and type of
extrusions (fine or coarse) depends upon grain size of thin metal films. A geometric
or micro-structural thickness of 3 um is the minimum grain size required for the
forming of bulk-like fatigue damage in C, thin films [21]. Because of the use of
thin C, films in MEMS and other devices, the thermal fatigue also has importance
in the proper investigation of their characteristics. [Moenig, Keller and Volkert,
2004] studied thin C, films behavior as a result of thermal fatigue damage on these
films. However, there are two major limitations in this work. First is the indepen-
dent variation of the strain and the temperature and the second major limitation is
the measurement of stresses during testing. This is a crucial issue because, under
fatigue tests, most metals experience cyclic hardening or softening. Thus, during
experiments performed in strain control conditions, the stresses may vary from the
beginning to the end. It limits the utility of stress strain curves determined by wafer-
curves [22|. |Zhang, 2005, 2006, 2007| did a comparison between the fatigue damage
in 200 nm C, films and the damage in 3 um C, films [21]. The 200 nm thin C,
films, after fatigue tests, demonstrate only a few but small extrusions and extended

cracking along twin and grain boundaries. However, 3 um C), films show a different

Literature review 12
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behavior [23-25]. [Sun, 2008] analyzed the effect of fatigue damage behavior and
fatigue life of 50 nm to 3 wm thin C, films. The study of downsizing film thickness
shows that the amount and size of extrusions increase with film thickness 26, 27].
|Lee, 2012| investigated the behavior of the fatigue of an electro-deposited thin cop-
per film under a variable amplitude loading. Although this study provides worthy
information on fatigue behavior under variable loading, yet it is not sufficient for
making any rule or method applicable to more general variable loading. Compre-
hensive and methodical studies are still needed for this purpose |28]. |[Kim, 2013]
studied the fatigue damage behavior of pure C), films having thicknesses between
200 nm and 3 pum. This study gives a good understanding of the voiding pro-
cess relating to the elimination of dislocation dipoles, yet more extensive study for
nano-sized films is needed. The 400 nm films give a more homogeneous dislocation
distribution rather than forming heterogeneous dislocation structures [29]. [Kraft,
2013] investigated the bending fatigue of C), electrodes on flexible substrates. During
bending, there is a clear relationship between the degradation of the resistivity of
C, films and the fatigue damage growth in the area subjected to repeated bending
and unbending. The results obtained from this study may be referenced to design
stable metal electrodes [30]. [Walter, 2015] investigated the thin C, film proper-
ties under High Cycle Fatigue on silicon base and free-standing C', bars having the
same micro-structure. The experimental results show that the damage response of
the C), film depends upon film thickness, the grain size, plane orientation, and the
substrate [31-41]. [Zhao, 2016] studied the fatigue and failure mechanism of basalt
FRP composites under long-term cyclic loads. It can be noticed that the different
fatigue stress levels produced different damage patterns. A fiber fracture normally
occurred at the high-stress level and static loading, while at the low and medium

stress levels, matrix cracking and interface de-bonding are main damage patterns
for BERP respectively [42].

Progress in the field of materials science and technology especially composite ma-
terial after meeting the challenges of aerospace industries have cascaded down for
domestic and industrial applications, therefore this field is considered one of the
most advanced and adaptable engineering materials. Composite materials, the won-
der materials are replacing conventional materials like metals, wood etc., because of
their superior properties, such as lightweight, high strength-to-weight ratio, stiffness
properties and minimum thermal expansion. A numerous experimental and model-

ing efforts in the literature have been devoted to, understanding the effect of fatigue

Literature review 13
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damage on reducing the size of thin C, films under fatigue loads. The proposed re-
search studies the vibration characteristics of thin C, films, 18 um, bounded to FR4
epoxy laminate and the damage caused due to the mechanical vibrations, and its

effect on electrical resistance (functional property), with and without temperature,
of thin C), films used in MEMS and other devices.

This chapter consists of the following sections: The first section aimed at reviewing of
composite materials and their main classifications; the materials of choice for many
bulk micro-machined Micro-Electro-Mechanical Systems (MEMS) and Printed Cir-
cuit Boards (PCBs). In order to introduce this work, a review of the most relevant
composite structure materials and its application are presented in this section. The
second section deals with the vibration characteristics of PCBs evaluated by modal
analysis. This section talks in general about modal analysis technique to determine
vibration properties of a structure under test. The next section provides an intro-
duction to sheet resistance and measurement methods to determine sheet resistance
of thin conductive and semiconducting films, the last section of this chapter gives a

brief introduction to MEMS, fabrication methods, and their applications.

1.1 An overview of composite materials

Composite materials are multiphase materials obtained by a macroscopic combina-
tion of two or more distinct materials, having a recognizable interface between them,
in order to attain properties better than those of the individual components used
alone do. In contrast to metallic alloys, each material retains its separate chemical,
physical and mechanical properties |43]. Basically a composite can be defined as
a material obtained by the combination of two or more components that differ in
form or composition on a macroscopic scale and are characterized by complementary
properties. The main difference with a traditional alloy is that in case of composites
each constituent does not dissolve or merge completely into another phase, retaining
its identity and resulting in a material characterized by better properties than the

ones of the single components considered separately.

Strictly speaking, the idea of composite materials is not a new or recent one. Nature
is full of examples wherein the idea of composite materials is used. The coconut palm

leaf, for example, is nothing but a cantilever using the concept of fiber reinforcement.

Literature review 14
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Wood is a fibrous composite; cellulose fibers in a lignin matrix. The cellulose fibers
have high tensile strength but are very flexible (i.e. low stiffness), while the lignin
matrix joins the fibers and furnishes the stiffness. Bone is yet another example
of a natural composite that supports the weight of various members of the body.
It consists of short and soft collagen fibers embedded in a mineral matrix called
apatite. It would not be too much off the mark to say that a concerted research
and development effort in composite materials began in 1965. Since the early 1960s,
there has been an increasing demand for materials that are stiffer and stronger yet

lighter in fields as diverse as aerospace, energy and civil constructions.

Modern composite materials are usually optimized to achieve a particular balance
of properties for a given range of applications as in airplanes. Composites typically
have a fiber or particle phase that is stiffer and stronger than the continuous matrix
phase [44]. Many types of reinforcements also often have good thermal and electrical
conductivity, a Coefficient of Thermal Expansion (CTE) that is less than the matrix,
and /or good wear resistance [44]. There are, however, exceptions that may still be
considered composites, such as rubber-modified polymers, where the discontinuous
phase is more compliant and more ductile than the polymer, resulting in improved
toughness. Similarly, steel wires have been used to reinforce gray cast iron in truck

and trailer brake drums.

1.2 Classification of Composite Materials

Composite materials can be classified in two different ways. The first level of clas-
sification is usually made based on the type and the geometry of the reinforcement
which is responsible for the mechanical properties and high performance of the
composites. A typical classification is presented in three main types of composite
materials: particle-reinforced, fiber-reinforced, and structural composites as shown
in Figure 1.1. In particle-reinforced composites, particle dimensions are approx-
imately the same in all directions and generally particulate phase is harder and
stiffer than the matrix. In fiber-reinforced composites, the dispersed phase has the
geometry of a fiber, the mechanical properties mostly depend on the properties of the
fibers and applied load is transmitted to the fibers by the matrix phase through the
fiber /matrix interface. Structural composites are the combinations of composites

and homogeneous materials and the geometrical design of the structural elements
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affect the mechanical properties of the structure. The most common structural

composites are laminated composites and sandwich panels [45].

-

w

-

w

-

L
:iﬂmii::"“‘ renforced by Fabmie reinforsed plastes

Figure 1.1: Types of the structural composites. [46]

1.2.1 Fiber Reinforced Polymers (FRP’S)

Fiber Reinforced Polymer (FRP) composites are the combination of polymeric resins,
acting as matrices or binders, with strong and stiff fiber assemblies which act as the
reinforcing phase. The fibers are usually glass, carbon, or aramid, although other
fibers such as paper or wood or asbestos have been sometimes used. The poly-
mer is usually an epoxy, vinyl ester or polyester thermosetting plastic, and phenol
formaldehyde resins are still in use. FRPs are commonly used in the aerospace,

automotive, marine, and construction industries.

The FRPs used in almost every type of advanced engineering structure, with their
usage ranging from aircraft, helicopters and spacecraft through to boats, ships and
offshore platforms and to automobiles, sports goods, chemical processing equipment
and civil infrastructures such as bridges and buildings. The usage of FRP com-
posites continues to grow at an impressive rate as these materials are used more
in their existing markets and become established in relatively new markets such as

biomedical devices and civil structures [47|.

1.2.1.1 The Matrix

The matrix is the continuous phase, which can be polymer, metal, or ceramic.

Polymers have low strength and stiffness, metals have intermediate strength and
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stiffness but high ductility, and ceramics have high strength and stiffness but are
brittle. The matrix (continuous phase) performs several critical functions, including
maintaining the fibers in the proper orientation and spacing and protecting them
from abrasion and the environment. In polymer and metal matrix composites that
form a strong bond between the fiber and the matrix, the matrix transmits loads

from the matrix to the fibers through shear loading at the interface [48].

The matrix also serves as a coating or protector for the fibers and must therefore
be chosen not only for its ability to work with the fiber as the load transfer medium
but also for its environmental performance. The most important functions for the

matrix can be summarized as follows:

e Keep the fibers together and provide a good transfer of the loads

Provide stiffness and defining the shape of the structure

Isolate the reinforcement so that each fiber can act independently in the pres-

ence of de-lamination or a crack

Define the superficial roughness of the part

Protect the reinforcement from chemical attacks and mechanical damages

Polymer matrices can be divided into two general classifications: thermoset and
thermoplastic [49]. Polymer matrix composites (PMCs) consisting of a polymer
(e.g., epoxy, polyester, urethane) reinforced by thin diameter fibers (e.g., graphite,
aramids, boron). For example, graphite/epoxy composites are approximately five
times stronger than steel on a weight-for-weight basis. The reasons why they are
the most common composites include their low cost, high strength, and simple
manufacturing principles. Epoxy is the most popular PMC matrix. More than
two-thirds of the polymer matrices used in aerospace applications is epoxy based.
The most important reasons made epoxy the most used polymer matrix material
are [50]:

e High strength

e Low viscosity and low flow rates, which allow good wetting of fibers and pre-

vent misalignment of fibers during processing
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e Low volatility during cure

e Low shrink rates, which reduce the tendency of gaining large shear stresses of

the bond between epoxy and its reinforcement

e Available in more than 20 grades to meet specific property and processing

requirements

1.2.1.2 The Fibers

Fibers are the most important class of reinforcements, as they satisty the desired
conditions and transfer strength to the matrix constituent. Influencing and enhanc-
ing their properties as desired. The orientation of the fiber in the matrix is an
indication of the strength of the composite and the strength is greatest along the
longitudinal directional of fiber. This doesn’t mean the longitudinal fibers can take
the same quantum of load irrespective of the direction in which it is applied. Op-
timum performance from longitudinal fibers can be obtained if the load is applied
along its direction. Glass fibers are the earliest known fibers used to reinforce ma-
terials [51,52|. A single fiber usually has a diameter of up to 15 wm [47]. Bigger
diameters generally increase the probability of surface defects. The aspect ratio of
length and diameter can be ranging from thousand to infinity in continuous fibers.
Fibers function as load carrying components in the FRP composites and provide
tensile strength, this function needs that the fiber has a high modulus of elasticity,
high ultimate strength,a low variation of strength among fibers, high stability of
their strength during handling and high uniformity of diameter and surface dimen-
sion among fibers [46]. Table 1.1 [47]| shows the mechanical properties of different

FRP’s. Common types of commercially available glass fiber are E-glass and S-

Table 1.1: Mechanical properties of different FRP’s. [47]

Material Modulus of Elasticity Tensile Strength

(GPa) (M Pa)
CFRP 230 — 370 179 — 248
GFRP 72 - 87 172 — 253
AFRP 100 — 124 227

glass, both of which are low alkali boro-alumina-silicate glasses. E-glass fiber, the
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workhorse of glass fiber applications, is the lower-cost fiber and is used in both
structural and electrical applications. S-glass provides higher tensile properties and
increased temperature resistance needed for aerospace and aircraft applications with

a price premium. Representative properties for the glass fibers are shown in Table

1.2 [52].
Table 1.2: Fibers used in polymer composites - mechanical properties.
ASa IM7 P120
PAN-Based PAN-Based Pitch—Based

E—Glass S—Glass Carbon Carbon Graphite  Kevlar 49 Boron

Tensile strength (KSZ) 510 670 578 710 325 530 525

Tensile modulus (MSI) 10.5 12.8 35.5 46 120 18 58

Elongation (%) 4.9 5.5 1.6 1.7 0.27 2.5 1
Density (lb/an) 0.095 0.09 0.065 0.063 0.079 0.052 0.093

The main role of the reinforcement can be summarized as follows:

e Carry the loads. In a structural composite a percentage between 70 and 90 %

of the loads are carried by the internal fibers.

e Provide strength, stiffness, thermal stability and all the other structural prop-

erties of the composite.

e Define the thermo-electrical behavior of the material according to the typology

of fiber used thus acting as a conductor or an insulator.

1.2.2 Laminated Composites

Laminated composite materials consist of layers of at least two different materials
that are bonded together. To analyze a laminated composite structure, the designer
must know the properties of each layer and how the reinforcing fibers are oriented
with respect to one another that is the stacking sequence as in Figure 1.2. Lam-
ination is used to combine the best aspects of the constituent layers and bonding
material in order to achieve a more useful material. The properties that can be
emphasized by lamination are strength, stiffness, low weight, corrosion resistance,

water resistance, beauty or attractiveness, thermal insulation, acoustical insulation,
etc [53,54].
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Laminated composite materials are generally orthotropic and typically have excep-
tional properties in the direction of the reinforcing fibers, but poor properties per-
pendicular (transverse) to the fibers. The problem is how to obtain the maximum
advantage from the exceptional fiber directional properties while minimizing the ef-
fects of the low transverse properties. The plies or lamina directions are oriented
in several ways such that the effective properties of the laminate match the design
requirements. For purposes of structural analysis, the stiffness of such a composite
material configuration is obtained from the properties of the constituent laminate.
The procedures enable the analysis of laminates that have individual lamina ori-
entations at arbitrary angles to the chosen or natural axes of the laminate. As
a consequence overall behavior of a multi-directional laminate is a function of the

properties and stacking sequence of the individual layers [45].

Figure 1.2: A laminate with different fiber orientations.

1.2.2.1 Laminate Code

A laminate is made of a group of single layers bonded to each other. Each layer can
be identified by its location in the laminate, its material, and its angle of orientation
with a reference axis. Each lamina is represented by the angle of ply and separated
from other plies by a slash sign. The first ply is the top ply of the laminate. Special
notations are used for symmetric laminates, laminates with the adjacent lamina of
the same orientation or of opposite angles, and hybrid laminates. The following

examples illustrate the laminate code [55].
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0
—45
90
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30

Figure 1.3: Illustration of [0/ — 45/90/60/30] laminate.

[0/ —45/90/60/30] denotes the code for the above laminate as shown in Figure 1.3.
It consists of five plies, each of which has a different angle to the reference x-axis. A
slash separates each lamina. The code also implies that each ply is made of the same
material and is of the same thickness. [0/ —45/60], denotes the laminate consisting
of six plies as shown in Figure 1.4. The plies above the mid-plane are of the same
orientation, material, and thickness as the plies below the mid-plane, so this is a
symmetric laminate. The top three plies are written in the code, and the subscript
(s) outside the brackets represents that the three plies are repeated in the reverse
order [56].

—45
60
60

—45

Figure 1.4: Illustration of [0/ — 45/60]s laminate.

1.2.3 Sandwich Panel

Sandwich panels offer great potential for the development of optimized structures
with high stiffness and strength-to-weight ratio. These panels are a combination
of outer skins bonded with structural adhesives to a solid core, a foam core, or
honeycomb core material. This structure is a combination of thin, high strength
face sheets on each side of a much thicker, light weight core material. Face sheets
are rigid and core is relatively weak and flexible as shown in Figure 1.5. Sandwich
technology is gradually making the advantages of composites available for an ever

wider range of applications [45,57].
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Adhesive

Core

Material Flanges

Facesheet

Sandwich Panel I - Beam

Figure 1.5: Sandwich structure in comparison with an I—Beam.

The basic concept of a sandwich structure is that the face sheets carry the bend-
ing loads while the core carries the shear loads. The face sheets are strong and
stiff in tension and compression compared with the low density core material whose
primary purpose is to keep the face sheets separated in order to maintain a high
section modulus (a high "moment of inertia" or "second moment of the area"). The
core material has a relatively low density (e.g., honeycomb or foam), which results
in high specific mechanical properties, in particular, high flexural strength and stift-
ness properties relative to the overall panel density. Therefore, sandwich panels are
efficient in carrying bending loads. Additionally they provide increased buckling re-
sistance to shear panels and compression members. Sandwich construction results in
lower lateral deformations, higher buckling resistance and higher natural frequencies

than monocoque constructions [45].

Sandwich construction, as applied to polymer matrix composites, is a structural
panel concept consisting in its simplest form of two relatively thin, parallel sheets
of structural laminated materials bonded to and separated by a relatively thick,
lightweight core. The following information is limited to non-metallic sandwich
construction used for structural applications. Sandwich construction provides a
method to obtain high bending stiffness at the minimal weight in comparison to

monolithic laminate construction.

This advantage must be weighed against the risk of increased processing diffi-
culty that can increase production costs over monolithic construction. Damage
tolerance and ease of repair should also be considered when selecting a sandwich
panel or monolithic laminate construction [58]. The second level of classification
is usually made based on the matrix constituent. The major composite classes in-
clude Organic—Matrix Composites (OMCs), Metal—Matrix Composites (MMCs),

and Ceramic—Matrix Composites (CMCs). The term "organic-matrix compos-
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ite" is generally assumed to include two classes of composites: Polymer—Matrix
Composites (PMCs) and Carbon—Matrix Composites (commonly referred to as
carbon-carbon composites). Carbon-matrix composites are typically formed from
PMCs by including the extra steps of carbonizing and densifying the original poly-
mer matrix. In the research and development community, Intermetallic—Matrix
Composites (IMCs) are sometimes listed as a classification that is distinct from
MMCs. However, significant commercial applications of IMCs do not yet exist, and
in a practical sense, these materials do not provide a radically different set of proper-
ties relative to MMCs. In each of these systems, the matrix is typically a continuous

phase throughout the component [58].

The second level of classification refers to the reinforcement is: form-particulate
reinforcements, whisker reinforcements, continuous fiber laminated composites, and
woven composites (braided and knitted fiber architectures are included in this cat-

egory), as depicted in Figure 1.6 [59].

Continuous fibers Discontinuous fibers, whiskers

Particles Fabric, braid, etc.

Figure 1.6: Common Types of reinforcements. [59]

For the present work point of view, continuous fiber reinforced polymer or laminated

composites has a great intense.

1.3 Modal Analysis of Printed Circuit Boards:

An Overview

Printed circuit boards (PCBs) constitute the basis of most electronic devices and

are mainly fabricated of thin copper films bounded to fiber epoxy laminates, such
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as FR4. Vibrational stress can induce device failure, and hence, studies addressing
their modal properties have important applications. This section deals with the

vibration characteristics of PCBs using Experimental Modal Analysis (EMA).

1.3.1 Modal Analysis

Modal analysis is the study of the dynamic characteristics of a system by evalu-
ating natural frequencies and damping factors, among other dynamic parameters.
This analysis is used to formulate a mathematical model that explains the dynamic
behavior of the studied system and is an important tool to optimize the dynamic
characteristics of structures and materials [60]. In the case of PCB boards and in-
tegrated circuits, their reliability depends, among other factors, on the possibility
to endure vibration loads and impacts that can affect their performance. Modal
analysis can thus be a very useful tool for engineers to reveal vulnerable areas and

avoid premature failure [61-63].

In Experimental Modal Analysis, a structure under test is usually excited by an
impact hammer or shaker and measure the response of the structure by Frequency
Response Functions (FRFs) between excitation and many points on the structure.
An FRF, computed from two signals, describes the level of output signal relative
to the input signal sometimes refer to as a transfer function. An accelerometer
measures the vibration levels at different points on the structure. They convert
vibration motion into electrical signals. Analysis of these signals with computer

based software gives the nature of vibrations induced in the structure.

1.3.1.1 Types of Modal Analysis

According to Ewins [60], modal analysis methods are classified into Frequency do-
main of FRFs and Time domain of response histories. In the frequency domain,
modal analysis can be divided into three different methods based on number of

FRFs which are to be included in the analysis. These three methods are:

e SISO (Single-input, Single-output)

e SIMO (Single-input, Multi-output)
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e MIMO (Multi-input, Multi-output)

From the above methods, SISO is the simplest measurement method that describes
a single FRF curve for a single input. A SISO data set consists of a set of FRFs
measured individuality but sequentially. This method is very useful for PCBs be-
cause of their light weight structure, mounting several accelerometers as in SIMO
and MIMO will result in erroneous data. Figure 1.7 [64] shows an experimental

layout used for modal analysis during this research.

i ) ] Q::::" "'"Pacr Hammer
57T d \
Clamp 1 2 3 o~
Specimen Accelerometer
Charge
Amplifier
Type 235
LAN Cable FFT
—  Analyzer
PC with PULSE LabShopV13

Figure 1.7: Experimental layout for Modal Analysis. [64]

1.3.2 Vibration Testing Hardware

Vibration testing for Modal Analysis involves availability of several hardware com-
ponents as shown in Figure 1.7 above. Basically, there are three main measurement

mechanisms [65]:

e Excitation Mechanism
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e Sensing Mechanism

e Data Acquisition and Processing Mechanism

1.3.2.1 Excitation Mechanism

The excitation mechanism provides the input driving force f; to the structure under
test at a specific point. Two of the most commonly used excitation devices are:
the exciter, also known as the shaker, driven by power amplifier and the impulse
or impact hammer. An Impact hammer, as shown in Figure 1.8, is designed for
small to medium structures. It produces short duration vibration level signal, an
impulse, by hitting the structure at a specific point. The hammer is instrumented
with a force sensor that produces a signal proportional to the force of impact. This
device excites a broad range of frequencies depending on the hammer head mass
and impact tip material. Usually, for low range frequencies a soft rubber tip is used

while for high range a metallic tip is convenient.

“— Force Sensor

\Impact tip

Figure 1.8: Impact Hammer with a force sensor.

Figure 1.9 shows a typical hammer response.
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Figure 1.9: Impact Hammer response in time domain.

Literature review 26



UNIVERSITAT ROVIRA I VIRGILI
Electrical Properties and Surface Characterization of Thin Copper Films Subjected to Mechanical Vibrations

sufyan azan[)octoral Thesis Sufyan Azam

1.3.2.2 Sensing Mechanism

The sensing mechanism consists of the sensing devices such as transducers (ac-
celerometers). The piezoelectric accelerometers, for measuring acceleration response,
are the most common type used in experimental modal analysis [65]. Accelerome-
ters generate electrical signals that are proportional to the measured acceleration.
Most of the time, these signals are weak in strength; to overcome this issue, the
conditioning amplifiers are frequently. The accelerometers used now a days consist
of internal circuitry to eliminate signal strength and noise issues.The conditioning

amplifiers are not needed with these type of accelerometers.

Figure 1.10 shows a section view of the piezoelectric accelerometer. It consists of
a metallic case, a seismic mass, a piezoelectric material, and a base. When the
structure vibrates, the base of the accelerometer moves. This motion is transmitted
to seismic mass that generates a proportional force on the piezoelectric crystal that
deforms a bit as a result. This deformation or external stress produces a high-
impedance, electrical charge proportional to the force and hence, ultimately, to the
acceleration of the seismic mass and the structure. Although theses devices operate
well over a wide frequency range, still they are not well suited for low frequency

applications [65].
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Piezoelectric
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Figure 1.10: Cross section view of a piezoelectric accelerometer.

Figure 1.11 shows a typical time response of an accelerometer after and impact on

the structure.
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Figure 1.11: Plot of the accelerometer response after an impact.

1.3.2.3 Data Acquisition and Processing Mechanism

The final measurement mechanism in EMA, is the data acquisition and processing
mechanism. The main objective of this mechanism is to measure signals developed
by the sensing mechanism and to find out the magnitudes and phases of the input
and output signals. The equipment used for analyzing vibration signals, is commonly
known as Fast Fourier Transform (FFT) signal analyzer. These analyzers provide

direct measurement of the FRFs and are based on FF'T algorithm as shown in Figure
1.7.

Figure 1.12 shows an FFT signal analyzer architecture. It takes analog time domain
signals from multiple input channels and convert them into digital frequency domain

information that can then be processed through digital computer.

Input Andlog Digital Sienal I PCuiith
(7117 g™ Front End Processor Software

Figure 1.12: Signal analyzer architecture.
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1.3.3 Modal Parameter Extraction

The next stage, after obtaining FRFs data in EMA, is to extract modal parameters
such as modal frequencies, modal damping and mode shapes. The "Global Pa-
rameters" i.e., modal frequencies and damping can be obtained from all frequency
response measurements on the test structure except where the displacement is zero.
However, to accurately modal the associated mode shape, the structure should be

covered by sufficiently measurement points or degrees of freedom.

1.3.3.1 Determination of the Modal Frequencies

The modal frequencies for SDOF system are usually obtained by the so-called
peak—picking or peak amplitude method [65]. In this method, the individual reso-
nance peaks, the highest peaks in the magnitude of FRF curve, are detected on the
FRF plot as shown in Figure 1.13. The frequency at which highest peak occurs is

the natural frequency of that mode.
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Figure 1.13: Plot of the frequency response function.
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1.3.3.2 Determination of the Modal Damping

The modal damping can be found by identifying the half power (-3dB) points of the

magnitude of the frequency response function as shown in Figure 1.14.
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Figure 1.14: Plot of the frequency response function.

This method of finding the modal damping is known as half power band width
method. According to this method, the damping ratio (, can be found from the

following equation:

w? — w? ~ Aw
2w} Wr (1.1)

T =

_
="

Where Aw is the frequency bandwidth between the two half power points and w, is

the resonance frequency.
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1.4 Introduction to Sheet Resistance and

Measurement Methods

Sheet resistance or surface resistivity is a measure of the resistance between the
opposite sides of a thin square material. It is a common electrical property used to
characterize thin metal films. Surface resistivity is independent of physical dimen-

sions of the material. In practice, the unit of sheet resistance is /sq".

This section will describe the methods to determine sheet resistance using two com-
mon techniques such as Four-Point Probe method and Van der Pauw method. Al-
though both the measurement methods are similar in measuring sheet resistivity
while minimizing the effect of parasitic resistance. However, their assumptions and
mathematical derivations are different. Also, in case of four-point probe, the probes
are placed ideally at the center of the sample, as shown in Figure 1.15; whereas
in case of Van der Pauw method, the probes are placed in arbitrary locations on
the periphery of the sample, as shown in Figure 1.16. In addition, Van der Pauw
measurements don't require samples to have an infinite lateral dimension as in the

ideal four-point probe geometry.

1.4.1 Four-Point Probe Method

Four-point probe is the most commonly used method for measuring sheet resistivity
of thin wafers [66]. Wenner [65] in 1916 proposed this method for the first time
to measure earth’s resistivity. In 1954, Valdes [68] adopted this method for semi-
conductor wafer resistivity. Usually probes are co-linear, i.e., arranged in-line with

equal probe spacing, however other configurations are also in practice [67|.

A four-point probe setup as shown in Figure 1.15 consists of four equally spaced
co-linear probes. A small amount of DC current, from a constant current source, is
applied through the outer two probes (1 and 4) and the voltage drop is measured
between the inner two probes (2 and 3). The sheet resistance Ry, for a thin film

with thickness ¢, where ¢ « a or d, is given by [66]:

Ry = % -C' [/ sq] (1.2)

1Ohms per square
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Figure 1.15: Four-point probe setup. [66]

Where C'is the correction factor account for sample thickness, geometry, prob spac-
ing and location of the probe on the sample. A large number of research articles
have been published on correction factors, with results outlining the necessary ad-

justments.If d » S, where S is the probe spacing, the equation 1.2 becomes:

Ry, = & : (;) ~ 4.53 (;) .CF [Q/sq] (1.3)

Here C'F is the lateral correction factor for the probe.
and if ¢ is the thin film thickness, then the resistivity (p) is:

p=Rg -t [Q-m]' (1.4)

Similarly, Electrical conductivity (o), an intrinsic property of a material, is the
measure of the amount of electrical current a material can carry or able to carry.
Electrical conductivity, also known as specific conductance, is the reciprocal of re-
sistivity.

[S/m]’ (1.5)

o =

1
p

'Ohms meter
2Siemens per meter
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1.4.2 Van der Pauw Method

The Van der Pauw technique is another widely used technique to determine the
resistivity of uniform arbitrary shaped samples. First introduced in 1958 by Van
der Pauw |70, 71|, the specific resistivity of a flat arbitrary shaped sample can be
measured without even knowing the current pattern. The method is based on the

following assumptions |69]:

Contacts should be sufficiently small

Contacts should be at the circumference of the samples

Sample should be of uniform thickness

There should not be any holes on the surface of the sample

Figure 1.16 shows a flat sample of arbitrary shape with four (1,2,3 and 4) very small
ohmic contacts along the periphery. The current [1o passes the sample through
contact 1 and leaves through contact 2 and the measured voltage difference between
the contact 3 and 4 is V34, = V3 - V.

o @
112 934

Figure 1.16: Arbitrarily shaped sample with four contacts for resistivity measure-

ments. [69]
The resistance Ry234 is then:
v
Rypzs = 1—34 (1.6)
12
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Similarly, resistance between contacts 23 and 41 is Rp341 and the resistivity p is
given by [70]:
T (Ri234 + Roga1)

= -t - F 1.7
P~ n2 > (L.7)
Where F' depends on the ratio R, — g;zi;‘ 67].
For symmetrical samples, as shown in Figure 1.17,
(]
-] (|
(]
(a) (b) (c)

Figure 1.17: Typical symmetrical geometries. [69]

where R, — 1 and F' — 1. Then

™
P = E -t R12734 ~4.54-t- R12734 [Q : m] (18)

and the sheet resistance becomes:
T

R, =
h In2

R12734 ~ 4.54 - R12734 [Q/Sq] (19)

The above expression for sheet resistance is similar to the one obtained by four-point
probe method in 1.3. The Van der Pauw equations are based on the assumptions as

described above, therefore different correction factors are normally used |72, 73].

1.5 An Overview of Micro Electro Mechanical
Systems (MEMS)

The growth in the semiconductor industry makes possible, for the researchers, to
design and fabricate miniature sensors, and micro-systems.The integration of micro-
sensors, micro-actuators, and micro-electronics using silicon-based micro-fabrication
technology refers to what is known as micro-electromechanical systems or in short
MEMS. Being one of the growing technologies of the current era, MEMS has the
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potential to take both industrial and consumer products up to a remarkable level.
Due to the new and rapidly evolving MEMS technologies and applications every

day, our lives and the way we live are changing dramatically.

The multidisciplinary nature of MEMS has several advantages as a manufacturing
technology and has avast range of applications including household electronics, auto-
mobiles, biomedical, etc. Batch fabrication and micro-machining technologies make
MEMS to be reduced in size and cost and high in performance and reliability |75].
A lot of research has been done in the field of MEMS still there are many issues

that need to be addressed to make complete micro-systems [74].

1.5.1 MEMS Fabrication Methods

MEMS devices are fabricated using batch fabrication method; it is an economical
way of producing a large number of devices from a single wafer. The fabrication

methods for MEMS are generally categorized into three categories:

e Surface micromachining
e Bulk micromachining

e LIGA (Lithographie, Galvanoformung, Abformung)

Based on CMOS technology, Surface micro-machining, also known as sacrificial sur-
face micro-machining, involves thin films of a structural material and a sacrificial
material to realize thin mechanical structures by using deposition, patterning, and
etching. This technique is suitable for thin structures with an overall thickness of
less than 15 pum [76].

Since its emergence in the 1960s, bulk micro-machining has been used in the fabrica-
tion of many commercial devices [77]. It uses different etching processes to produce
a micro-mechanical structure within the bulk of silicon wafer by removing the selec-
tive wafer material. Bulk micro-machined structures can range from tens of microns
to a millimeter thick [76].

LIGA process mainly consists of lithography, electroplating and molding, involves

high energy X-ray synchrotron radiation to expose a thick layer of resist to develop
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a resist structure. Metal deposition fills the resist mold with a metal and a free-
standing metal structures results after removing resist [78|. This process results in

high aspect ratio structures.Figure 1.18 shows three MEMS fabrication methods.

Silicon
Groove  Nozzle Membrane ST

' ' P8
Y (100) Wet Eich Paltemns
| (111)
54.7°
Poly Si Silicon :
n Channals Holas Substrate
& m .*J =]
Silicon Substrate Dry Erch Patems Mold
Surface Micromachining LIGA

Bulk Micromachining

Figure 1.18: Types of MEMS fabrication technologies. [79]

1.5.2 MEMS Applications

MEMS are now becoming an integral part of the most of technical fields. Some of

the MEMS application areas are:

Consumer products
e Aerospace

Automotive

Biomedical

Chemical

Optical displays
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Chapter 2

Thesis Objectives

The literature, reviewed in the preceding sections, shows a large amount of research
has been conducted to study vibration characteristics of thin films and their be-
havior under mechanical loadings but there are many other important parameters
which are crucial for the performance and reliability of printed circuit boards and
MEMS devices. These parameters e.g., stress amplitude, mean stress, downsizing
film dimension and crack initiation and propagation still need more study and in-

vestigations.

2.1 Objectives

The overall objective of this thesis is to study the electrical properties and sur-
face characterization of thin copper films bounded to fire retardant (FR4) epoxy

laminates.
To achieve this general objective, the following aspects have been focused on:
e Experimental and Numerical Simulation Study of the Vibration Properties of
Thin Copper Films Bonded to FR4 Composite.

— Studying the modal parameters such as modal frequencies and damping

ratios using Experimental Modal Analysis EMA

— Correlating experimental and numerical results using FEM approach

37



UNIVERSITAT ROVIRA I VIRGILI
Electrical Properties and Surface Characterization of Thin Copper Films Subjected to Mechanical Vibrations

sufyan azan[)octoral Thesis Sufyan Azam

— Determination of Young Modulus E

e Variation of Electrical Properties under Different Loading Cycles and Tem-

peratures of Thin Copper Films Bonded to FR4 Composite

— Studying the effect of mechanical vibrations on sheet resistance, resistiv-
ity and conductivity of PCBs under different temperatures and mechan-

ical cycles.

— Development of a dual axes four point probe (DA4PP) with thermal
loading

— Development of a high frequency vibration design system

e Interfacial Characterization of Thin Copper Films Bonded to FR4 Composite
under High Cycle Vibration Stress

— Studying the surface damage behavior of PBCs using environmental scan-

ning electron microscopeESEM before and after mechanical loadings
— Surface composition analysis of the samples

— Analysis of the samples using water droplet contact angle technique

This thesis is a contribution to a better understanding of the relationship between
damage accumulation and electrical performance of PCB boards and MEMS and
may lead to improve their performance. This will make the results of great practical
importance and to develop assay methodology that can be extended to other thin

films.
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Chapter 3

Experimental Setup

This chapter gives details of experimental setup and methodologies used for vibration
characteristics of thin copper films bounded to FR-4 epoxy laminate using modal
analysis and measurements of sheet resistance of the same material, subjected to
high frequency vibrations, using four probe method. Experimental setup for surface
analysis using Environmental Scanning Electron Microscopy (ESEM) and contact

angle measurements also described in this chapter.

3.1 Modal Analysis

This section briefly describes the material and tools used to determine dynamic
properties of PCBs and compared with finite element method (FEM) analytical re-
sults, in order to gain basic knowledge of the vibration characteristics of copper/FR4
PCB:s.

3.1.1 Materials and Methods
3.1.1.1 Materials

The specimens used for vibration analysis were made of single-layer C,, film (thick-
ness 35 pm) bonded to FR4 epoxy laminate sheet (thickness 1.6 mm). The spec-

imens were categorized into four groups, as shown in Figure 3.1 and Tables 3.1—
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3.4. The specimens were cut from a 305 mm long and 210 mm wide panel to equal
lengths of 150 mm, using a Protomat S103 (LPKF GmbH, Garbsen, Germany).

Clamp
a .
e |
L i ‘f _ ,«‘ g mpact Hamp,
1 ~E ~ 'h}
F Clamp 1 2 3 T
5 18] 42 /R
5 & % Specimen Accel "
g- - 2 / ccelerometer
G
" s //
‘3
g A Charge
Amplifier
W Type 235

PC with PULSE LabShopV13

Figure 3.1: (a) Specimen dimensions (in mm): width (W) and diameter (D) are

variable, as indicated in Tables. (b) Schematic layout of the experimental setup.

The numbered positions (1-3) in blue in both figures indicate the hammer impact
positions.

Table 3.1: Group 1: Constant width/diameter ratio with center hole.

WT (mm) D* (mm) D/W *

12 2 6
18 3 6
24 4 6
30 3 6
36 6 6
42 7 6
48 8 6

T W:width; ¥ D:diameter; * D/W: aspect ratio.
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Table 3.2: Group 2: Constant aspect ratio without center hole. (D = 0).

W (mm) D/W
12 6
18
24
30
36
42
48

S O O O O O

Table 3.3: Group 3: Constant width (24 mm) with variable center holes.

W (mm) D (mm)
24
24
24
24
24
24
24

0 J O Ot =~ W N

Table 3.4: Group 4: Constant width (30 mm) with variable center holes.

W (mm) D (mm)
30
30
30
30
30
30
30

0 N O Ot =~ W N
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3.1.1.2 Experimental Vibration Analysis

Figure 3.2 shows a photograph of the experimental setup and specimen of group 1.
An accelerometer type 4393 (Briiel & Kjeer,Wien, Austria) with a charge amplifier
type 2635 (Briiel & Kjeer) was mounted below the specimen by using bees wax to
measure vibrations excited by an Impact Hammer type 8206 (Briiel & Kjeer) with
a plastic tip at locations 1, 2, and 3 as in Figure 3.1. Five hammer impacts were
given at each location and the results were averaged to scale back the effect of noise
within the acquired signal. A strong clamping structure was used to fix one end of

the test specimen, while the other side was kept free to be considered as a cantilever.

PULSE LABSHOP

LAN XI FFT Analyzer

Charge Amplifier =

N

Specimen Pictures

Figure 3.2: Photograph of the experimental setup and specimen of Group 1.

The averaged vibration data was captured using a LAN XI type 3050-A-060 (Briiel &
Kjeer) hardware module. The data was then analyzed by PULSE LabShop V13.5.0
(Briiel & Kjaer) to determine the dynamic properties such as natural frequencies,
mode shapes, and damping ratios by extracting information from frequency response
function (FRF) curves. The damping ratios were calculated by the PULSE LabShop
using the Half Power Band Width method [80].

Experimental Setup 42



UNIVERSITAT ROVIRA I VIRGILI
Electrical Properties and Surface Characterization of Thin Copper Films Subjected to Mechanical Vibrations

sufyan azan[)octoral Thesis Sufyan Azam

3.1.1.3 Theoretical Model

To validate the experimental data, the natural frequencies of a rectangular beam
of 150 mm x 24 mm x 1.6 mm and a plate of 150 mm x 48 mm x 1.6 mm were
calculated using the Rayleigh method [01]. According to this method, the natural
frequency (f,,), as per Equation 3.1, of a uniform composite rectangular cantilever

beam is:

K [Elg
where K is the modal constant (0.56 [79]), E1 is the composite beam stiffness factor
for FR4 (1.45x10~*kg-m?), g is the acceleration of gravity (9.81m/s?), w is the linear
mass density for FR4 (0.1169 kg/m), and L is the length of the composite beam

(130 mm). The natural frequency of a uniform rectangular cantilever plate, as per

(3.1)

Equation 3.2, is:
K D

fn= 2\ (3.2)
where K is the modal constant (0.56 [79]), a is the length of the plate (130 mm),
D is the plate stiffness factor for FR4 (5110 kg/m), and p is the mass per unit
area (5.64x10 °kg-s?>-m?). Since the Young Modulus (E) is the key element in the
vibration response of any structure, the estimation of E was done both theoretically
and experimentally. The estimated Young modulus of a rectangular PCB (Epcp)
was calculated to be 20.6 GPa from the stiffness of the two composing materials [81]

and their material fraction according to Equation 3.3.

Vpos — VCu Ve
Epce = Erpa ( PCJ‘B;PCB ) + Ecy, (VPC;’B) (3.3)

where Eppy is the Young modulus of FR4 (18.60GPa), Vpep is the volume of the
PCB (5.6x107%m?), Vi, is the volume of the copper layer (1.26x10°m?), and E¢,
is the Young modulus of copper (108 GPa). Figure 3.3 shows the stress—strain curve
and the broken specimen corresponding to specimen 3 of Group 2. The experimental
value of Epcp was found to be 21.59 GPa. The parameters for the tension test were
taken from the previous work [82]. The measured first four modes of vibration, ob-
tained from experimental modal analysis of all the specimens, were then compared
by analytical modal analysis using FEM with ANSYS 13.0 with Mechanical APDL

solver using a fixed end (cantilever) as boundary condition.
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Figure 3.3: Experimental estimation of Epcp. (a) Specimen under test (sample 3
of Group 2), (b) stress — strain curve of the specimen depicted in (a).

Figure 3.4 shows typical mesh models used for samples with (a) and without (b)

holes. The shell element SOLSH190 (size 2 mm) was used and element numbers

RTINS
/L ..;iiii /I\.

Figure 3.4: Examples of mesh models used for finite element method (FEM) anal-
ysis: (a) Group 3 sample (W = 24, D = 8); (b) Group 2 sample (W = 24).

varied from 1698 to 3721, depending on sample dimensions. To analyze the measured
and predicted natural frequencies, an experimental value was plotted against the
predicted one for each of the modes included in the comparison. This plot provides
a set of correlated mode pairs (CMPs) [05] used to check the degree of correlation

between the two sets of results.

The predicted and measured natural frequencies were also used to calculate the
Natural Frequency Difference (NFD) value [83]. This method helps to assess the

difference of the natural frequencies among all possible combinations of experimental
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and analytical model modes. NFD was calculated using Equation 3.4:

| fa— fx
NEDAx = i )

where f4 and fy are the natural frequencies obtained from analytical (FEM) and

(3.4)

experimental modal analysis, respectively.

3.2 Electrical Properties

The specimens used for measuring electrical properties, such as sheet resistance,
resistivity and conductivity, were made of single-layer C, film (thickness 18 pum)
bonded to FR4 epoxy laminate sheet (thickness 1.5 mm). The specimens were
cut from a 310 mm long and 210 mm wide panel to equal dimensions of 50x25
mm, using Protomat S103 (LPKF GmbH, Garbsen, Germany) circuit board plotter.
Three isolated rectangles, (zone A, zone B, zone C) of 10x5 mm dimensions, were
cut using 0.1 mm micro cutter. The electrical properties of each rectangle were
then measured separately using custom made dual axes four—point probe (DA4PP).
Figure 3.5 shows the photograph of the specimen with actual dimensions and isolated
rectangles. The shaded area represents the clamping side of the specimen to the rigid
structure, while the blue area, the other side of the specimen, is linked to the shaker

by means of a rod on which load cell is mounted. The specimens were categorized

50
| 10 5
; 2 1 i 1 — e
w0 ect B ]2 L e ][ A ]
83 |3
"_ 6 3

Figure 3.5: Photograph of the specimen with dimensions.

into three sets and each set further consists of three samples with three isolated
rectangles on each sample, as shown in Tables 3.5 and 3.6. This experimental
work is conducted in two stages. At the first stage samples are subjected to high

frequency vibrations for different number of cycles at constant load ~30 N and at

Experimental Setup 45



UNIVERSITAT ROVIRA I VIRGILI
Electrical Properties and Surface Characterization of Thin Copper Films Subjected to Mechanical Vibrations

sufyan azan[)octoral Thesis Sufyan Azam

Table 3.5: Experimental scheme for high frequency vibrations.

Set 1 Set 2 Set3
ABC|ABC| ABUZCC
S11 S21 S31
S12 S22 S32
S13 S23 S33

Table 3.6: Number of cycles for different specimens.

Specimen Number of cycles

S11 200,000
S12 200, 000
S13 200, 000
S21 200, 000
S22 500, 000
S23 500, 000
S31 800, 000
S32 800, 000
S33 800, 000
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a sinusoidal frequency of 50 Hz. After achieving the required number of cycles,
through digital frequency counter, the samples are tested for sheet resistance at the
surface temperatures of 25°C, 35°C and 45°C. The resistivity measurement setup
consists of two separate experimental setups. These are:

e Four Point Probe Design

e High Frequency Vibration Design
The four point probe design setup is used to measure sheet resistance before and

after applying vibrations to the samples and the high frequency vibration design

setup is used for external forced vibrations.

3.2.1 Four Point Probe Design

Figure 3.6 the dual axes four point sheet resistance measurement device.

Figure 3.6: Photograph of the dual axes four point sheet resistance measurement
device.
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The experimental setup consists of:

a probe head,

a sample holding stage with thermal input,

an auto-mechanical stage,

e a source measure unit (SMU),

and Graphical User Interfaces (GUIs) for probe head movement and resistance

measurement.

3.2.1.1 Probe Head

Figure 3.7 shows the custom made probe head with inline probes. It consists of four

gold plated tungsten metal probes having 0.24 mm radius and equal spacing.

Thermocouple

Figure 3.7: Photograph of the Probe head.
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Each probe pin is supported by springs on the other end to minimize sample damage
during probing. The probe head is part of an auto-mechanical stage which travels
in two axes up-down and left-right for taking measurements. A keithly 2400 high
impedance current source is used to supply current through the outer two probes and
measure the voltage across the inner two probes. These values of sourced current and
measured voltage are used to determine the sample resistivity. The probe spacing S
is 1.27 mm. The probes exert 60 grams of force on the sample when fully pressed and
have stroke length of 1.4 mm. A J type thermocouple is also part of the probe head
to record surface temperature of the specimen under test. The surface temperature
of the sample is recoded by 8-channel thermocouple data logger type TC-08 (Pico
Technology Ltd.) as shown in Figure 3.8.

www.picotech.com

TC-08

8 Channel Thermocoublér
Data Logger

Figure 3.8: Photograph of the 8-channel thermocouple data logger.

Figure 3.9 shows typical temperature plot taken at different surface temperatures

using thermocouple mounted on the probe head.

3.2.1.2 Sample Holding Stage

The sample holding stage consists of the silver plate that can be heated using two 100
W, 220 V silicon heaters, from Keenovo International, installed at the bottom of the
plate. The temperature of the inner plate surface is controlled by PID temperature
controller. The sample to be tested is placed at the top of the plate as shown in
Figure 3.10.
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Figure 3.9: Surface temperature plot from the 8-channel thermocouple data logger.

Figure 5.10: Photograph of the sample holding stage.
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3.2.1.3 Auto-Mechanical Stage

The auto-mechanical stage consists of two NEMA17 stepper motors for up-down
and left-right movements of the probe head. The two motors are coupled with lead
screws having 4 mm and 5 mm lead, 12 mm and 16 mm shaft diameters, 1.8° step
angle and 0.1 mm resolution respectively. There are two inductive limit switches to
know the start position of the probe head. The probe head is installed on the vertical
axis using aluminum clamp with 32 mm internal diameter as shown in Figure 3.11.
A PID temperature controller is also part of the mechanical stage. It is used to

control the temperature of the top plate of the sample holding stage.

Stepper Motor

Lead Screw

Horizontal Limit Sensor

Figure 3.11: 3D model of the auto-mechanical stage.

3.2.1.4 Source Measure Unit (SMU)

For the measurement of sheet resistance of the conductive materials, a tightly cou-
pled sourcing and measurement instrument is needed. Keithley's Source Meter 2400
is used for this purpose as shown in Figure 3.12. It provides precision voltage and

current sourcing as well as measurement capabilities. In operation, it acts as a cur-
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rent source to provide current to the outer probes and a voltage meter to measure
voltage between the inner two probes. There are two modes of operations: manual
and remote. In remote mode the instrument communicates with the LabView based
software [84] through IEEE—488.2 GPIB communication protocol.

Figure 3.12: Photograph of the Keithley 2400 SMU with connection to 4—probe
head.

3.2.1.5 Graphical User Interfaces (GUIs)

A labview based graphical user interface (GUI), as shown in Figure 3.13, is designed

to control the four probe head movement.

4 Probe Machine Interface

A A
o (o] [ o] o] | o] o
Ol BRI D

Simulation

? COM PORT
ﬁ n }6 ===

Home Cancel Measurment

Figure 3.13: Screenshot of the GUI for probe head movement.
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This GUI communicates with the motion controller, based on Arduino Mega micro-
controller hardware, through a serial communication. Three levels of linear motion
resolution can be achieved with this interface that is 10 mm, 1 mm and 0.1 mm.

The home button brings the head at the reference position.

For the sheet resistance measurement, an open source GUI, as shown in Figure 3.14,
is used [84]. This GUI works with Keithley 2400 source meter unit (SMU) to perform

current voltage characterization of four point probe. The GUI communicates with
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rese
it e ————
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Instrument Settings | Timing and Averages | Advanced | Program info
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Figure 3.14: Screenshot of the GUI for sheet resistance measurement.

SMU through a GPIB adapter. An I-V sweep, sourcing current and measuring
voltage, is selected for the measurement of sheet resistance. The parameters are set

as follows:

1. Enter values for the sweep start and sweep stop.
2. Enter the number of points for the sweep.

3. Enter the compliance setting, which is a limit value to prevent excessive current

(or voltage from being applied to the device under test.
4. Select the sense mode 4-pt (remote sense).

5. Select Auto-range to automatically switch to the lowest available measurement

range at each point of the sweep.

After executing the measurement, the software plots the data points as Voltage vs.

Current plot (I-V) curve. The software also provides data analysis tools for example
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resistance and four probe. The resistance can be calculated after double clicking the
resistance tab. It apples linear regression fit to the data and calculates resistance.

Similarly 4 probe tab provides analysis for sheet resistance.

Figure 3.15 shows an [-V curve obtained after applying current to the out two
pins and measure voltage between inner two pins of the dual axes four-point probe
DA4PP. The slop of the curve gives resistance R (€2) of the sample under test.
The other properties such as sheet resistance Ry, (£2/sq), resistivity p (€2 -m) and
conductivity (o) (S/m) are then derived from the resistance data. Table 3.7 shows

electrical properties obtained from the I-V curve.
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S
E (o8-
o
o
S
re) 0.07 H
>
8 0.06
S5 ] y=a+b*x
8 R-Square 0.99883
s 0.05+ Intercept 0.035
Slope 0.0004318
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Figure 3.15: Plot of the I-V curve.

Table 3.7: Electrical properties obtained from the I-V curve.

Resistance Sheet Resistance Resistivity Conductivity
(€2) (€2/sq) (€2-m) (5/m)
4.318x10~4 1.38x1073 2.486x107% 4.023x10°7

Experimental Setup 54



UNIVERSITAT ROVIRA I VIRGILI
Electrical Properties and Surface Characterization of Thin Copper Films Subjected to Mechanical Vibrations

sufyan azan[)octoral Thesis Sufyan Azam

3.2.2 High Frequency Vibration Design

The developed high frequency vibration design system consists of:

A signal generator

An amplifier

A digital frequency Counter

A high frequency vibration test rig

An FFT analyzer

A PC with PULSE Labshop

Figure 3.16 shows a schematic layout of the experimental setup for high frequency

vibrations. A signal generator module type 3107 (Briiel & Kjeer) is used to generate

FFT Analyzer

PC with LabShop
Frequency Counter

Figure 3.16: Schematic layout of the experimental setup.

continuous sinusoidal signals at 50 Hz frequency rate. The parameters for the signal
generator are set by PULSE Labshop V4.0 as shown in Figure 3.17. A digital
frequency counter type 1805 (B & K Precision) counts the required number of cycles
for the experiment and a power amplifier type 2706 (Briiel & Kjeer) amplifies the
signals to be fed to the vibration tester type 4809 (Briiel & Kjeer). The vibration
data was captured using a LAN XI type 3050-A-060 (Briiel & Kjeer) hardware
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module. The data was then analyzed by PULSE LabShop V13.5.0 (Briiel & Kjeer)

to determine the vibration response of the transducers i.e., an accelerometer and a

load cell.

‘h|1‘| PULSE LabShup v.4.0 - genelalu
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Figure 3.17: Screenshot of the parameters set for signal generator.

3.2.2.1 Vibration Test Rig
Figure 3.18 shows a photograph of the vibration test rig. It comprises of:

A vibration exciter

A load cell

An accelerometer

A rigid clamping structure

A bench-top vibration exciter type 4809 (Briiel & Kjeer) is used in this study. It
covers a wide range of frequency (10 — 20k) Hz and a continuous displacement,

of 8 mm peak-to-peak and can impart 45 N sinusoidal force or up to 60 N with
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assisted cooling. A 75 VA Power Amplifier Type 2706 (Briiel & Kjeer) is used to
drive this vibration exciter. A load cell or force transducer type 8230 (Briiel &
Kjeer) is mounted above the shaker to recode the applied forces to the specimen.
The one side of the specimen is mounted on the rigid structure while the other

end is connected to the load cell by means of a small clamping steel structure. An

Clamping Structure Sample Accelerometer

Load Cell
Shaker

Figure 3.18: Photograph of the vibration test rig. The positions (a) and (b) in red
indicate the accelerometer positions.

accelerometer type 4526 (Briiel & Kjaer) is used to record amplitude of vibrations
at positions (a) and (b). Figure 3.19 shows typical response of the force sensor. An
amplitude of force can be seen in the plot of Figure (3.19 (b)). The high amplitude
at 50 Hz frequency confirms the shaker input frequency of 50 Hz. The accelerometer
response in the frequency domain at positions (a) and (b) can be seen in Figure 3.20.
The vibration and stress amplitudes at positions (a) and (b) are also modeled by
FEM using ANSYSV19.3 workbench with Mechanical APDL solver using a fixed end
(cantilever) as boundary condition as shown in Figure 3.21. A mesh size of 1 mm
of the shell element SOLSH190 was used for FEM modeling. The number of nodes
and mesh elements were 26895 and 4146 respectively. Both the FEM model (3.21

(a)) and accelerometer plot (3.20 (b)) show less vibration but more stress amplitude
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at position 2.

30
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o
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Figure 3.19: Plot of the force sensor (load cell): (a) in the time domain; (b) in the

frequency domain.
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Figure 3.20: Frequency response of the accelerometer: (a) at position (1); (b) at
position (2)

Figure 3.21: Examples of specimen models used for FEM analysis; (a) stress am-
plitude at positions (1) and (2); (b) deformation at positions (1) and (2).
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3.3 Surface Analysis

The surface of the samples was examined by Environmental Scanning Electron Mi-
croscopy (ESEM) and contact angle measurements. ESEM images were recorded in
a Quanta 600 microscope (FEI Company, Inc.) under high vacuum at 25 kV in the
back-scattered mode. The samples were cleaned with a cloth embedded in acetone
and dried under a nitrogen stream before analysis and probed at a 10 mm working
distance at 50X, 500X and 3000X magnification. The elemental composition was

measured at the 3000X magnification using the same instrument in XDS mode.

The contact angles were measured at different locations of the samples as shown in
Figure 3.22. The static drop method, using an OCA 15 plus goniometer (Neurtek
Instruments) with an image resolution of 752x582 pixels and 4 0.1° accuracy, was
used for this test. The drop volume was 10 puL, and measurements were performed

in a controlled temperature 24°C and ambient humidity 55 %.

er

o Pl ®ra
®Pr3

A B C

Figure 3.22: Water drop locations for contact angle measurements
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Chapter 4

Experimental and Numerical
Simulation Study of the
Vibration Properties of

Thin Copper Films Bonded to
FR4 Composite

This chapter! gives details of the results for vibration characteristics of thin copper
films bounded to FR-4 epoxy laminate using modal analysis. The experimental and

FEM results are discussed in details in this chapter.

4.1 Modal Analysis

4.1.1 Frequency spectra and mode shapes

The values of the natural frequencies in terms of auto spectrum analysis were ob-
tained from the PULSE program by applying FRFs, as shown in Figure 4.1. In this

waterfall plot of frequency versus amplitude, the first peak represents the values of

'Part of this chapter has been published in [64]
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Figure 4.1: Auto spectrum analysis for all groups of samples.

the natural frequencies of the different specimens in each group. At mode 1 (first
natural frequency), all of the specimen groups show high amplitudes of vibration.
The frequency range of 400 Hz to 1k Hz shows a small resonance in all the samples.
The extraction of modal parameters such as natural frequencies and damping ratios
from FRF data was done by using the peak amplitude method [65]. The predicted
mode shapes were obtained by ANSYS. Figures 4.2 and 4.3 show the results for 24
mm width samples with and without a central 4 mm hole, respectively. Similarly,
Figures 4.4 and 4.5 show the results for 24 and 30 mm width samples with 8 mm

central holes, respectively.

In general, all samples have similar mode shapes with no obvious influence of the
hole. This is expected for exciting vibrations of low amplitudes and samples prepared
with the same material. For mode 2, the maximum deflection is observed around
the center of the samples. At mode 1 (first natural frequency), all of the specimen
groups show high amplitudes of vibration. In all cases, the mode shape around 650
Hz presented the lowest amplitude of all modes. This mode presents an area of

very low deflection very close to the position of the accelerometer (20 mm from the
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Figure 4.2: Mode shapes for a single specimen (width 24 mm, center hole 4 mm)
in Group 1.
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Figure 4.3: Mode shapes for a single specimen (width 24 mm) in Group 2.
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Figure 4.4: Mode shapes for a single specimen (width 24 mm, center hole 8 mm)
in Group 3.
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Figure 4.5: Mode shapes for a single specimen (width 30 mm, center hole 8 mm)
in Group 4.
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free end of the cantilever), which also coincides with one of the impact points. This
canceling effect is not present in modes 1 and 2 and is attenuated in mode 4 where

deflection is minimal 5 mm below the accelerometer.

4.1.2 Natural frequencies and damping ratios

Figures 4.6 and 4.7 show the variations in the first four natural frequencies and
their corresponding damping ratios for all the specimens in the different groups,

respectively. The fundamental natural frequency of Group 1 (with central hole) is
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Figure 4.6: Natural frequency plots for all specimen groups and frequency modes.
Mode 1 B, mode 2 @, mode 3 A and mode 4 V.

slightly lower than for Group 2 (no central hole) for all the samples, but Group 1
shows a slightly higher damping due to the presence of the center holes in the middle
of the specimens. In both groups, a frequency increase is observed as the specimen

width also increases. This indicates that the W/D aspect ratio does not play a
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significant role and the modal behavior is governed by specimen stiffness and mass
in spite of the fact that the size effect reduces nominal strength up to 15 % [19].

Interestingly, the change in center-hole diameter at constant width in Groups 3 and
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Figure 4.7: Damping ratio plots for all specimen groups and frequency modes.

4 shows a very little difference in frequency for mode 1 in all the specimens. The
vibration mode 4 in all the groups show high damping values as compared to other
modes because high frequencies exhibit low vibration amplitudes. This behavior can

also be seen in the waterfall plot that shows low vibration amplitudes in this mode.

4.1.3 Comparison of results with a theoretical model

For the comparison of extracted experimental natural frequencies, a uniform com-
posite cantilever beam of 24 mm width was first modeled mathematically, and the
results were then used for the finite element modeling using ANSYS V13.0. Figure

4.8 shows a comparison of the experimental natural frequencies for all the specimens
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with the calculated value by the finite element method. As can be seen, there is a
very good correspondence between the values, especially for Groups 3 and 4, while
the calculation predicts slightly lower values (between 2 and 4 %) for the high fre-

quency modes of Groups 1 and 2. As an example of validity of the selected model,
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Figure 4.8: Comparison of experimental (closed symbols, solid line) and analytical
(open symbols, dotted line) frequencies for all the specimens.

Table 4.1 shows a comparison of the modeled frequency with experimental and
FEM results for sample 3 of Groups 1 and 2 and sample 6 of Group 3, i.e. samples
24 mm width with and without central holes. Similarly, Table 4.2 shows the results
calculated for a 48 mm cantilever plate and compared with sample 7 of Groups 1 and
2 (48 mm width with and without central hole). The correlated mode pairs (CMPs)
were plotted to check the degree of correlation between the two sets of results for

a single specimen in each group (sample 3), as shown in Figure 4.9. The two sets

Experimental and Numerical Simulation Study of the Vibration Properties of 66
Thin Copper Films Bonded to FR4 Composite



UNIVERSITAT ROVIRA I VIRGILI
Electrical Properties and Surface Characterization of Thin Copper Films Subjected to Mechanical Vibrations

sufyan azan[)octoral Thesis Sufyan Azam

Table 4.1: Comparison of the natural frequency of a uniform composite rectangular
cantilever beam (24 mm width) with experimental and FEM results of samples of
the same width.

Natural Frequency (Hz)
W=24 mm W=24 mm W=24 mm

Mode No Hole D=4 mm D=8 mm  Model (Beam)?
Exp! FEM? Exp! FEM? Exp! FEM?
1 31.9 31.1 31.5 31.0 30.4 30.7 36.6
2 244.6 2359 244.0 2354 233.2 234.2 229.3
3 688.0 658.0 686.5 656.9 665.6 656.7 641.5
4 1275.7 1259.9 1303.0 1256.3 1264.0 1257.4 1254.2

1 Exp.: experimental; 2 FEM: calculated by ANSYS; 3 Model: calculated for a cantilever beam.

Table 4.2: Comparison of the natural frequency of a uniform composite rectangular
cantilever plate (48 mm width) with experimental and FEM results of samples of
the same width.

Natural Frequency (Hz)
W=48 mm W=48 mm

Mode No Hole D=8 mm  Model (Plate)?
Exp! FEM? Exzp! FEM?
1 35.0 34.8 34.9 34.6 38.0
2 246.8 241.7 254.8 240.9 238.2
3 697.8 678.6 699.3 677.5 666.4
4 1295.0 1300.4 1345.3 1297.6 1302.9

1 Exp.: experimental; 2 FEM: calculated by ANSYS; 3 Model: calculated for a cantilever plate.

of data show a high degree of correlation since the points lie near or close to the
straight line of slope equal to 1. To assess the difference of the natural frequencies
among all possible combinations of experimental and analytical model modes, the
predicted and measured natural frequencies were also used to calculate the Natural
Frequency Difference (NFD) value [83]. Figure 4.10 shows the 3—dimensional NFD
diagram of a single specimen (sample 3) in each group. Small values in the main
diagonal positions and large NFD values in non-diagonal positions show that there
is high compatibility between the two sets of results, as observed for the samples
depicted in Figure 4.10.
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Figure 4.9: Correlated mode pairs for sample 3 of all groups. The black diagonal

line represents a slope equal to 1.

Figure 4.10: Natural frequency difference diagrams for sample 3 of all groups.
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4.1.4 Normalized frequency shift calculations

The values of the normalized frequency shift [85] for sample 1 in each group with
respect to the rest of the samples of the same group are presented in Figure 4.11.
Due to the geometrical variations and high amplitude of vibrations, there is up to
33 % frequency change in Group 1 for mode 1, while the other modes show a small

frequency shift between the first and the rest of the samples. A similar behavior of
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Figure 4.11: Normalized frequency shifts for samples 2-7 of all groups.

frequency change is seen in Group 2, although the maximum frequency shift is less
than 30 %. The frequency change between the 2 mm center hole sample and the
rest of the samples in groups 3 and 4 is very little as compared to the change due
to aspect ratio (width/diameter), as in groups 1 and 2. This further indicates that

in groups 3 and 4, sample mass is the dominating factor in the frequency changes.
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4.2 Preliminary conclusions

In this chapter, the vibrational characteristics, such as natural frequencies and damp-
ing ratios, of thin copper films of thickness 35 um bounded to FR4 epoxy laminate
of 1.5 mm thick were determined experimentally and analytically using a finite el-
ement method. Four groups of samples were selected in order to study geometric
effects and the presence of a central hole of different diameters. It has been found
that the chosen samples are suitable to be used as PCBs that undergo significant
frequency changes ranging from 40 Hz to 1k Hz. The natural frequency of all the
specimens was found to be less than 40 Hz and the influence of a central hole was

not significant to affect the modal properties.

In order to study the possible damage mechanisms that undergo these materials and
how they affect their performance, the influence of high cycle vibration fatigue on
their electrical properties, with and without thermal variations will be discussed in

the following chapter.

Experimental and Numerical Simulation Study of the Vibration Properties of 70
Thin Copper Films Bonded to FR4 Composite



UNIVERSITAT

ROVIRA I VIRGILI

Electrical Properties and Surface Characterization of Thin Copper Films Subjected to Mechanical Vibrations

Sufyan Azam

Chapter 5

Variation of Electrical
Properties under Different
Loading Cycles and
Temperatures

This chapter describes, the effect of mechanical vibrations on the electrical perfor-
mance of thin copper films. A custom made four probe head was used to apply
current to the outer probes and measure voltage through the inner probes as de-
scribed before in Figure 1.15. The effect of mechanical cycles and thermal loading
on the electrical properties such as resistance (R) €2, sheet resistance (Rp,) €2/sq,
resistivity (p) Q-m, and electrical conductivity (o) S/m, the reciprocal of resistivity,

were determined.

5.1 Validation and Repeatability

In order to validate the device performance, a set of ITO samples, which are: OS-
SILA glass substrates coated with a 100 nm layer of Indium Tin Oxide (ITO) [86],
were validated using DA4PP. The reference sample was 20x15 mm having sheet
resistance (14-16) €2/sq. The measurement results from the custom made dual axes
four—point probe (DA4PP) are then compared to the results obtained from the
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commercial four—point probe system (Ossila Four-Point Probe System.) [86]. The
results obtained are in good agreement as shown in Figure 5.1. The average sheet
resistance value Ry, obtained by DA4PP is 14.75 €2/sq as compared with Ossila

reference sample value of 14.36 2/sq. The comparison between the theoretical (cal-

148 : : :

14.6 =

measurement with DA4PP

Sheet resistance ((¥/sq) |

T T T T
14.4 146 148

measurement with Ossila

Figure 5.1: Comparison of the Sheet resistance values measured by two devices.

culated) and measured resistance can be seen in Table 5.1. The measurement results
show a good correlation at 45°C with 4.21 % error.The maximum difference of 7.46
% is at 25°C. Figure 5.2 shows an error plot at different temperatures. The theoret-
ical calculations were performed by using the following equation for resistance with
temperature coefficient at 20°C [87]:

R = py - [t+a(@-T)] (@ (5.1)

T -W
Where pyg is the copper resistivity at 20°C (1.67x107%Q-m), L is the length of

the copper trace in mm, W is the width of the copper trace in mm, T is the
thickness of the copper trace in um, and « is the Temperature coefficient at 20°C
(3.93x1072Q/Q/C'). The dual axes four point probe (DA4PP) performance is quan-

1Ohm
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Table 5.1: Comparison of the theoretical and experimental resistance values.

Resistance (2)

Temperature Length Width Thickness i R,  Difference
()  (om) (mm) (em)  (Q) ©) %
25 4.638x107* 4.317x1074 7.46
35 5 10 18 4.821x107* 4.559x10~* 5.74
45 5.003x10~* 4.801x10~* 4.21

* Ryp: theoretical resistance; + Rexp: experimental resistance.

6.0x10™ 1

4.0x10™ 1

2.0x10™

Measured Resistance(Q2)

0.0-

25 35

Temperature (C°)

45

Figure 5.2: Difference plot with measured resistance values.
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tified by measuring resistance of different samples at different temperatures and
mechanical cycles by finding standard deviation SD and coefficient of variation CV.
Tables [5.2 — 5.5] show resistance values of three samples at varying input parame-
ters for three measurement zones. The maximum variation in the data values is in
zone B at 800k cycles and 45°C. The coefficient of variation for this zone is 3.251

%. Interestingly, the similar behavior can be seen in other cases for zone B.

Table 5.2: Resistance variations before cyclic loading at 25°C.

Resistance ({2)

Zone (A) Zone (B) Zone (C)
Sample Resistance SD! CV? Resistance SD! CV? Resistance SD!' CV?
@ @ % © © % @ @ %
1 4.217x10~% 4.233x1073 4.589x10~%
2 4.206x10~% 2.440x10~ 6 0.581 4.151x10~% 3.922x10~6 0.938 4.591x10~% 1.034x10~6 0.225
3 4.161x10~% 4.148x10~% 4.568x10 %

1 SD: standard deviation; 2 CV: coefficient of variation.

The results indicate that the custom-made DA4PP probe measures accurately the
sample resistance is all regions and can be used to measure the resistance changes

after mechanical and thermal loading as will be discussed in the next sections.
Table 5.3: Resistance variations after 800k cycles at 25°C.

Resistance (€2)

Zone (A) Zone (B) Zone (C)
Sample Resistance SD! CV? Resistance SD! CV? Resistance SD! CV?
© © %  © @ % © (@ %
1 1.905x10~3 1.961x10~3 3.432x10 2
2 1.903x10~3 1.092x10~° 0.575 1.903x10 3 5.444x10° 2.869 3.434x10~2 6.001x10° 0.175
3 1.881x10 3 1.828x103 3.420x1072

L SD: standard deviation; 2 CV: coefficient of variation.
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Table 5.4: Resistance variations before cyclic loading at 45°C.

Resistance (€2)

Zone (A) Zone (B) Zone (C)
Sample Resistance SD! CV? Resistance SD! CV? Resistance SD! CV?
@ @ %  © © % © @ %
1 4.636x10~4 4.744x10~4 4.653x10~%
2 4.622x10~ 4 4.425x10~6 0.962 4.554x10~4 8.504x10~ % 1.838 4.519x10~4 5.580x10 6 1.218
3 4.536x10 % 4.575x10~% 4.562x10 %

1 SD: standard deviation; > CV: coefficient of variation.

Table 5.5: Resistance variations after 800k cycles at 45°C.

Resistance ((2)

Zone (A) Zone (B) Zone (C)
Sample Resistance SD! CV? Resistance SD! CV? Resistance SD! CV?
@ @ % (@ @ % (9 @ %
1 2.091x1073 2.15308210 3 3.543x1072
2 2.109x1073 1.229x10~°  0.583 2.062x1073 6.723x107°  3.251 3.668x10~2 8.204x107%  2.271
3 2.120x1073 1.988x1073 3.744722107 2

1 SD: standard deviation; 2 CV: coefficient of variation.
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5.2 Change in Resistance under Mechanical and

Thermal Loading

In general, four point probe method is used to determine sheet resistance of thin
metal films, but in fact resistance is the main electrical property which is obtained by
using this technique. In four probe, outer probes apply current to the sample and the
inner probes measure voltage. The slope of the I-V curve then gives the resistance
value for the sample under test. Figures [5.3 - 5.5] show the resistance plots with
respect to time at 25°C, 35°C and 45°C respectively. The start of the measurement
shows high value of resistance, because contact resistance exists between the probe
and sample, a large current must flow through the sample so that the voltage gener-
ated between the inner two probes will be large enough to measure accurately [88].

Hence, the resistance values were taken at the end of the measurement.
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Figure 5.3: Plot of resistance vs time under (0,200%,500k,300%,) cycles at 25°C.
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As per Figure 3.21, the amplitude of stresses is less at zones(A and B) as compared to

zone C that’s why zone C shows very different behavior under mechanical loadings.

The temperature rise shows a very little effect on resistance values for all the three

zones but on the other hand resistance shows considerable change due to mechanical

loadings. From 0 to 500k cycles, all the plots show a very sharp rise in resistance

values and after 500k there is a little change in values as can be seen in Figures [5.3

- 5.5]. All the measurements show stable values at the end of measurement time.
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Figure 5.4: Plot of resistance vs time under (0,200%,500k,300%,) cycles at 35°C.
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Figure 5.5: Plot of resistance vs time under (0,200%,500k,300%,) cycles at 45°C.

5.2.1 Resistance Variations

Figure 5.6 shows average resistance values obtained from I-V curves. Exponential
rise in resistance values can be seen due to mechanical cycles whereas very little
change observed due to temperature rise. There is 1657 % rise in resistance values
from 0 cycles to 800k cycles at 45°C for zone C whereas this change is very little,
around 1.1 % and 1.34 %, for zones A and B respectively.
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Zone C

Figure 5.6: 3D bar plot of resistance R

5.3 Changes in other Electrical Properties under

Mechanical and Thermal Loading

Average sheet resistance values against mechanical cycles at different temperatures
can be seen in Figure 5.7. As opposed to resistance or resistivity, sheet resistance
is directly measured using four point probe measurements. The effect of mechan-
ical cycles for zone C can be clearly observed having an exponential rise in sheet
resistance values. Before cyclic loading at 25°C, sheet resistance values for zones
A, B and C are 1.34, 1.33 and 1.33 (mf£2/sq) respectively. The same sample when
subjected to 800k cycles, the sheet resistance values at 25°C for the zones A, B
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Figure 5.7: 3D bar plot of sheet resistance Rgy,.

and C are 1.34, 1.33 and 24.19 (m£2/sq) respectively. This behavior is not seen in
case of thermal loadings where 20°C rise in temperature gives only 1 % rise in sheet

resistance values. All the zones behave in similar way under thermal loadings.

The next two electrical properties obtained from the experimental work are resis-
tivity p and conductivity cas shown in Figures [5.8 — 5.9] respectively. Resistivity
is the inherent property of the material that quantifies the strength of the material
to resist or conduct electric current. As seen in the previous Figures [5.6 —5.7],
the mechanical cycles play an important rule in changing electrical properties of
the sample under test; the same applies for resistivity and conductivity. After the

sample undergoes 800k cycles, the zone C of the sample becomes more resistive and
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Figure 5.8: 3D bar plot of resistivity p.

the value of resistivity changes from 2.40x1078 (€ -m) to 4.35x10~" (€ -m). On the
other hand zones A and B still show almost same values even after nearly a million

cycles.

The last electrical property to discuss is conductivity o.Being reciprocal of the re-
sistivity, it quantifies how smoothly current flows in a conductor. A large value of o
means the material is a very good conductor of electrical current. Figure 5.9 shows
the average conductivity values measured for different zones under variable loading
cycles and temperatures. Almost 95 % decrease in conductivity, 4.15x107 (S/m) -
2.29x10% (S/m), can be observed after 800k cycles for zone C. A slight change due

to temperature variations can also be seen in all the three zones.
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Figure 5.9: 3D bar plot of conductivity o.

All of the experimental results showed a very different behavior of electrical proper-
ties under cyclic loading for the zone C. The accelerometer amplitude, as evidenced
in Figures 3.20(b) and 3.21(b), is low at position 2 while a high amplitude of accel-
eration can be seen at position 1. On the other hand, high stresses have be observed
at position 2 of Figure 3.21(a) while a little amplitude of stress can be seen at po-
sition 1 of the same Figure 3.21(a). The large variations in electrical properties of
the samples, after mechanical cyclic loading near zone C, is due to large amplitude
of stresses near this area, numbered as position 2 in Figure 3.21(a).

This large change in electrical properties leads towards surface analysis to better un-
derstand the micro structural changes in zone C that propagates electrical changes

in the samples.
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5.4 Surface Analysis

Vibration stresses produced a noticeable change in surface color of all samples. The
typical lustrous reddish brown color of undamaged copper changed to dark brown
after vibrations, indicating damage and/or chemical modification (i.e. oxidation)
of the surface. For these reasons, the samples were analyzed by ESEM, elemental

composition and contact angle measurements.

Figure 5.10: ESEM images (back-scattered mode) of samples S0(a), S1(b) and S3(c)
at 50X magnification.

Figures [5.10 — 5.12] show the ESEM pictures of samples S0, S1 and S3 at different,
magnifications. The morphology of the untreated sample shows a smooth surface
without cracks at low magnification Figure 5.10a and the presence of rolling traces on
crystalline domains probably due to the mode of fabrication of the samples Figure
5.11a and Figure 5.12a. After 200k and 800k fatigue cycles, the surfaces clearly
develop cracks as evidenced in panels b and ¢ of Figures [5.10 — 5.12]. These

cracks are perpendicular to the longitudinal axis of the samples and are the result
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of the plastic deformation undergone by the samples after vibration stresses. The
apparent density of cracks increases with the number of cycles from ~3 cracks per
mm at 200k cycles to ~8 cracks per mm at 800k cycles, indicating a dependence of
the overall damage with the number of cycles. These cracks have ~1 um width and
are several millimeters long and seem to follow dislocation lines perpendicular to the
longitudinal axis Figure 5.13. This type of cracks have been observed in other fatigue
studies of copper thin films and is attributed to the presence of dislocations [89,90]

and favored by surface roughness [91].

200 ym
URV-SRCIT

r | W | det
88 mm | 20.00 k¥ | BSED i

Figure 5.11: ESEM images (back-scattered mode) of samples SO(a), S1(b) and S3(c)
at 500X magnification.

Interestingly, the surface composition 100 % copper is not altered even upon a high
number of cycles, indicating that the fatigue stress only produces physical damage

and not chemical processes such as oxidation as shown in Figure 5.14.
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Figure 5.12: ESEM images (back-scattered mode) of samples SO(a), S1(b) and S3(c)
at 3000X magnification.

Figure 5.13: ESEM images corresponding to Figures 5.12b and 5.12c¢ respectively,

showing crack dimensions (at 3000X magnification).
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Figure 5.14: Surface elemental composition of samples corresponding to: (a) Figure
5.12a (before vibrations), (b) Figure 5.12¢ (after vibrations).

The samples were also analyzed using water droplet contact angle. This technique
is useful to assess hydrophilicity /hydrophobicity changes on surfaces and is widely
used in adsorption and surface modification studies [92]. Figures 5.15 and 5.16 show
the contact angle measurements for samples before and after vibration, respectively.
The observed angles for untreated samples ranges from 78 to 95 degrees, similar to
what has been observed for pure copper and indicates a hydrophilicity similar to that
of aluminum [93|. After vibration damage, the contact angle increases to 117-119
degrees, typical of hydrophobic surface such as PTFE (polytetrafluoroethylene).
This marked change in contact angle can be attributed to an increased surface
roughness [94| and also to the accumulation of very small air bubbles on the cracks

that difficult water contact with the surface.
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Figure 5.15: Contact angle measurements of sample SO at different locations.
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Figure 5.16: Contact angle measurements of sample S3 at different locations. The

gray area indicates a higher density of cracks in the sample.
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5.5 Preliminary conclusions

In this chapter, the effect of high cycle vibration fatigue and the effect of ther-
mal variations on the electrical properties of thin copper films of thickness 18 um
bounded to FR4 epoxy laminate of 1.5 mm thick were determined experimentally.
The specimens were cut to equal dimensions of 50x25 mm having three isolated
rectangles, (zone A, zone B, zone C) of 10x5 mm dimensions. The electrical proper-
ties of each rectangle were then measured separately using custom made dual axes
four—point probe (DA4PP). For the first time, the influence of high cycle vibra-
tion fatigue on their electrical properties, with and without thermal variations is

determined in this chapter.

It has been evident from the results of the obtained data at zone C that the stresses
induced due to mechanical vibrations play an important rule in the electrical prop-
erties of PCBs. This is due to the surface damage caused by mechanical vibrations
near this zone. Interestingly, at zones A and B no such behavior is noticed. At
these zones, the electrical properties of the samples before and after mechanical
cycles were almost the same. No cracks were found near these zones whereas the
apparent density of cracks, as seen by ESEM at zone C, increased from ~3 cracks
per mm at 200k cycles to ~8 cracks per mm at 800k cycles. This indicates a depen-
dence of the overall damage with the number of cycles. The surface composition of
the samples i.e., 100 % copper, was found to be the same as before cyclic loadings.
The hydrophobicity changes on surfaces, due to mechanical cycles, showed rise in
contact angle measurements; this change can be attributed to an increased surface
roughness [94]. Although the temperature variations showed changes in electrical
properties of the specimens but these are very small as compared with mechanical

cyclic loadings.
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Chapter 6

Conclusion and Future Work

Printed Circuit Boards (PCBs) and Micro-Electrical Mechanical Systems (MEMS)
have a great interest in electrical, electronic and mechanical instruments. PCBs
consist mainly of thin copper films embedded to composite or metallic substrates.
During the function, many mechanical, vibration and thermal loadings arise due to
electrical current fluctuations. There are many other important parameters which
are crucial for the performance and reliability of these devices. These parameters
e.g., stress amplitude, mean stress, downsizing film dimension and crack initiation
and propagation still, need more study and investigations. The Proposed research
was concerned on the development of high cyclic vibrations and other size parameters
in (MEMS) devices in applications. The purpose of the research was, to create a
better link to the damage mechanisms of the material itself and to identify the
crucial parameters that control material’s sensitivity to high frequency vibrations
with respect to their effect on electrical performance with and without thermal

variations.The research was comprised of two phases.

During the first phase of this study, the vibration characteristics of these materials
were studied in details. The cantilever samples made of bare copper bounded to
FR4 have been studied to analyze, for the first time, the vibration behavior of
specimens with different aspect ratios, with and without central holes of different
diameters. Thin copper films of 35 um thickness bounded to FR4 epoxy laminate
of 1.5 mm thickness were studied. The vibrational characteristics, such as natural
frequencies and damping ratios, were determined experimentally and analytically
using a finite element method for four groups of samples, in order to study the

geometric effects and the presence of a central hole of different diameters. It has
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been found that these sizes are suitable to be used as electronic circuit boards
that undergo significant frequency changes ranging from 40 Hz to 1k Hz. The
fundamental resonance frequency of all the specimens was found to be less than
40 Hz and the influence of a central hole was not significant to affect the modal

properties.

The second stage of the present research addressed the influence of cyclic vibrations
on their electrical properties, with and without thermal variations, in order to study
the possible damage mechanisms that these materials undergo and how they affect
their performance. The thermal variations showed a very little effect on sheet re-
sistance values for all of the three zones but on the other hand the obtained values
showed a considerable change due to mechanical loadings. The effect of mechanical
cycles for zone C gave an exponential rise in sheet resistance values. This behavior
was not observed in case of thermal loadings where 20°C rise in temperature gave
only 1 % rise in sheet resistance values. After 200k and 800k vibration cycles, the
surfaces clearly developed cracks shown by ESEM images. These cracks were the
result of the plastic deformation undergone by the samples after vibration stresses.
The density of cracks was increased with the number of cycles from ~3 cracks per
mm at 200k cycles to ~8 cracks per mm at 800k cycles, indicating a dependence of
the overall damage with the number of cycles. The cracks were found to be ~1 pwm

in width and several millimeters long.

The surface composition analysis indicated that the vibration stress only produced
physical damage and not chemical processes such as oxidation. The samples were
also analyzed using water droplet contact angle. The observed angles for untreated
samples were found to be less than those after mechanical vibrations. This marked
change in contact angle can be attributed to an increased surface roughness and
also to the accumulation of very small air bubbles on the cracks that difficult water

contact with the surface.

This thesis has thus been a contribution to a better understanding of the relationship
between damage accumulation and electrical performance of PCB boards and MEMS
and may lead to improvements of their fabrication. This makes the results of great
practical importance and the developed assay methodology can be extended to other
thin films.
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Ongoing work is focused on studying the:

e influence of film thickness,
e influence of film material such as gold (A, ), copper (C}) and aluminum (A4;),
e and influence of amplitude and frequency of vibrations

on the electrical performance of these composites under mechanical and thermal

loadings.
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